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Editorial on the Research Topic 

Mucosal Vaccination: Strategies to Induce and Evaluate Mucosal Immunity



Introduction

Prevent transmission - prevent infection - prevent disease. To achieve this trifecta, a pathogen must be intercepted at the earliest stages of encounter with human tissues. Considering that the majority of infectious agents enter via mucosal surfaces, sterilizing immunity is difficult to achieve with a classic systemic vaccination approach. Injected vaccines almost exclusively induce humoral and cell-mediated immunity in the systemic compartment, and thus, they primarily arm the host to fight infectious agents that have already penetrated the body. To arrest pathogen entry via mucosal surfaces and spread to peripheral tissues, our body is able to produce and transport Immunoglobulin A (IgA) onto mucosal surfaces and to deploy pathogen-reactive B and T lymphocytes directly below. Generating these protective immune effectors requires the participation of local antigen-presenting cells, and hence, successful induction of mucosal immunity can only be achieved if the vaccine is taken up at a mucosal surface and processed in immunologically relevant mucosal lymphoid tissue. This Research Topic is intended to provide insight into the current status of mucosal vaccination approaches, the rationale for generating mucosal immune responses, and shed light on the mechanisms of protection unique to the mucosal compartments.



Sounding the Alarm: Stimulating Immunity Through Novel Adjuvants That Mimic Pathogen-Derived Danger Signals

In this Research Topic, a number of studies investigated the use of adjuvants for improving efficacy of mucosal immunizations, and to activate the innate and adaptive immune responses therein. Richardson et al. evaluated the immune modulatory activity of Fms-like tyrosine kinase 3 ligand (FL) - a cytokine known to activate dendritic cells - as a mucosal adjuvant for a Vibrio cholerae ghost-vectored Chlamydia abortus antigen. They found that intranasal co-administration of vector with FL enhanced the number of innate cells and antigen-specific T cells in iliac lymph nodes, vaginal IgG and IgA antibodies, and protection against vaginal infection with C. abortus in mice. Wang et al. used ovalbumin antigen to compare the intranasal adjuvanticity of lipopolysaccharide (LPS) derived from the Alcaligenes faecalis commensal bacterium to the murine “gold standard” mucosal adjuvant, cholera toxin (CT). Alcaligenes LPS was just as effective as CT for increasing IgA antibodies in upper and lower respiratory secretions, as well as numbers of T follicular helper cells, IgA B cells and germinal centers in nasal-associated lymphoid tissue and cervical lymph nodes. Importantly, in contrast to CT, Alcaligenes LPS produced a more regulatory T cell response and no inflammation in the nasal cavity, a critical requirement for translation to humans.

Two papers present novel approaches for optimizing new vaccine adjuvants and formulations. Based on previous findings that certain mast cell activators can act as adjuvants, Johnson-Weaver et al. have established an in vitro system to screen small molecule candidates for adjuvant activity. Their cytokine profiling data demonstrates that substances which induce mast cell degranulation can stimulate innate immune cells, and subsequent in vivo experiments show that in vitro mast cell activation correlates with adjuvanticity in intranasal vaccination. In a very thorough and comprehensive analysis, Abhyankar et al. have approached the problem of optimizing an intranasal liposomal vaccine formulation containing synthetic TLR ligands to achieve maximum potency. They coupled computational modeling with an extensive immunization study where they systematically varied dose and composition of a complex vaccine formulation for the intestinal parasite Entamoeba histolytica. The resulting immune responses were analyzed for cellular, humoral and protective activity. Rational adjuvant design is also the topic of the study presented by Jangra et al., and their work is particularly timely in light of the questionable protection achievable with current SARS-CoV-2 vaccines. They stress the necessity for directing adaptive immune responses towards broad reactivities that confer cross-protection in the face of continuously mutating viruses and rapidly emerging pathogen variants. Importantly, intranasal delivery of a SARS-CoV-2 spike protein in their RIG-I agonist-containing nanoemulsion adjuvant elicited high titers of serum neutralizing antibodies in mice, and these antibodies passively protected naive mice against infection with a heterologous SARS CoV-2 variant.

Live attenuated pathogens or replication-incompetent bacterial/viral vectors have inherent immune stimulatory properties. Mechanistic details of such action in the lung are provided in the paper of Bhagyaraj et al. who demonstrate the activation of innate lymphoid Natural Killer cells and a link with CD8 T cell development after intranasal vaccination of mice with a mutant Brucella strain. Velarde de la Cruz et al. used orally administered poliovirus vectors expressing simian-human immunodeficiency (SHIV) antigens to boost mucosal immune responses in rhesus macaques orally primed with a liposome-formulated SHIV-DNA vaccine. Their data show that this vaccination regimen generated high frequencies of SHIV-specific T cells in the large intestine and the female reproductive tract, though only marginal antibody responses were attained.

A mucosal antigen-targeting approach for oral vaccination is presented by Van der Weken et al. They created a monoclonal antibody (mAb) against aminopeptidase N, a luminally-expressed membrane component of enterocytes, and show that this mAb is transcytosed by the intestinal epithelium and taken up by local antigen-presenting cells. Oral immunization of mice with this mAb coupled to a bacterial antigen elicited a specific systemic IgG response and IgA antibody-secreting cells in the mesenteric lymph nodes.



Teaming Up - Combining Systemic and Mucosal Vaccination Regimens to Achieve Body-Wide Protective Immunity

Bosnjak et al. immunized rodents with a recombinant Modified Vaccinia Ankara virus construct expressing the SARS-CoV-2 spike protein and provide a detailed analysis of immune responses generated by different prime/boost protocols utilizing intramuscular and/or intranasal vaccinations. They obtained strong spike-specific CD8 T cell responses and neutralizing antibodies in the lung when intramuscular priming was followed by an intranasal boost, and this vaccination strategy protected hamsters against infection with SARS-CoV-2. Synergism between systemic and mucosal immunity in providing protection against rectal SHIV infection was investigated in a study by Gong et al. who demonstrated that passive immunization of rhesus macaques with an anti-HIV neutralizing antibody is more protective if systemic administration of HIV neutralizing IgG is combined with a rectally applied dimeric IgA having the same specificity. Likewise, Lakhashe et al. show that systemic priming followed by intranasal boosting with a virosomal HIV-1 gp41 vaccine in nonhuman primates can induce specific antibodies in both serum and vaginal secretions, and confer protection against low dose vaginal SHIV challenge.



Profiteers – Mucosal Vaccination in Combatting a Swath of Infectious Agents

The articles in the Research Topic make it clear that mucosal vaccines and vaccination strategies have broad applications across viral (HIV-1, SARS-CoV-2), bacterial (Bordetella, Escherichia, Brucella, Chlamydia), and parasitic (Entamoeba) pathogens of humans and animals. Indeed, as is discussed in the review by Vaernewyck et al., mucosal vaccines may also find their way into treating common and everyday nuisances as periodontal disease. Mucosal vaccinations may even impact diverse disciplines such as aquaculture, as highlighted by Kole et al. This One Health approach to vaccination certainly has relevance in a world still reeling from the impacts of the most notorious respiratory virus in recent history: SARS CoV-2.



Where Do We Stand? - Achievements and Gaps

For decades, the power of mucosal vaccines has been stressed, and the elimination of polio from most countries worldwide is a triumph for the global polio eradication program which relies to a large extent on the oral polio vaccine (1). Childhood mortality rates from severe gastroenteritis have also been dramatically reduced with the development of live attenuated oral vaccines for rotavirus (2).

Translating basic research into practical applications, though slow, is advancing, as exemplified by the mucosal vaccination studies against pertussis, reviewed here by Dubois & Locht. Along that line, Sánchez-Ramón et al. describe a clinical study where immunosuppressed patients who received sublingual polybacterial vaccines were significantly protected against urinary and respiratory infections. However, reducing the number of world-wide deaths from severe acute respiratory diseases is a current priority. Mucosal vaccines in development for respiratory syncytitial virus and SARS CoV-2 will hopefully fulfill this goal in the next decade. In conclusion, the collection of manuscripts presented in this Research Topic is a demonstration of the ongoing efforts in the areas of mucosal vaccination. The importance of these research endeavors is underscored when put onto the backdrop of COVID-19. Indeed, the emergence of SARS CoV-2 breakthrough infections that we have witnessed over the past year must be attributed in part to the lack of mucosal immunity elicited by existing parenteral (injected) vaccines.
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Introduction

Conventional or biologic disease-modifying anti-rheumatic drugs (DMARDs) are the mainstay of treatment for systemic autoimmune disease (SAD). Infectious complications are a major concern in their use.



Objective

To evaluate the clinical benefit of sublingual mucosal polybacterial vaccines (MV130 and MV140), used to prevent recurrent respiratory and urinary tract infections, in patients with SAD and secondary recurrent infections following conventional or biologic DMARDs.



Methods

An observational study in SAD patients with recurrent respiratory tract infections (RRTI) and/or recurrent urinary tract infections (RUTI) was carried out. All patients underwent mucosal (sublingual) vaccination with MV130 for RRTI or with MV140 for RUTI daily for 3 months. Clinical evaluation was assessed during 12 months of follow-up after the first dose, i.e., 3 months under treatment and 9 months once discontinued, and compared with the previous year.



Results

Forty-one out of 55 patients completed 1-year follow-up. All patients were on either conventional or biologic DMARDs. A significant decrease in the frequency of RUTI (p<0.001), lower respiratory tract infections (LRTI) (p=0.009) and upper respiratory tract infections (URTI) (p=0.006) at 12-mo with respect to the previous year was observed. Antibiotic prescriptions and unscheduled medical visits decreased significantly (p<0.020) in all groups. Hospitalization rate also declined in patients with RRTI (p=0.019). The clinical benefit demonstrated was concomitant to a significant increase in both anti-S. pneumoniae IgA and IgG antibodies following MV130 vaccination.



Conclusions

Sublingual polybacterial vaccines prevent recurrent infections in patients with SAD under treatment with immunosuppressant therapies, supporting a broad non-specific anti-infectious effect in these patients.





Keywords: mucosal bacterial vaccines, recurrent infections, MV140, MV130, systemic autoimmune disease, biological therapies



Introduction

Biologic therapies as adjuvants to disease-modifying anti-rheumatic drugs (DMARDs) have revolutionized the treatment of systemic autoimmune disease (SAD). However, increased risk of common and serious infections including bacterial, fungal, and viral infections after biologicals, are a major cause of morbidity and mortality in SAD patients (1–3). The Spanish registry of adverse reactions to biological therapies (BIOBADASER) has found a higher incidence of infections in patients with rheumatoid arthritis (RA) who receive anti-TNF therapies (4). Similar results have been found in a number of different reports (5, 6).

Most common infections affect the upper and lower respiratory tract, skin and the genitourinary tract (1–3). Susceptibility to infection in SAD patients is due to immunological, disease-related and drug-related factors (7). Rheumatic diseases are characterized by immunological alterations, including an impairment of the complement system and a defective response of the innate and adaptive immunity. The increased risk of infection is also linked with the mechanism of action of immunosuppressive therapies. Thus, the use of glucocorticoids (GC) in patients with different autoimmune diseases is associated with an increased risk of infection and hospitalization for pneumonia (6, 7) and local candidiasis (7), as well as increased incidence of opportunistic mycobacterial and viral infections (7). Other immunosuppressive therapies, i.e., TNF inhibitors, may result in initiation or reactivation of granulomatous tuberculosis and fungal infections, as well as increase susceptibility to bacterial infections such as Pneumococcus or Legionella pulmonary infections, disseminated listeriosis and salmonellosis. Finally, invasive viral infections, mainly herpes virus, are also common (5, 7).

Antibiotics are the mainstay of therapy for infections, but have limitations, such as low penetrance on bacterial biofilms and side effects, including disruption of the microbiota and antimicrobial resistance (8). In addition, antibiotics have no effects on fungal and viral infections. Hence, there is an urgent need of new alternatives or adjuvants for the prophylaxis and treatment of infections (9). This is even more necessary for recurrent or chronic infections in the setting of immunocompromised patients. In this context, recently described trained immunity-based vaccines (TIbV) have been postulated as a promising alternative to reduce recurrent infections (10–12). TIbVs are aimed to elicit not only specific responses to vaccine-related antigens, but to stimulate a broad immune response against unrelated pathogens (10).

MV130 and MV140 are mucosal (sublingual) bacterial vaccines that consist of heat-inactivated whole-cell bacteria. These formulations have shown to confer a non-specific broad-spectrum protection against recurrent respiratory tract infections (RRTI) from bacterial and viral origin (MV130) (11, 13–15) or recurrent urinary tract infections (RUTI) (MV140) (16–21). Both MV130 and MV140 have been described as putative TIbVs (10).

The main objective of this study was to assess the clinical benefit of sublingual polybacterial preparations (MV130 and MV140) in a cohort of SAD patients with recurrent infections using immunosuppressive medication, in routine clinical practice. Besides, the capacity to induce the production of specific antibodies against bacterial antigens contained in the formulations will be also evaluated in these patients.



Material and Methods


Patients and Study Design

A 2-year observational real-life pilot study on a cohort of SAD patients on active therapeutic immunosuppression and recurrent infections was carried out from June 2014 to August 2016. Patients suffering either RRTI (≥3 episodes of upper respiratory tract infection -URTI- or lower respiratory tract infections -LRTI-, at least 1 pneumonia episode/year) or/and RUTI (≥3 UTIs/year) were referred from the outpatient Rheumatology Department to the Clinical Immunology Department, Clínico San Carlos Hospital (Spain) for immunological evaluation. Fifty-five patients were recruited and treated with sublingual vaccination (MV130 or MV140) daily for 3 months. Subjects were allocated in the following groups: SAD patients with RRTI were treated with MV130 and SAD patients with RUTI or suffering from both RUTI and RRTI were treated with MV140 (Figure 1).




Figure 1 | Flow-chart of the study. RRTI, recurrent respiratory tract infections; RUTI, recurrent urinary tract infections; IT, immunotherapy.



MV130 (Bactek®) and MV140 (Uromune®) (both from Inmunotek S.L., Spain) are suspensions of heat-inactivated whole-cell bacteria. MV130 consists of 90% Gram +ve (V101 Staphylococcus epidermidis, V102 S. aureus, V104 Streptococcus pneumoniae) and 10% Gram -ve (V103 Haemophilus influenzae, V105 Moraxella catarrhalis, V113 Klebsiella pneumoniae) bacteria; whereas MV140 contains 25% Gram +ve (V125 Enterococcus faecalis) and 75% Gram -ve (V113 K. pneumoniae, V121 Escherichia coli, and Proteus vulgaris). Both MV130 and MV140 contain glycerol, artificial pineapple flavoring, sodium chloride and water for injection, as excipients. MV130 and MV140 are prepared at 300 Formazin Turbidity Units (FTU)/mL (~ 109 bacteria/mL) in spray vials with a metering pump. The delivery route is through the sublingual mucosa and the dose is 2 sprays of 100 μL daily for 3 months, avoiding the concomitant intake of food or beverage. In patients treated with rituximab, bacterial vaccination was started at least 6-months after last dose of rituximab.

The approval for the study was obtained from the Clínico San Carlos Hospital Institutional Research Ethics Committee (16/191-E).



Outcomes

The rationale for using MV130 and MV140 daily for 3 months was supported by previous publications with both formulations (11, 13, 16–22). We sought to determine the clinical benefit of MV130 in a cohort of patients with SAD and recurrent infections who underwent immunization with MV130 for 3 months. The recommended dose is 2 sprays per day in a single procedure (i.e., one dose is 2 sprays). As part of regular medical follow-up, clinical data regarding infections and immunological data were recorded from each patient the year prior to initiation of vaccination and during the 12 months following the beginning of the treatment with MV130/MV140. The primary outcome of the study was to evaluate the reduction in the number of infectious episodes, as well as safety issues. Secondary outcomes were reduction in the number of antibiotic cycles, unscheduled outpatients’ visits due to infections, and hospitalizations due to infections (Figure 1). Unscheduled medical visits were registered by phone interview of each patient and included actual visits to the Emergency Room and urgent calls to the Rheumatology Department for an acute infectious episode. Baseline serum immunoglobulins (Ig) and specific antibody production were performed as per routine clinical practice in our unit. For specific antibody responses, 23-valent pneumococcal vaccine (Pneumo-23), S. typhi and diphtheria-tetanus vaccines were administered, and antibody titers were measured after 3-4 weeks, as part of routine evaluation. Serological studies, cultures and imaging techniques were made, as necessary. In a subgroup of patients from which samples were available, specific IgA and IgG anti- Streptococcus pneumoniae, anti-Klebsiella pneumoniae and anti-MV130 and anti-MV140 antibodies, pre and post MV130 and MV140 treatment were measured. Sera samples were stored frozen at −70°C before further processing.



Serum IgA and IgG Assays

Sera from selected subjects were obtained before vaccination and at 18-45 months after initiating either MV130 or MV140. Anti-K. pneumoniae, anti-S. pneumoniae, anti-MV130 or anti-MV140 IgA and IgG were determined by ELISA. Briefly, 96-well non-tissue culture treated plates were pretreated with 100 µL of poly-L-lysine (stock at 0.01%, 1:1000 dilution) (Sigma-Aldrich) for 1 hour under UV light and coated with the appropriate whole-cell heat-inactivated bacteria or polybacterial mixture (300 Nephelometric Turbidity Units -NTU-, ~ 109 bacteria) overnight at 4°C, and subsequently incubated with human sera for 2 hours at room temperature. IgA and IgG antibodies were detected using the following reagents: Biotin rat anti-human IgA or IgG (both from Sigma-Aldrich) and Streptavidin Horseradish Peroxidase (HRP) (Sigma-Aldrich). Peroxidase activity was revealed by addition of o-phenylenediamine dihydrochloride (Sigma-Aldrich) and reaction was stopped with HCl 1N. Plates were read on an ELISA reader at 490 nm (Triturus Elisa, Grifols). Absorbance values (arbitrary units) from each individual subject were normalized to their corresponding pre-vaccination value, thus defined as 1.



Statistical Analysis

Normal distribution of data was analyzed by means of Shapiro-Wilk test. Continuous variables are expressed as mean ± standard deviation (SD) or median [interquartile range (IQR)], depending on normal distribution, whereas frequency (%) is used for categorical data. For objective parameters of infections’ control, patients served as their own control and paired data were analyzed using the paired t-test for values before and after 1-year. For the clinical variables including infections, antibiotics, unscheduled medical visits and hospitalizations, analysis was carried out with Wilcoxon signed-rank test, since these variables did not follow a normal distribution and comparison was conducted between two sets of scores that came from the same participant. Statistical significance for post-vaccination data (IgA and IgG responses) was calculated using one sample t-test with 1 as theoretical mean value. SPSS V 15 and GraphPad Prism software (GraphPad Software, La Jolla, CA, USA version 8) were used. A two-sided p-value <0.05 was considered statistically significant. Evaluable population for effectiveness included any recruited subjects who completed the whole study period (treatment and follow-up) with full information on the primary outcome. Evaluable safety population included enrolled subjects who initiated the assigned treatment. No additional factors were considered in the analysis.




Results


Epidemiologic and Baseline Data

Between June 2014 and August 2016, a total of 59 SAD patients with RRTI, RUTI or both RRTI and RUTI referred from the outpatient Rheumatology Department to the Clinical Immunology Unit were evaluated. Fifty-five of them were included in the study and 41 of them completed 1-year follow-up after sublingual vaccination with MV130 or MV140 (Figure 1). The mean age (± SD) of patients was 54.68 ± 14.66 years and 38 out of 41 (92.7%) were females. According to the patient’s diagnosis, their SAD was classified as: RA (n=18; 43.9%), SLE (n=8; 19.5%), mixed connective tissue disease (MCTD) (n=3; 7.3%), and miscellanea (n=12; 29.3%) (Table 1). Only 3 out of 55 (5.4%) patients were current smokers and 8 (14.5%) were former smokers. None of the patients were on antibiotic prophylaxis. Of the 55 SAD patients, 78% reported at least one comorbidity. The prevalence of specific comorbidities was: hypercholesterolemia (13; 23.6%); hypertension (9; 16.3%); chronic obstructive pulmonary disease (7; 12.7%); diabetes (3; 5.4%).


Table 1 | Demographic and clinical characteristics of subjects at baseline (n=41).



All patients were on DMARDs at baseline, being methotrexate the most frequent. Twenty-eight (48.72%) needed biologicals associated to conventional DMARDs, being anti-TNF-α monoclonal antibodies the most frequently used (38.0%), followed by anti-CD20 (14%) and tocilizumab (6.8%). Additionally, 87.2% patients were on low dose steroids (90% on 2.5mg daily, 10% on 5mg daily). The most common recurrent infections observed were RUTIs (46.3%), followed by RRTI (34.1%); 19.5% of the subjects were affected of both RUTI and RRTI (Table 1). Concerning immunological status, eight patients (19.5%) presented antibody deficiency and 3 subjects hypogammaglobulinemia (7.3%) (Table 1).

At baseline, 3 out of 41 SAD patients (7.3%) presented with low IgG (mean 4.55 g/L); 2 (4.8%) patients low IgA (mean 0.04 g/L) and 3 patients (7.3%) low IgM (mean 0.055 g/L). With respect to specific antibody responses production after pneumococcal polysaccharide (PCP) vaccination (Pneumo-23), 22 out of 41 (53.6%) patients showed low antibody anti-PCP responses; 23 out of 41 (56.0%) patients showed low antibody responses to tetanus toxoid vaccination; and 26 patients out of 41 patients (63.4%) showed low anti-S. typhi antibody production after S. typhi vaccination.



Clinical Endpoints Following Sublingual Vaccination

The frequency of infections was recorded for each patient in the year prior to, and 12 months after initiating MV130/MV140 treatment. Globally, a statistically significant decrease in the frequency of RRTI [5.00 (4.00-6.75) to 1.00 (0.00-1.50), p=0.002] was observed following MV130 administration (Figure 2A). Further analysis demonstrated that this reduction was also noted when RRTI were split into URTI [4.00 (3.00-5.00) to 1.00 (0.00-1.00), p=0.006] and LRTI [4.00 (2.75-6.25) to 0.00 (0.00-1.25), p=0.009] (Figure 2A). For URTIs, 10 out of 11 (90.9%) cases reduced above 40% the number of infections. Nevertheless, just 1 out of 11 patients evaluated affected with sarcoidosis did not show a beneficial response in reducing the number of infections. As for LRTI, 6 out of 10 (60.0%) patients had a total reduction, 3 subjects a decrease above 70%, with only one patient without improvement on the infectious rate (Figure 2A).




Figure 2 | MV140 and MV130 induce a significant fall-off in the incidence of recurrent respiratory and urinary infections. (A-C) Number of infectious episodes scored 1 year prior to vaccination and throughout 12 months after the initiation of immunotherapy (MV130 or MV140) in subjects suffering RRTI (A), RUTI (B) or both (C). RRTI: Recurrent respiratory tract infections, either upper (URTI), lower (LRTI) or both (total RTI); RUTI: Recurrent urinary tract infections. Data from 14 (A), 19 (B) or 8 (C) subjects are shown. Lines link paired values. Normal distribution was evaluated using the Shapiro-Wilk test. P values were calculated using Wilcoxon signed-rank test.



As for RUTI, a significant decline in the infectious rate was observed following treatment with MV140 with respect to the previous year [5.00 (4.00-8.00) to 1.00 (0.00-2.00), p<0.001] (Figure 2B). In these lines, 8 out of 19 cases (42.1%) showed a total reduction and 11 out of 19 (57.9%) reduced the number of UTI over 50%. Eight SAD patients that suffered from both RRTI and RUTI were put on MV140 with the same treatment schedule, evidencing a significant drop in RRTI and RUTI following MV140 treatment (p=0.013 and p=0.014, respectively) (Figure 2C).

The median number of antibiotic cycles’ prescriptions significantly decreased in any pathology following vaccination, from 4.00 [3.00-5.00] to 1.00 [0.00-2.00] (p=0.005) in RRTI patients, from 3.50 [3.00-4.25] to 0.00 [0.00-1.00] (p=0.006) in RUTI individuals, and from 5.00 [5.00-7.00] to 0.50 [0.00-1.75] (p=0.013) in patients suffering both types of infections. Figure 3A shows the relative frequency of prescriptions according to infection site, respiratory or urinary tract. Overall, from 29 patients where antibiotic information was reliable, 13 (44.8%) individuals showed a 100% reduction in antibiotic consumption.




Figure 3 | Prophylaxis with MV130 and MV140 reduce the consumption of healthcare resources. (A–C) Antibiotic consumption (A), unscheduled medical visits (emergency unit and specialist) (B) and hospitalization (C) in subjects suffering RRTI (left panel), RUTI (middle panel) or both (right panel), during the year prior (pre) and after (post) the initiation of the treatment (MV130 or MV140). RRTI: Recurrent respiratory tract infections; RUTI: Recurrent urinary tract infections. Bars show the relative abundance of the number of antibiotic courses (A), unscheduled medical visits (B) or hospital admissions (C) in the total of subjects recorded. Data from 29 (A), 33 (B) or 34 (C) subjects, receiving either MV130 or MV140 according to their pathology are shown. Normal distribution was evaluated using the Shapiro-Wilk test. P values were calculated using Wilcoxon signed-rank test, ns, non-significant.



The median unscheduled medical visits (Emergency Unit or specialist) due to any recurrent infection were significantly reduced, from 3.00 [1.25-4.00] to 0.00 [0.00-1.00] (p=0.002) in RRTI patients, from 3.00 [2.00-4.50] to 0.00 [0.00-0.00] (p=0.005) in RUTI individuals, and from 4.00 [2.25- 5.75] to 1.00 [0.00-1.75] (p=0.020) in patients suffering both RRTI and RUTI. Globally, 22 out of 33 patients (66.7%) showed no need of unscheduled visits to the healthcare system following bacterial immunotherapy. Figure 3B shows the relative frequency of unscheduled medical visits in patients with RRTI, RUTI or both.

Finally, the median hospitalization’s rate significantly decreased from 1.00 [0.00-3.0] to 0.00 [0.00-0.00] (p=0.019) in patients with RRTI, who are more at risk of infectious complications and thus, more susceptible to hospitalization. Herein, the number of hospital admissions was reduced in all individuals requiring hospitalization in the previous year. Additionally, three patients with antibody production deficit and pneumonia required intravenous Ig. Figure 3C shows hospitalization rate according to tissue infection target (airways or urinary tract).

Regarding safety, no adverse effects or SAD relapses were noted during the 1-year follow-up period since the initiation with MV130 or MV140 immunotherapy. Thus, neither local nor systemic adverse reactions related to MV130/MV140 were reported.



Specific Humoral Responses to MV130 and MV140

Finally, to assess in these patients whether MV140 and/or MV130 induce specific systemic humoral responses against bacteria included in their formula, blood samples from a small number of subjects (n= 6 for MV130, and n=5 for MV140) were assayed for specific IgG and IgA. A significant increase in both anti-S. pneumoniae IgA and IgG antibodies following MV130 immunization was observed. S. pneumoniae accounts for 60% of bacteria included in MV130 and K. pneumoniae is included in both MV130 and MV140 (Figure 4). A similar tendency was observed when anti-MV130, anti-MV140 and anti-K. pneumoniae serum antibodies were tested.




Figure 4 | Prophylaxis with mucosal bacterial vaccines increases serum antibody production. (A–D) Serum IgA (left panels) and IgG (right panels) antibodies against the specified pathogens (A, C) or the bacterial mixture (B, D), collected from subjects before vaccination and at 18-45 months after initiating either MV130 or MV140 immunotherapy. Data in each individual subject are normalized to the corresponding pre-vaccination value. Results from N=6 (MV130) or N=5 (MV140) individuals are shown as mean+SEM for each immunoglobulin. P values were calculated using one sample t-test with 1 as theoretical mean value.






Discussion

Morbidity and mortality in patients with SAD are associated to infectious complications that are in part due to intrinsic disease-related immune dysregulation but also associated with immunosuppressive treatment, including biologic therapies (5, 7). Therefore, prophylactic strategies that prevent or ameliorate serious infectious risk are a priority for these patients.

Our proof-of-concept real-life study shows that mucosal (sublingual) vaccination with MV130 or MV140 is safe and significantly reduced the infection rate, antibiotic consumption and use of healthcare resources in actively immunosuppressed SAD patients with recurrent infections. To our knowledge, this is the first study of using mucosal vaccines in SAD patients to prevent recurrent infections. Previous studies have demonstrated a decrease in infectious episodes of different etiology, including bacteria and viruses, in immunocompetent patients with RRTIs following MV130 administration (13, 14). Furthermore, our results are further supported by recently published data in common variable immunodeficiency subjects suffering from RRTIs, where MV130 treatment significantly reduced the number of episodes of respiratory infection, antibiotic uptake, and unscheduled medical visits (11). On the other hand, different retrospective and prospective studies indicate that MV140 protect women suffering from uncomplicated RUTI, increasing the probability of UTI-free status and/or reducing the frequency of UTIs (16–21).

Currently, there are not conventional vaccines available for certain pathogens that cause recurrent infections, such as those responsible for many respiratory and urinary tract infections. The efficacy of MV130 conferring protection against unrelated pathogens was pointed out in a clinical trial with children suffering from recurrent wheezing, a disease mainly triggered by viral infections. In this clinical trial, MV130 group showed a significant reduction in the number and duration of wheezing attacks compared to placebo (15). In this line, in a former pilot study in a cohort of patients with RRTIs, one of the subjects had 12 episodes of labial and nasal herpes virus prior to MV130 administration, this number dropped to 3 episodes following MV130 treatment (14). Similarly, there is evidence that MV140 does not only protect against urinary infections driven by pathogens contained in its vaccine formulation, but also against unrelated bacteria (19). In our cohort, a relevant clinical finding was that patients with both recurrent urinary and respiratory tract infection reduced both kind of infectious episodes when they were treated with MV140, reinforcing a broad-spectrum, non-specific immunological effect for these preparations. Thus, the beneficial effects of these vaccines might solve a clinical problem faced by rheumatologists treating SAD patients with immunosuppressive treatment, further adding to previous studies on non-immunosuppressed patients.

MV130 and MV140 contain whole-cell inactivated bacteria. Gram positive and Gram negative bacteria act in a synergistic and complementary way in the activation of innate immunity (23). The new concept of innate immune memory, also called trained immunity, is defined as a functional reprogramming of innate immune cells by certain pathogens or their components, including specific vaccines, leading to heterologous protection against infection (24, 25). This process provides the potential to identify novel prophylactic targets that protect from secondary infections (26), and to assay novel approaches in vaccinology to develop TIbVs (10). The non-specific effect of MV130 and MV140 in clinical studies conferring protection against a broad range of pathogens has led to their inclusion as putative TIbVs (10). The mechanism of action immunomodulating the immune response of both mucosal bacterial preparations has been further studied in vivo and in vitro (23, 27, 28). In this regard, when MV130 and MV140 are administered sublingually to mice, a potent systemic Th1/Th17 and IL-10 response is observed (23, 27). In the case of MV130, this immune response has been also observed against unrelated stimuli (27). In addition, a role for both bacterial formulations triggering trained immunity has been also assessed (Brandi et al., submitted) (29). A possible detrimental role for trained immunity triggering or enhancing autoimmune and autoinflammatory diseases has previously been speculated (30); however, this was not the case in our study. None of the subjects included in the study had any autoimmunity outbreak following mucosal immunotherapy. We believe the high levels of IL-10 released by innate and adaptive immune cells in vitro and in vivo following MV130 and MV140 may account, at least partially, for this protection (23, 27, 28).

Besides clinical benefit, a significant increase in both anti-S. pneumoniae IgA and IgG antibodies was observed following MV130 immunization. S. pneumoniae accounts for 60% of bacteria included in MV130, pointing to an induction of humoral specific response upon bacterial immunotherapy. A similar tendency was observed when anti-MV130, anti-MV140 and anti-K. pneumoniae serum antibodies were tested. This finding is particularly important given the active immunosuppression in these patients and that about half of them were above 65 years-old (31). A rapid decrease in antibody levels after the vaccination has been reported in groups of elderly or immunocompromised patients (32, 33). We speculate that the increase in IgA levels may be explained due to the mucosal delivery route of these vaccines. Mucosal immunization has been proven to be more effective than other routes at eliciting a strong mucosal and systemic immune response (34). In these lines, mucosal delivery of bacterial lysates provided protection against respiratory viral infections enhancing mucosal and systemic antibody production in mice (35). Of note, these results support previous findings that indicated that patients with primary immunodeficiency significantly increase their titles of anti-pneumococcus IgA antibodies following MV130 treatment (11).

Finally, although the design of our work did not address economic or quality of life as previous reports have assessed (11), we anticipate an improvement on patients’ quality of life, reduced antibiotic resistance, and health care saving concomitant to the clinical benefit herein demonstrated.

In conclusion, these data support the hypothesis that MV130/MV140 immunization is safe and confers clinical benefit against a broad-spectrum of infections of diverse etiology; the clinical improvement is concomitant to an enhanced immune response illustrated by an increased in specific antibody production. Validation of these results in a prospectively designed clinical trial with a larger sample size are warranted to better understand the clinical relevance of these findings.
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Background

Current vaccination strategies against pertussis are sub-optimal. Optimal protection against Bordetella pertussis, the causative agent of pertussis, likely requires mucosal immunity. Current pertussis vaccines consist of inactivated whole B. pertussis cells or purified antigens thereof, combined with diphtheria and tetanus toxoids. Although they are highly protective against severe pertussis disease, they fail to elicit mucosal immunity. Compared to natural infection, immune responses following immunization are short-lived and fail to prevent bacterial colonization of the upper respiratory tract. To overcome these shortcomings, efforts have been made for decades, and continue to be made, toward the development of mucosal vaccines against pertussis.



Objectives

In this review we systematically analyzed published literature on protection conferred by mucosal immunization against pertussis. Immune responses mounted by these vaccines are summarized.



Method

The PubMed Library database was searched for published studies on mucosal pertussis vaccines. Eligibility criteria included mucosal administration and the evaluation of at least one outcome related to efficacy, immunogenicity and safety.



Results

While over 349 publications were identified by the search, only 63 studies met the eligibility criteria. All eligible studies are included here. Initial attempts of mucosal whole-cell vaccine administration in humans provided promising results, but were not followed up. More recently, diverse vaccination strategies have been tested, including non-replicating and replicating vaccine candidates given by three different mucosal routes: orally, nasally or rectally. Several adjuvants and particulate formulations were tested to enhance the efficacy of non-replicating vaccines administered mucosally. Most novel vaccine candidates were only tested in animal models, mainly mice. Only one novel mucosal vaccine candidate was tested in baboons and in human trials.



Conclusion

Three vaccination strategies drew our attention, as they provided protective and durable immunity in the respiratory tract, including the upper respiratory tract: acellular vaccines adjuvanted with lipopeptide LP1569 and c-di-GMP, outer membrane vesicles and the live attenuated BPZE1 vaccine. Among all experimental vaccines, BPZE1 is the only one that has advanced into clinical development.
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Introduction

Pertussis is a highly contagious and life-threatening respiratory disease, mainly caused by Bordetella pertussis. In its severe forms, the disease manifests as pronounced leukocytosis, pulmonary hypertension and eventually death. The recent resurgence of pertussis in vaccinated populations illustrates the limits of current pertussis vaccination programs. Although parenterally delivered pertussis vaccines confer high-level protection against the disease, especially against severe pertussis, they do not prevent nasal carriage and transmission of B. pertussis (1–4). In fact, nasopharyngeal carriage of B. pertussis in hosts that received acellular pertussis vaccines (aPV) may even be prolonged (1, 3, 4), and thereby augment continuous spread of the bacteria by transmission, which may have been a major contributor to the current resurgence of the disease (5).

Reducing nasal carriage by immunization may therefore be important to lower the risk of exposure and lessen transmission, especially to unvaccinated individuals. Prolonged immunity is also an important goal for novel pertussis vaccines, as rapid waning of immunity is a major issue of current aPV (6). Naturally occurring B. pertussis infection has been shown to confer long-lasting protection against subsequent infection, although even infection-induced immunity is usually not life-long (7). Nevertheless, prolonged immunity through infection may reflect the induction of persistent mucosal immune memory, which can be rapidly recalled at the respiratory mucosa upon re-exposure. B. pertussis infections induce strong local secretory antibody and Th17-type cellular immune responses that are protective against B. pertussis infection (8, 9). These types of immune responses are not efficiently induced by parenteral delivery of current pertussis vaccines.

Considering the importance in providing durable and sterilizing immunity at the respiratory mucosal sites (10), the aim of this review is to provide an overview of mucosal vaccines against pertussis, from mucosal administration of the first generation, whole-cell pertussis vaccines (wPV) over adjuvanted aPV to the development of novel, nasally delivered outer membrane vesicles (OMV) and live attenuated vaccines.



Methods


Literature Search and Data Extraction

A systematic literature search was performed by both investigators independently. A comprehensive literature search of the PubMed Library database was conducted to identify articles published until February 2021. The key search terms were “pertussis mucosal vaccines”, “oral”, “nasal” and “rectal” to collect as many publications on mucosal immunization against pertussis as possible. Non-English publications were excluded. Reference lists of included studies were also searched for potentially relevant publications (snowball method). Data extraction was performed based on the predefined eligibility criteria. A flowchart summarizing the methodology is shown in Figure 1. The preparation of this review was guided by the PRISMA-P 2015 guideline (11).




Figure 1 | A flowchart of the methodology used to select the relevant publications. Among the initial total of 349 studies identified duplicates and articles providing corrections were excluded for the screening. At screening 286 articles were excluded, as they did not fulfill our eligibility criteria. Among the remaining 63 articles, 40 were open access, while 23 were not open access. All 63 articles were included in this review.





Eligibility Criteria

Non-English language publications and non-original articles (e.g. Review articles, recommendations, WHO reports, meeting reports) were excluded. The selection criteria for studies included mucosal administration of the vaccines and the evaluation of at least one outcome related to efficacy, immunogenicity and safety of the vaccines. Review articles were excluded.



Data Synthesis and Analysis

Data are presented from oldest to the most recent in a manner that brings out the rational way forward to improve vaccines. Over the years, new vaccination strategies arose, and this review has been divided into non-replicating [inactivated wPV (n=7), aPV (n=19) and OMV (n=5)] and replicating [recombinant (n=10) and live attenuated (n=22)] vaccines (Table 1). When available, effects of the immunization route were compared.


Table 1 | Main characteristics of mucosal vaccines against pertussis.








Results


Non-Replicating Vaccines

Non-replicating vaccines include wPV, aPV containing a limited number of purified antigens and, more recently, B. pertussis-derived OMV. Non-replicating wPV were the first to be developed and used in humans since the beginning of the 20th century. As injectable vaccines, they have been highly effective in preventing childhood deaths due to pertussis. However, frequent adverse events following immunization and lot inconsistencies have led to the development of aPV, which, with an improved safety profile, also provided strong protection as injectable vaccines. Mucosal administrations have been explored in an attempt to improve their efficacy.


Inactivated Whole-Cell Vaccines

The wPV are suspensions of entire B. pertussis organisms that have been inactivated, usually by formalin or heat treatment. Most wPV are available in combination with diphtheria (D) and tetanus (T) toxoids as DTwP. These vaccines prevent the disease in immunized individuals and are relatively inexpensive. They have been licensed for routine vaccination of infants since the mid-1940s.

Upon injection they induce specific systemic antibodies important to prevent pertussis disease (75, 76), but fail to induce mucosal antibodies that may be important to prevent colonization by and transmission of the pathogen (64). Few studies have evaluated antibody responses after mucosal administration of DTwP in human volunteers. In 1975, G. Thomas showed that respiratory administration of DTwP induces specific mucosal IgA, unlike immunization via the intramuscular route (12). However, respiratory immunization failed to induce serum IgG. Ten years later, oral administration of five very high doses of wPV to newborn babies was shown to induce salivary antibodies able to agglutinate the Bordetella organisms, as well as specific systemic IgG and cellular immune responses (13). Interestingly, these systemic immune responses occurred significantly earlier in the orally than in the parenterally vaccinated newborns, and anti-pertussis antibodies in saliva were not induced in the parenterally vaccinated Infants. However, the systemic antibody responses following mucosal immunization with wPV were rather low. Later, nasal administration of 4 doses of a wPV suspension consisting of 250 µg of protein at weekly intervals was shown to induce specific mucosal and substantial systemic antibody responses in human volunteers (14). While IgA to B. pertussis lysates was induced in nasal fluids of all vaccinees, the levels were negligeable in saliva.

Berstad et al. (15) attempted to identify formulations that optimize mucosal immunization with wPV in a mouse model by using alternative mucosal delivery routes or by using cholera toxin (CT), a well-known potent mucosal adjuvant. Mucosal immunization by rectal delivery did not result in any substantial systemic or mucosal antibody responses. While nasal immunization of mice with wPV gave rise to specific IgA and IgG in serum, as well as IgA in saliva and feces, the addition of CT curiously inhibited the induction of IgA in both serum and saliva of the mice. DTwP was also encapsulated using water-soluble chitosan and found to elicit B. pertussis-specific serum IgG, as well as IgA in saliva and intestinal secretions of mice after two oral administrations (16). A comparison with non-encapsulated DTwP was not reported in this study, and neither of these studies reported on the protective capacities of these formulations.

T-cell responses play also a role in protection against pertussis. When administered parenterally, wPV induced Th1-type immune responses, which are required for protection against colonization of the respiratory tract. Such T cell responses were also induced in human volunteers intranasally immunized with repeated 250 µg doses of wPV, as evidenced by antigen-specific proliferative T cell responses in the blood (17). In addition to Th1-type immune responses, Th17-type responses are also important for protection against pertussis, and are essential for prevention of nasal colonization (4). Recently, innate and adaptive immune responses to nasally administered wPV in conjunction with curdlan have been examined in a murine model of pertussis (18). Curdlan is a polysaccharide that forms a gel-like substance and is capable of inducing a strong Th17 response. Intranasal wPV immunization in this formulation reduced bacterial colonization in the upper and lower respiratory tract following B. pertussis challenge. It also reduced leukocytosis in the immunized mice and decreased the production of several pro-inflammatory cytokines upon challenge, while strongly inducing IL-17 one day post-challenge, as well as Th17 cells in the mouse spleens one week post-challenge. However, the induction of specific memory T cells was not examined. It has not yet been investigated whether mucosal administration of wPV together with curdlan elicits long-lasting protective immune responses, as would be desired for novel vaccination strategies.

Although clinical studies have shown that mucosally administered wPV are well tolerated in infants (12, 13), superiority of mucosally compared to parenterally administered wPV for prevention of pertussis disease or B. pertussis infection has not been demonstrated.



Acellular Vaccines

aPV have replaced wPV in most industrialized countries because of improved safety profiles. The first aPV, developed in Japan by Sato et al., contained chemically detoxified pertussis toxin (PT) and filamentous haemagglutinin (FHA) and was shown to be effective in the prevention of disease (77). Subsequently, pertactin (PRN) and serotype 2 (Fim2) and serotype 3 (Fim3) fimbriae were added to some aPV, which increased the potency of the vaccines (78). Today, most aPV are also combined with diphtheria and tetanus toxoids and are referred to as DTaP.

When administered parenterally to mice, aPV induce strong humoral responses but weak cellular Th1 and Th17 immune responses (79). Parenteral aPV immunization also fails to induce the mucosal immune responses (64). Therefore, in recent years work has been focused on the development of mucosally administered aPV. Unlike wPV that have intrinsic adjuvant properties when given nasally, most purified protein antigens are poorly immunogenic when ingested or inhaled and require the co-administration of potent mucosal adjuvants. The development of effective mucosal vaccines has long been hampered by the lack of appropriate and safe delivery systems and adjuvants to enhance these immune responses following mucosal immunization.

Licensed aPV contain the pro-Th2 aluminum salts, which is suboptimal for protection against B. pertussis infection. Adjuvants inducing more balanced T-helper profiles or Th1/Th17-type responses are needed for improved protection against infection. Different approaches have been taken to improve the immunogenicity of aPV, which include the use of microbial derivatives and particulate adjuvants. These experimental vaccines have been tested in mouse models, but have not yet been evaluated in humans.


Mucosal Adjuvants

CT and Escherichia coli heat labile toxin (LT) are among the most potent mucosal adjuvants. When delivered intranasally together with aPV, a non-toxic mutant form of LT enhanced both Th1 and Th2 T cell responses and provided equivalent protection to alum-absorbed aPV administered parenterally in a mouse model of pulmonary infection (19). However, protection was less strong than after parenterally administration of wPV. A subsequent study showed that one µg PRN as a single antigen combined with LT delivered twice intranasally to neonatal mice was sufficient to protect them from lung colonization by B. pertussis, although no serum antibody response to PRN could be detected (20). When larger doses of PRN or FHA (12 µg administered twice) were given intranasally to adult mice, the co-administration of LT was not required to protect the mice against lung colonization (21).

In a different study, co-administration of commercial aPV with CT subunit B (CTB) enhanced serum IgG and IgA responses in adult mice but also induced specific serum IgE to PT, which may be a safety concern (22). Subsequent studies have evaluated protection conferred by B. pertussis antigens genetically fused to recombinant CTB, such as the S1 subunit of PT and Fim2. The chimeric PT-CTB vaccine elicited specific IgA in the mucosa, as well as IgA and IgG in the serum after intranasal immunization, and the immune serum neutralized PT activity in vitro (23). The chimera reduced lung colonization by B. pertussis. However, cellular immune responses and nasal carriage of challenge bacteria in the vaccinated animals were not examined. Intranasal immunization with the Fim2-CTB chimera enhanced protection against lung colonization compared to intraperitoneal immunization and resulted in a mixed Th1/Th2 response in mice (24). Although intranasal vaccination with Fim2 fused to CTB resulted in enhanced lung clearance compared to vaccination with non-fused recombinant Fim2, it did not enhance clearance over intranasal vaccination with native Fim2 purified from B. pertussis. Since intranasal delivery of Fim2 itself was sufficient to generate antibody responses in serum and mucosal sites, the use of CTB as an adjuvant has been questioned. In addition, the use of CTB as a mucosal adjuvant for nasal delivery in humans is problematic, as its binding to gangliosides on nerve cells following intranasal administration has been reported (80), and this may lead to Bell’s palsy.

As a safer alternative to CTB, onjisaponin, extracted from the root of Polygala tenuifolia, was shown to provide as much adjuvanticity as CTB towards PT, diphtheria toxoid and tetanus toxoid upon intranasal delivery in mice (25). Other alternatives as safe mucosal adjuvants are bacterium-like delivery particles (BLP), composed of non-living particles of lactic acid bacteria (LAB), such as Lactococcus lactis. They consist of the bacterial peptidoglycan matrix obtained by treatment with hot acid. BLP were shown to enhance antibody responses when combined with inactivated PT, FHA and PRN and given intranasally to mice (26). Unlike alum-adjuvanted antigens, the use of BLP also led to substantial induction of anti-PT and anti-FHA IgA in the nasal washes. Furthermore, nasal immunization with BLP-loaded antigens conferred better protection against lung colonization than nasal immunization with alum-adjuvanted antigens given either parenterally or nasally. However, the ability of the BLP or of onjisaponin to enhance cellular immunity was not examined.

Boehm et al. showed recently that the pro-Th17 microbial derivative curdlan facilitates aPV localization to the upper respiratory tract (27). Intranasal immunization with this formulation was as effective as parenteral immunization in eliciting antibody responses against FHA and PT, while it induced less pulmonary pro-inflammatory cytokines. The use of curdlan compensated for IL-17 suppression by aPV and was associated with an increase in blood neutrophils. However, the frequency of neutrophils in the infected lungs was inferior compared to that of mice that had received wPV parenterally. Neither the frequency of CD4+ resident memory T (TRM) cells in the lungs, nor IgA levels in lung lavages were enhanced by the addition of curdlan. Instead, it appeared to suppress IgA responses in the nasal secretions, which, however, did not impair protection against nasal colonization. Importantly, compared to non-vaccinated controls, a significant reduction in bacterial burden in lungs, trachea and nasal tissues could still be observed 6 months after two intranasal administrations of curdlan-formulated aPV (28). This reduction in bacterial burden was correlated with the persistence of B. pertussis-specific antibody levels in lung and serum. Surprisingly, this was also seen with non-adjuvanted aPV or aPV combined with alum.

Another way to balance the immune responses induced by aPV is to add Toll-like receptor (TLR)-agonists to the vaccines, such as CpG derivatives. Oligonucleotides containing immunostimulatory CpG motifs (CpG ODN) interact with TLR-9, which initiates a cascade of events resulting in Th1 type cytokine and chemokine induction. Asokanathan et al. assessed CpG as a mucosal adjuvant for PT, FHA and PRN, alone or in combination with alum (29). The use of CpG ODN enhanced serum and lung antibody titers against these antigens, and in particular against PRN. It substantially enhanced nitric oxide synthase activity of macrophages compared to alum and shifted the T cell responses towards a Th1 profile. CpG ODN-formulated aPV protected against lung colonization at similar levels as alum-adjuvanted aPV, but co-administration of alum and CpG ODN substantially enhanced protection. Therefore, the alum-CpG ODN combination may be an attractive formulation to protect the lower respiratory tract against B. pertussis. The effect of this combination on protection in the upper respiratory tract was not investigated.

A novel TLR-agonist combination was recently tested as adjuvant for aPV and provided sustained immunity against mouse nasal colonization for at least 10 months after intranasal administration (30). The novel adjuvant combination called LP-GMP comprised the B. pertussis-derived lipopeptide LP1569, a TLR-2 agonist, and c-di-GMP, an agonist for the intracellular receptor stimulator of interferon genes. This molecule can synergize with TLR-agonists to enhance immune responses to nasally delivered antigens. c-di-GMP and LP1569 synergistically induced the production of IFN-γ, IL-12 and IL-23, the latter of which activated and expanded Th17 cells. When combined with FHA, recombinant PT and PRN, intranasal immunization with LP-GMP induced potent Th17 TRM cells in the nasal tissue.



Mucosal Particulate Formulations

The use of particulate adjuvants has been successful in inducing increased immune responses against B. pertussis antigens following oral immunization in mice. Brownlie et al. have shown that liposomes loaded with outer membrane proteins can be used to enhance specific antibody responses to B. pertussis that were long-lasting after oral or nasal immunization (31), indicating that liposome loading of outer membrane proteins had adjuvant effects.

The use of polymers, such as polyphosphazenes, as the basis of new adjuvants has also been explored. Polyphosphazenes are versatile organic-inorganic polymers that form microparticles. Intranasal immunization of mice with detoxified PT and poly[di(sodium carboxylatophenoxy)phosphazene] (PCPP) elicited balanced Th1 and Th2 immune responses (32). It enhanced specific systemic and mucosal antibody responses compared to PT alone or PT adjuvanted with the TLR-agonist CpG ODN. PCPP provided as much protection against lung colonization as CpG ODN when formulated with detoxified PT. The PCPP formulation induced long-term systemic, lung and nasal memory B cell responses, whereas memory B-cell responses to CpG ODN-adjuvanted detoxified PT waned quickly. Furthermore, unlike CTB- or LTB-based adjuvants, intranasal administration of PCPP did not direct co-administered antigens into olfactory tissue.

Encapsulation of B. pertussis antigens in biodegradable poly-lactide-co-glycolide (PLG) microspheres was similarly evaluated for its adjuvanticity (33). Conway et al. showed that protection could be generated with three oral doses of 100 µg detoxified PT and FHA encapsulated in PLG, which was significantly greater than oral vaccination of the same antigens in a soluble form (34). However, they did not study the adjuvant effect of PLG nanoparticles when injected nasally. These results were in line with those obtained in earlier studies, in which oral administration of fimbriae encapsulated in PLG microsphere elicited both systemic and local production of specific antibodies (35). It also provided protection against colonization 6 weeks after immunization. More recently, B. pertussis antigens were trapped into N-trimethyl chitosan (TMC) nanoparticles to enhance the access of antigens administered through the nasal route to sub-epithelial lymphoid tissues (36). The electrostatic interaction between positively charged TMC nanoparticles and anionic glycoproteins present in the mucus layer appeared to increase the residence time of the antigens, which resulted in increased antigen uptake by M cells in the nasal epithelium and subsequent transfer to the sub-epithelial immune cells. Additionally, TMC opens the intercellular tight junctions, thereby facilitating paracellular transport of antigens and increasing antigen absorption. Several studies have demonstrated that chitosan potentiates serum and mucosal immune responses to nasally administered FHA and PT in mice (37, 81). Jabbal-Gill et al. showed that FHA and genetically detoxified PT encapsulated into chitosan induced serum IgG and mucosal IgA after intranasal administration, which were considerably higher than when the antigens were delivered nasally without chitosan (37). Najminejad et al. more recently compared intranasal administration of TMC-encapsulated FHA and detoxified PT with the same antigens formulated in alum given parenterally. They found that both immunizations induced comparable serum antibodies (36). However, in contrast to alum-adjuvanted antigens, nasal immunization with TMC-encapsulated antigens elicited substantial secretion of mucosal IgA and induced predominantly Th1 and Th17 cytokines. Although TMC-loaded antigens are promising vaccine candidates, the protection they confer against B. pertussis infection remains to be evaluated.




Outer Membrane Vesicles

Most recently, OMV have been proposed as mucosal vaccines against pertussis. OMV are obtained from membrane fractions of B. pertussis in which antigens are present in their native conformation, together with membrane-associated PAMPs acting as immunostimulatory molecules. This approach may be less costly than other antigen-controlled-release systems, which may be especially attractive for low- and middle-income countries. Hozbor et al. were among the first to suggest that B. pertussis OMV may be attractive pertussis vaccine candidates, as they carry a variety of protective antigens (81). The composition of the B. pertussis OMV has been characterized in detail and identified 43 proteins (38), including the virulence factors PT, PRN, fimbriae, FHA and adenylate cyclase toxin (ACT), known to be a strong mucosal adjuvant (82). Intranasal vaccination with the OMV induced the innate immune markers TNF-α, IL-6 and CCL20 and cleared the challenge bacteria as rapidly as intranasal vaccination with wPV (38). Systemic and local, pulmonary and nasal, IgA were substantially increased, as were pulmonary Th1- and Th17-related cytokines after intranasal OMV administration (39). Local responses were not induced when the OMV were delivered subcutaneously. In contrast, comparable systemic responses were induced by either vaccination route. However, only intranasal immunization prevented colonization in both the lungs and nasal lavages.

B. pertussis OMV contain endotoxic LOS, which may induce adverse events following immunization. However, LOS toxicity is mainly a concern for parenterally administered pertussis vaccines, while LOS is less toxic when the vaccines are administered mucosally. Nevertheless, in order to decrease LOS toxicity, OMV were subsequently prepared from a recombinant B. pertussis strain that expresses the pagL gene from Bordetella bronchiseptica (40). The product of this gene hydrolyzes the ester bond at position 3 of lipid A. This modification, resulted in decreased toxicity, as shown in a mouse weight-gain test, and decreased lung inflammation after nasal administration. Combined with tetanus and diphtheria toxoids it was safer than wPV, and after intranasal vaccination, the OMV of the recombinant strain was as effective as the original OMV in protection against lung colonization by B. pertussis.

Pulmonary vaccination with OMV using a microspray aerosolizer has also been evaluated and was found to lead to improved protection over subcutaneous immunization (41). It induced mucosal IgA and Th17-type responses, as well as systemic IgG, memory B cells and Th17 cells, while only systemic responses were induced by subcutaneous administration of the OMV. However, pulmonary immunization with these OMV did not induce appreciable levels of anti-PT and anti-FHA antibodies.

In vitro experiments with lung epithelial cells have revealed that B. pertussis OMV strongly adhere to these cells (83), which may be an important property for the induction of strong immune responses upon pulmonary immunization. Optimal adherence was obtained when OMV were prepared from organisms grown in Bvg+ conditions in which all know virulence factors, including the aPV vaccine antigens, are produced. This line of work has also resulted in the identification of new factors for bacterial adherence to pulmonary epithelial cells (83). Immunization with OMV vaccines prevented adherence of challenge bacteria to lung epithelial cells and thereby may provide protection against bacterial colonization. The importance of growing the OMV-producing bacteria in Bvg+ conditions for effective vaccine production was recently confirmed by comparing OMV prepared from Bvg+ bacteria with those prepared from Bvg- bacteria (84). Only the former were able to induce protective immunity against lung infection. In order to stabilize OMV vaccines a thermostable spray dried formulation was developed and found to induce strong mucosal immune responses and to be highly effective in clearing challenge infection in lungs, trachea and nasal lavages after pulmonary immunization (42).

The higher the number of immunogens in the vaccine formulation the lower is the risk of generating vaccine escape B. pertussis variants through the deletion or inactivation of vaccine antigen genes. In that regard, OMV vaccines are a promising alternative to current aPV which have imposed selective pressure, as documented by the emergence of isolates lacking PRN (85), one of the prime antigens in many current aPV.




Replicating Vaccines

Historically, live attenuated replicating vaccines have provided the most effective protection against microbial infection and disease. These vaccines often elicit protective immunity of long duration. By contrast, immunity induced by inactivated or subunit vaccines is generally of more limited duration.


Recombinant Vaccines

Attenuated food-borne pathogens or micro-organisms generally regarded as safe (GRAS) have been genetically modified to express B. pertussis antigens for oral immunization against pertussis. Attenuated oral Salmonella vaccines, that lack the aroA gene encoding a synthase crucial for the production of aromatic amino acids, have been used to deliver antigens and to elicit immune responses to both Salmonella and heterologous antigens. These mutants are unable to multiply extensively or cause disease in the host, but establish a self-limiting, subclinical infection and can be detected in tissues, such as the liver and spleen. Oral inoculation of mice with a live attenuated strain of Salmonella dublin expressing a portion of the B. pertussis fhaB gene induced IgA responses to FHA in sera and gut washings (43). However, the antibody responses were not long-lived in animals immunized once. Salmonella producing heterologous antigens are also able to induce cell-mediated immunity. A strong anti-PRN proliferative response was observed in murine splenocytes following a single oral dose of the Salmonella typhimurium ΔaroA ΔaroD vaccine strain producing PRN (44). This strain induced a Th1 type response against PRN, whereas no antibody response to PRN could be detected following oral immunization. Augmenting the expression of PRN by the use of a strong inducible promoter only slightly enhanced humoral responses. Only subcutaneous boosting with PRN yielded detectable IgG2 in mouse sera. However, in an earlier study, Guzman et al. have shown that oral immunization of mice with live Salmonella typhimurium ΔaroA or an invasive E. coli strain producing FHA induced serum IgG, as well as IgA and IgG responses in the lungs (45). Similar results were obtained by using S. thyphimurium ΔaroA and invasive E. coli strains producing the S1 subunit of PT (46). Protection against virulent challenge was not assessed in these studies. Subsequently, a S. thyphimurium ΔaroA strain producing all five PT subunits also induced significant IgG specific to PT in mouse serum upon oral administration (47) but did not protect the mice from challenge using an intracerebral challenge model. However, while the intracerebral challenge model is widely used to assess vaccine potency of injectable wPV, it is not an appropriate model to evaluate mucosal vaccines against pertussis.

The oral typhoid vaccine Salmonella typhi CVD 908 has also been used as a mucosal delivery system for B. pertussis antigens (48). Mice immunized intranasally with several doses of a S. typhi CVD 908 strain producing a hybrid protein composed of the PT S1 subunit and tetanus toxin fragment C produced detectable antibodies to these toxins, which were, however, lower than those elicited by parenteral immunization with crude extracts of the recombinant S. typhi CVD strain. Although the antibodies to PT neutralized PT activity in vitro, protection against lung or nasal colonization was not assessed in this study.

In addition to attenuated Salmonella strains, the live attenuated Vibrio cholerae vaccine strain IEM101 has also been evaluated as a mucosal delivery system for B. pertussis antigens (49). Four intranasal administrations of a recombinant IEM101 derivative secreting the B. pertussis tracheal colonization factor were found to reduce the bacterial load in the trachea, but not in the lungs upon challenge infection with B. pertussis, although no specific antibodies could be detected in sera and mucosal washes.

LAB, such as lactococci and lactobacilli have also been engineered to produce B. pertussis antigens. LAB are classified as GRAS organisms and often used as oral probiotics. Therefore, they are considered as safe mucosal delivery vehicles. Torkashvand et al. constructed a recombinant a L. lactis strain that produces and secretes a chimeric protein composed of the N-terminally truncated S1 subunit of PT and an immunodominant domain of FHA (50). Oral or nasal immunization with this recombinant strain induced specific serum IgG and specific IgA in the lungs of the vaccinated mice, as well as Th1-type responses in the spleen. Oral immunization also increased IgA levels in fecal extracts, while nasal immunization elicited better IFN-γ responses in antigen-stimulated splenocytes. No information on a potential protective effect of mucosal immunization with recombinant LAB against infection by B. pertussis is yet available.

Another GRAS micro-organism is the commensal oral bacterium Streptococcus gordonii. In this carrier system the S1 subunit of PT was surface exposed as a chimeric protein fused to the surface protein SpaP (51), and oral administration of the recombinant strain induced detectable levels of anti-PT IgA in the saliva of mice. The S1-SpaP hybrid protein was also produced in a Streptococcus mutans strain, used as an oral vaccine vector. Oral vaccination with this strain also resulted in mucosal IgA responses and a significant reduction in bacterial burden in the lungs challenged with B. pertussis, compared to non-vaccinated mice (52).



Live Attenuated Bordetella Vaccines

As an alternative to the above-described recombinant live vectors, nasal immunization with live attenuated Bordetella itself may combine the effectiveness of a single vaccination by live vaccines with the breath of immune responses to B. pertussis antigens, as induced by wPV and OMV. The development of replicating Bordetella vaccines obviously necessitates attenuation of the virulent bacteria. Live attenuated Bordetella vaccines were first developed against Bordetella bronchiseptica to protect dogs against kennel cough (86). These live attenuated nasal vaccines have been marketed, but the mechanism of attenuation has remained elusive. An attenuated strain lacking ACT and the type III secretion system has more recently been developed (53). The strain was shown to be safe in mice at high doses, even in TLR4-deficient and in TNF-α-deficient mice, and prevented bacterial colonization of the upper and lower respiratory tract against virulent B. bronchiseptica. It also provided a certain level of cross-protection against infection with B. pertussis in the lower respiratory tract. Although this strain has not yet been evaluated beyond mouse models, two different B. bronchiseptica strain lacking ACT or lacking both ACT and PRN were found to poorly colonize the noses of neonatal piglets and did not induce mucosal IgA after nasal administration, in contrast to nasal infection by virulent B. bronchiseptica (87).

An attenuated B. bronchiseptica strain lacking the antigens homologous to those included in the aPV currently in use, in addition to ACT and the surface protein BipA, efficiently colonized the upper respiratory tract, but not the lower respiratory tract of mice (54). Inflammation and lung injury were reduced when the strain was compared to the virulent parent strain. Interestingly, while serum antibody responses were also dampened in comparison with infection by the parental strain, a single intranasal administration of the attenuated strain conferred significant protection against infection by both B. bronchiseptica and B. pertussis.

Several attenuated strains of B. pertussis have also been tested as nasal vaccine candidates. The first attenuated B. pertussis strain is an aroA mutant (55). This strain is defective in lung colonization in outbred mice challenged by aerosol. Three aerosol vaccinations with the live B. pertussis aroA mutant were found to protect mice against lung colonization by the virulent parental B. pertussis strain. Serum IgG and IgA were induced early after challenge and persisted for up to 36 days post infection. Another mutant in the aromatic amino acid biosynthesis pathway is the aroQ mutant, which was shown to persist somewhat longer in the lungs of mice than the aroA mutant (56). This led to antibody and cytokine responses to B. pertussis antigens, as well as protection against lung colonization after a single, yet high dose delivered intranasally.

A mutant lacking the ptx gene and referred as to BPRA also conferred protection against lung colonization after a single intranasal administration, even when administered at an approximately 100-fold lower dose than the aroQ mutant (57). BPRA was able to replicate in the mouse respiratory tract, yet it is strongly attenuated, as demonstrated by the absence of systemic effects, such as leukocytosis in BPRA-infected mice, and reduced inflammation of the airways compared to mice infected with the virulent parental strain. In addition to inducing systemic immune responses, BPRA also induced antigen-specific IgG and IgA at distal mucosal sites, such as the genital tract of female mice after intranasal administration (58).

To further attenuate BPRA, the gene coding for the dermonecrotic toxin gene was deleted, and the tracheal cytotoxin release was reduced by at least 99% via the overexpression of the E. coli ampG gene. In addition, the ptx gene was re-introduced with codon substitutions that genetically inactivated PT (59). The resulting strain was named BPZE1 and was highly attenuated but retained the ability to colonize the mouse respiratory tract and to provide protection against colonization in the lungs of both adult and infant mice upon challenge with the virulent parental strain. Intranasal immunization with doses as low as 103 bacteria was sufficient to elicit protective immune responses (60). Specific antibodies to B. pertussis antigens, as well as IFN-γ responses were induced. In mice the protective immune responses induced by BPZE1 were long-lasting, for at least up to 1 year after immunization (61, 62). BPZE1 showed significantly higher efficacy to protect infant mice against B. pertussis infection than two administrations of aPV. Adoptive transfer experiments of serum and spleen cells from BPZE1-immunized mice demonstrated that both cell-mediated and humoral immune responses were involved in protection induced by BPZE1 (63). Importantly, intranasal administration of BPZE1 also induced an IL-17-dependent secretory IgA-mediated mechanism of protection against nasopharyngeal colonization by B. pertussis (64). The substantial induction of Th17 TRM cells in the nose of immunized mice is likely to account for the long-lasting protection conferred by BPZE1. In a heterologous prime/boost study in which infant or neonatal mice were primed by an intranasal dose of BPZE1 and then boosted with aPV, the BPZE1-induced Th1/Th17 responses were maintained after the aP booster (65), while priming with aPV shifted the immune responses to a Th2 profile. The vaccine strain showed a good safety profile, including in immunocompromised animals (66, 67). In addition to protection in mice, BPZE1 was also shown to be safe and protective against pertussis disease and infection by B. pertussis in non-human primates (68). The attenuating genetic changes in BPZE1 were shown to be very stable, as evaluated after extensive in vitro and in vivo passaging (88), and very recently, a lyophilized BPZE1 vaccine formulation was developed and shown to be biologically stable for at least up to 2 years, even when stored at room temperature (89). BPZE1 is now in clinical development and has successfully completed 2 phase I dose-escalating trials, which showed that the vaccine is safe and immunogenic in adults (69, 70). Human vaccination with BPZE1 was also shown to induce B-cell (71) and T cell responses to B. pertussis antigens, as well as a broad antibody repertoire (72). Phase 2 trials are close to completion and are designed to provide first proof of concept that the vaccine is able to prevent subsequent infection by B. pertussis [ClinicalTrials.gov Identifier: NCT03942406].

All clinical studies with BPZE1 have so far been performed with young adult volunteers, and, while no safety signal has been observed in these studies, it remains to be seen whether the vaccine is safe enough in newborns for large-scale vaccination, the most vulnerable population for severe pertussis. In addition, there are yet no data available on the immunogenicity of live attenuated pertussis vaccines in neonates. However, studies have shown that infants as young as a few weeks of age naturally infected with B. pertussis are able to mount very strong immune responses to B. pertussis antigens (90).

While waiting for results from extensive safety and immunogenicity data in neonates, BPZE1 may be an attractive vaccine candidate as a stand-alone booster vaccine for adolescents and adults. However, the initial clinical studies have suggested that the take of this vaccine may be hampered by pre-existing antibodies to B. pertussis antigens, especially to PRN, which may be elicited through vaccination (69, 70). Therefore, a PRN-deficient BPZE1 derivative has recently been constructed and, in the context of vaccine-induced pre-existing antibodies, was found to colonize the respiratory tract of mice better than the original strain (73). Yet, both vaccines protected mice equally well against colonization by both PRN-producing and PRN-deficient clinical B. pertussis isolates. To further improve BPZE1, a derivative producing Fim3 and Fim2 has been constructed and shown to protect against lung colonization by Fim3-only producing clinical B. pertussis isolates better than the original BPZE1 strain, which only produces Fim2 (74).

Finally, while live attenuated vaccines in general may also theoretically have safety issues for immune-compromised individuals, extensive pre-clinical studies have shown that BPZE1 is safe, even in severely immune-compromised mice (66, 67). Furthermore, as B. pertussis is very sensitive to macrolides, the vaccine strains could very easily be eliminated by antibiotic treatment should unexpected complications occur because of uncontrolled colonization by the live vaccine strains.





Conclusion

B. pertussis is a strictly mucosal pathogen. Dissemination of the organism outside the respiratory tract is extremely rare and has only been observed in severely immune-compromised subjects (91, 92). These conditions can be mimicked in mice by the use of IFN-γ receptor KO mice (93), illustrating the role of cell-mediated immunity to control atypical pertussis disease. While infection with virulent B. pertussis causes disseminated disease in IFN-γ receptor KO mice, no disseminated infection was seen in these mice when BPZE1 was given instead of virulent B. pertussis (66).

The restriction of B. pertussis to the airways, and most often to the upper airways, suggests that the induction of local immunity at these mucosal sites may be instrumental in limiting infection by B. pertussis and subsequent transmission of this pathogen (10). Next to measles, pertussis is one of the most contagious air-borne pathogens for humans, with an estimated R0 factor of 12-17 in non-vaccinated populations (94). Therefore, effective and long-term control of pertussis requires wide-spread immunization with vaccines that not only protect against disease, as do the currently available vaccines, but also prevent infection and transmission (95). Current vaccines have at best minor effects on infection and transmission (1, 5).

Given the high transmission rates of B. pertussis and its strictly mucosal habitat, it is unlikely that improvements of systemic vaccination with current aPV will reach the high bar of interrupting B. pertussis circulation in human populations. Considering all available evidence, it is more likely that ultimate control of pertussis relies on the induction of potent and long-lasting immunity in the respiratory tract, which may be achieved through mucosal vaccination.

Nevertheless, compared to the wealth of studies published on systemic vaccination against pertussis, mucosal vaccination has still attracted relatively little attention, although several strategies to induce local immune responses to pertussis have been explored, as summarized in this article (Table 1). The vast majority of these studies have so far been limited to murine models. Mucosal vaccination with aPV combined with a variety of adjuvants or formulated in nanoparticles have shown promise in mice. However, these vaccines induce immune responses to only a limited number of antigens, which may lead to the emergence and spread of vaccine escape variants, especially if their potency is high. This is well illustrated by the increase in PRN-deficient clinical isolates since the implementation of PRN-containing aPV (85). The use of OMV with a broad antigen repertoire would be less prone to vaccine escape mutants, but likely requires several vaccine administrations to induce strong local protective immunity.

Live attenuated Bordetella strains may be the ideal vaccine candidates, combining the ability to induce broad immunity, as induced by OMV, with, hopefully, the ability to induce protection after a single intranasal administration, as is the case of natural infection with B. pertussis. A further advantage of live attenuated vaccines is their ability to induce heterologous protection through the induction of trained innate immunity (96), which has also been demonstrated for live attenuated B. pertussis (97). Finally, live attenuated vaccines are less costly than aPV, which may make them particularly attractive for low- and middle-income countries, where today the toll of pertussis is the highest (98).
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We modified a Sabin Oral Poliovirus Vaccine (OPV) vector to permit secretion of the antigens of interest with the goal of improving anti-HIV Env humoral responses in a SHIV mucosal immunization composed of DNA and recombinant OPVs. We evaluated stimulation of systemic and mucosal cell-mediated and humoral immunity in Rhesus macaques by two regimens, both involving a prime with a SHIVBG505 DNA construct producing non-infectious particles formulated in lipid nanoparticles, administered in the oral cavity, and two different viral vector boostings, administered in the oral cavity and intestinally. Group 1 was boosted with rMVA-SHIVBG505, expressing SIV Gag/Pol and HIVBG505 Env. Group 2 was boosted with a SHIVBG505-OPV vaccine including a non-secreting SIVmac239CA-p6-OPV, expressing Gag CA, NC and p6 proteins, and a HIVBG505C1-V2-OPV, secreting the C1-V2 fragment of HIV EnvBG505, recognized by the broadly neutralizing antibody PG16. A time course analysis of anti-SHIV Gag and Env CD4+ and CD8+ T-cell responses in PBMC and in lymph node, rectal, and vaginal MNC was carried out. Both regimens stimulated significant cell-mediated responses in all compartments, with SHIVBG505-OPV immunization stimulating more significant levels of responses than rMVA- SHIVBG505. Boolean analysis of these responses revealed predominantly monofunctional responses with multifunctional responses also present in all tissues. Stimulation of antibody responses was disappointing in both groups with negative anti-SHIV IgG in plasma, and IgA in salivary, rectal and vaginal secretions being restricted to a few animals. After repeated rectal challenge with SHIVBG505, two Group 1 animals remained uninfected at challenge termination. No significant differences were observed in post-infection viral loads between groups. After the acute phase decline, CD4+ T cell percentages returned to normal levels in vaccinated as well as control animals. However, when compared to controls, vaccinate groups had more significant preservation of PBMC and rectal MNC Th17/Treg ratios, considered the strongest surrogate marker of progression to AIDS. We conclude that the vaccine platforms used in this study are insufficient to stimulate significant humoral immunity at the tested doses and schedule but sufficient to stimulate significant mucosal and systemic cell-mediated immunity, impacting the preservation of key Th17 CD4+ T cells in blood and rectal mucosa.
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Introduction

Vaccine development for prevention of AIDS has been attempted since the discovery of HIV-1, exploring numerous available platforms, yet clinical trials carried out so far have been disappointing. The RV144 trial, evaluating the efficacy of four doses of inactivated HIV-recombinant ALVAC pox virus plus two of recombinant monomeric HIV gp120, showed that the vaccine had 30% efficacy in preventing infection, with protection being linked to antibodies against the V1V2 region of gp120 (1–4). Protection was limited and declined over time, due to the declining antibody (Ab) response (5). This vaccine had low levels of T-cell immunogenicity and vaccination did not control viremia or loss of CD4+ T cells in the vaccinees that contracted HIV (2, 6–8). However, polyfunctional CD4+ and CD8+ T-cell responses correlated with decreased HIV risk and, at the same time, a sieve effect on transmitted viruses induced by the cellular responses was noted (5, 9, 10). Recently results from additional boosting of participants in the RV144 trial have become available. Boosting increased the antibody responses and affinity maturation to levels higher than those in the original trial but these responses were not long-lasting and did not further increase with subsequent boosts (11–14). Mucosal IgG levels against different Env immunogens correlated with the plasma IgG levels (11). In the trial RV305, the vaccine boost expanded anti-HIV env CD4 binding site antibodies capable of neutralizing tier 2 primary isolates (15). A caveat in the interpretation of the protection data was also raised and highlighted the role of trial participants engaged in low- vs. high-risk behavior in affecting the outcome of vaccine efficacy (16). Importantly, the ALVAC–gp120 regimen was very recently shown not to prevent HIV-1 infection in vaccinated individuals hat were part of a trial in South Africa, although in this trail the adjuvant used in conjunction with gp120 was different than that used in RV144 (17).

Macaque immunization experiments that failed to provide sterilizing immunity showed that some infection protection or delayed onset of disease can be observed if anti-SIV cell-mediated immunity is present at the time of exposure and infection [(18–24) and references therein]. Although initial clinical trials based on vaccines that stimulated T-cell immunity were disappointing, the utility of the stimulation of this arm of the immune system in conjunction with induction of antibodies with diverse functions is being reconsidered in light of data from elite controllers and because there are advantages provided by cell-mediated responses to HIV, including the ability to target broad, mutationally constrained epitopes of multiple HIV proteins without a requirement for somatic hypermutation, which may allow for more standard prime–boost vaccine regimens (25). Mucosal responses may also protect against cell-associated HIV transmission and be able to clear an infection before reservoirs are established. If antigen-specific immunological memory is not sufficient to prevent the establishment of chronic HIV-1 infection, a more successful approach could be based on vaccines that maintain high levels of effector memory cells that mimic the response induced by attenuated SIV viruses, while avoiding their drawback of persistent infection and disease. A recombinant CMV approach has provided this type of immunity that resulted in aborted infection, indicating that a persistent effector T-cell response can prevent the establishment of reservoirs (22, 26–28).

Data from preclinical vaccine trials support the notion that anti-Env broadly neutralizing antibodies (bNAbs) could be a critical component in addition to anti-HIV cell-mediated immunity to achieve large scale protection from persistent infection, as passive administration of neutralizing antibodies protects macaques from SHIV challenge (29). When high titer NAbs were induced by vaccination, protection from homologous rectal challenge was initially obtained but was lost as NAb titer declined (30). Anti-V1V2 Abs mediating ADCC have been identified as correlate of protection in the RV144 trial and there is now significant focus on this HIV Env domain as a critical vaccine component (1, 3, 6, 31–33). Cloning bNAbs from HIV-infected individuals indicates that significant Ab affinity maturation is necessary to move from poorly NAbs, encoded by germ-line Ab sequences, to higher affinity antibodies, capable of providing broad neutralization (34–37). Stimulation of bNAbs via vaccination has been a frustrating endeavor in the HIV vaccine field. The Env protein needs to fold into the appropriate trimeric conformation to stimulate NAbs and the Env gp140 SOSIP appears to induce tier 2 NAbs, capable of neutralizing tier 2 SHIV that are more representative of circulating HIVs (30, 38–42). Env immunogens capable of stimulating bNAbs are therefore required to have simultaneously ideal domains for appropriate structural conformation and the ability to drive the affinity maturation process towards the selection of bNAbs. Furthermore, a platform capable of inducing long-lasting titers of humoral immunity is also necessary. The ideal candidate antigens and vectors necessary to simultaneously achieve all these goals have not yet been identified and are the focus of many investigations. Furthermore, the mechanisms of protection in the RV144 trial are not fully understood and are possibly mediated by antibody-dependent-cell-mediated cytotoxicity (ADCC) and other non-NAb effector functions. The correlation with protection of these non-NAbs raises questions whether bNAbs should be the only relevant goal of a successful vaccine (14, 43).

It is possible that significant immunity at the site of HIV entry might permit control of local infection before it becomes systemic and therefore reduces the plasma Ab titer necessary for protection. Immunization at one mucosal site can lead to an immune response at other mucosal effector sites, as immunologically competent cells with homing receptors specific for mucosal sites circulate among different sites, but there are differences in the magnitude observed at different sites with maximal responses at the site of antigen exposure and present to a lesser degree at other mucosal sites, supporting the notion of compartmentalization of the mucosal immune system (44–50).

The exploration of the oral route of immunization is important for two reasons, one practical, the second due to its potential to provide a more tailored approach to HIV immunity and protection. Its practicality, when compared to systemic or other mucosal routes, resides in its simplicity of administration and therefore in its feasibility in settings with less-than-optimal health care resources. As for stimulation of a broad and diverse immunity against HIV that is present also at the sites of viral exposure, mucosal routes of immunizations are known to be better than systemic routes to achieve both mucosal and systemic immunity, with oral immunization being ideal for achieving immunity in the oral cavity and in the gastrointestinal tract (51). OPV has been the most successful and safe oral vaccine used in the world, critical to the goal of getting close to eradicating poliomyelitis (52). As it replicates in the intestinal tract and also reaches the systemic compartment, it is capable of inducing excellent responses at both sites that last at high titers for decades, even in the absence of re-exposure and could be a valuable vector for induction of broad humoral immunity, with stimulation of both antigen specific IgG and IgA in the rectal mucosa that could be significant to control HIV at the site of entry, as passively administered anti-HIV Env IgA mAbs have been shown to be highly effective for preventing mucosal SHIV infection in RM (53). In children, neutralization titers have been shown to correlate with duration of shedding, with titers being higher when shedding could still be detected 28 days after immunization while being absent or lower when shedding was shorter (54). Some concerns were expressed about recombinant OPV capability of inducing significant cell mediated immunity (55), therefore its use in combination with a DNA priming appeared to us an interesting approach.

Here we combined a SHIVBG505 recombinant DNA prime with a boost composed of two recombinant OPVs, one expressing the SIV Gag CA-p6 fragment, containing the SIV capsid (CA) and nucleocapsid (NC) proteins, and one secreting a fragment of the HIV Env, covering the C1-V2 region and recognized by a bNAb, from the infected cell. This regimen was compared to one where the boosting vaccine was a recombinant SHIVBG505-MVA. We report the immune responses induced by these regimens in the Rhesus macaque animal model and their effect on a SHIV rectal challenge.



Materials and Methods


Construction of SHIVBG505 Vaccines

The plasmid pSHIVBG505Vacc3 used in the vaccination is a derivative of pVacc7 (56) in which a fragment containing the SIVmac239 env coding sequence was replaced by a corresponding fragment that includes the HIVBG505 env coding sequence, obtained by PCR amplification from a HIV-1 BG505 Env Expression Vector (BG505.W6M.ENV.C2, NIH-AIDS Reagent Program cat. No. ARP-11518) (57) with primers carrying SphI and NcoI restriction sites and cloned in a similarly digested pVacc7. The DNA sequence was confirmed by sequencing and the profile of the non-infectious viral particle produced by the construct was evaluated by cell lysate Western blot using a macaque SHIV-positive plasma. pSHIVBG505Vacc3 DNA was produced and purified at Aldevron Biotechnology (Fargo, ND). The DNA amount of pSHIVBG505Vacc3 used in one vaccine dose (1 mg) was formulated in 1 ml of 20 mM DOTAP (1,2-dioleoyl-3-trimethylammonium-propane, cholesterol (1:1) that forms cationic liposomes (formulation made by FormuMax Scientific Inc.Sunnyvale CA).

rMVA-SHIV-BG505 Immunogen (108 pfu/dose/animal), expressing SIVmac239 Gag, Pol and HIVBG505 Env was developed using HIVBG505 Env sequence (Gen Bank accession: KU958484.1) with E64K-A316W-T332N-A433P, SOSIP mutations (A501C, T605C, I559P) and was codon optimized for MVA-mediated expression. This sequence was synthesized from GenScript and was cloned using Xmal site in pLW-73 with an independent mH5 promoter. It was subsequently recombined and developed as previously described (58) into MVA essential region expressing SIV Gag and Pol at Del III (provided by B.Moss) between genes I8R and G1L. Gag and Env expression in rMVA/SHIV-BG505 infected cells were confirmed by western blotting and flow cytometry. Viral stock for immunizations was purified from rMVA/SHIV infected DF1 cell lysates using 36% sucrose cushion.

SHIVBG505-OPV is composed of two recombinant OPVs. To obtain plasmid pSIVmac239CA-p6-OPV, nucleotides 1125 (bp 406-1530) of the SIVmac239 gag sequence (Accession # M33262) (59) are cloned into the XbaI and SalI sites of plasmid pSabin2-eGFP [a gift of Dr. R. Andino, UCSF (60)], between two poliovirus protease cleavage sites, replacing the gfp gene. The 375 amino acid (a. a.) SIV Gag polyprotein, covering, CA, NC and p6 proteins, is expressed intracellularly after virus infection and cleavage of the OPV polyprotein. Plasmid pHIVBG505C1-V2-OPV carries a portion of the HIVBG505 Env sequence, replacing the gfp gene in pSabin2-eGFP OPV. pSabin2-eGFP was modified by removing the gfp sequences, and by adding a 21 base pair sequence covering the Thosea asigna virus 2A (T2A) polycistronic NPG/P cleavage site (61) right after the 2A polio protease cleavage site and the G-linker to achieve, after cleavage, the addition of only a proline at the N terminus of a signal peptide, provided by the 23 a.a. of the tissue plasminogen activator (tpA) signal peptide. This signal peptide carries the 22P/A mutation, reported to significantly increase the secretory expression of trimeric proteins (Figure 1A) (62). The HIVBG505 C1-V2 Env fragment was obtained by PCR amplification of the C1-V2 region from the Expression Vector BG505.W6M.ENV.C2 (NIH-AIDS Reagent Program cat no. 11518) and includes the sequence for amino acids 30-209 of HIVBG505 Env (sequence accession ABA61516, DQ208458.1) (57), cloned 3’ of the signal peptide sequence. At the 3’ end of the Env sequence, a sequence for a His tag was inserted to detect and purify the secreted protein fragment. The HIV Env C1-V2 fragment, expressed in this virus as part of the OPV polyprotein, is cleaved from the OPV polyprotein and independently secreted from the infected cell. Virus production in HeLa cells and titration of virus stocks were carried out according to Burril, C. P et al. (63)




Figure 1 | (A) Schematic diagram of Recombinant OPVs: orange boxes illustrate the SHIV recombinant antigens that are ultimately produced by OPV. The SIVmac239CA-p6 sequence was inserted between two 2A protease cleavage sites in pSabin2-eGFP, replacing gfp to generate SIVmac239CA-p6-OPV. The corresponding protein becomes expressed intracellularly once the cleavage of the OPV polyprotein occurs. The HIVBG505 Env C1-V2 region was cloned linked to tPA signal peptide that permits its secretion to generate HIVBG505C1-V2-OPV. The recombinant fragment amino acid sequence, starting and ending with polio protease cleavage sequences, with polio protease TTY/G and T2A NPG/P cleavage indicated by a bar, and with HIV Env sequence underlined, is the following: GLTTY/GFGHGGGGGGSRLEGSGEGRGSLLTCGDVEENPG/PMDAMKRGLCCVLLLCGAVFVSASAENLWVTVYYGVPVWKDAETTLFCASDAKAYETEKHNVWATHACVPTDPNPQEIHLENVTEEFNMWKNNMVEQMHTDIISLWDQSLKPCVKLTPLCVTLQCTNVTNNITDDMRGELKNCSFNMTTELRDKKQKVYSLFYRLDVVQINENQGNRSNNSNKEYRLINCNTSATQACPKVSFHHHHHHVDGLTTY/GFGH. (B) Stability of passaged recombinant OPVs: RT-PCR to detect recombinant OPV expression in RNA of infected cells after virus passage. Selective passages from 0 to 12 are reported. (C) Left top panel: Western blot of cell lysates from 293T cells: non-infected (lane 2), infected with Sabin2-eGFP (lane 3), transfected with SIVmac239 DNA (lane 4), infected with SIVmac239CA-p6-OPV (lanes 5-9, harvested at 12 to 48 hrs after infection). A SHIV-infected monkey serum was used as primary antibody. Left bottom panels: flow cytometric analysis of 293T infected cells stained with an anti-SIV p27 antibody (unstained, DAPI stained, DAPI+anti-p27 panels). Right top panel: Detection of the HIVBG505C1-V2 fragment by Western blot, probed with anti-HIS mAb: mAb PG16 (lane 2); mAb PG9 (lane 3), Protein A (lane 4), HIVBG505C1-V2 fragment, purified from tissue culture supernatant after HIVBG505C1-V2-OPV infection and immunoprecipitated with NAb PG9 (lane 5) or with NAb PG16. (lane 6), purified HIVBG505C1-V2 (lane 7). Right bottom panels: flow cytometric analysis of 293T infected cells stained with an anti-HIS mAb (unstained, DAPI alone staining, DAPI+anti-HIS staining panels). (D) Growth curve of recombinant OPVs in 293T cells. After 293T cell infection at 0.1 MOI with Sabin2-eGFP, SIVmac239CA-p6-OPV and HIVBG505C1-V2-OPV, supernatants were harvested at time points indicated on the X axis and the corresponding titer, obtained by TCID50 evaluation, is reported on the Y axis.



The following bNAb, utilized to characterize the new recombinants expressing HIV Env fragments, were obtained through the NIH AIDS Reagent Program, Division of AIDS, NIAID, NIH: Anti-HIV-1 gp120 Monoclonal (PG9) from the International AIDS Vaccine Initiative (IAVI, cat# 12149) and Anti-Human Immunodeficiency Virus (HIV)-1 gp120 Monoclonal Antibody (PG16), cat. # ARP-12150, also contributed by IAVI (64).



Vaccine Formulation, Vaccination Groups and SHIVBG505 Rectal Challenge

Sixteen female Rhesus macaques were housed at Biomere Biomedical Research Models, Worcester, MA, according to an approved protocol under the guideline established by the Animal Welfare Act and the National Institute of Health Guide for the Care and Use of Laboratory Animals. They were divided into 3 groups, each of 8 animals. Group 1 and Group 2 animals received a total of three DNA doses of DNA plasmid pSHIVBG505Vacc3 on day 1, week 8, 16 that consisted of 1 mg of pSHIVBG505Vacc3 DNA, formulated in cationic liposomes as described (56). In addition, on week 33, 41 and 49 Group 1 received rMVA-SHIV-BG505 (108 pfu) and Group 2 received 5x107 pfu SHIVBG505-OPV. The boosting schedule was delayed 9 weeks from the original plan (week 24, 32, 40) because of intervening implementation of OPV containment requirements in the facility that housed the animals, requested by the CDC to comply with the WHO program for poliovirus eradication. These vaccines were formulated in PBS in a final volume of 1 ml. The DNA vaccine was administered to the animals in the oral cavity, applied to the mucosa between the gum and the cheek while sedated. OPV is usually given to humans orally and infects both the oral cavity and the gastrointestinal tract after swallowing. This is harder to accomplish in awake animals without any waste of the administered vaccine or prolonged animal training. To be able to compare the administration of the full dose selected for both vaccines and, at the same time, achieve the distribution obtained in humans with OPV, we opted to administer the vaccines partially in the mouth (1/5 of the dose) and the remaining 4/5 in the stomach by gavage for SHIVBG505-OPV and in the duodenum using an endoscope for rMVA-SHIV-BG505 [a approached previously tested for SIV-MVA in (56)]. Two animals in Group 2 were euthanized due to rectal prolapse that occurred on weeks 44 and 45 after rectal biopsies obtained on weeks 43, leaving 6 animals in this group. Eight weeks after the last vaccination, Group 1 and Group 2 animals and Group 3 (naïve controls) were inoculated with a 1:75 dilution in PBS of SHIVBG505 N332 S375Y DCT stock [a gift from Dr. George Shaw, U. Pennsylvania (30, 65)]. The virus amount corresponded to 1.4 x107 virions or 2 ng p27 and was grown in RM CD3-activated PBMC depleted of CD8 T cells [a complete characterization of the challenge stock with respect to virion content and virion infectivity of the pathogenic virus is provided in S1B in (45)]. SHIVmBG505 N332 S375Y DCT was administered non-traumatically with needleless tuberculin syringes as cell-free virus in the rectum (66). Challenge was repeated weekly six times and RT-PCR tests were carried out to detect positivity for virus in plasma.



Collection of Specimens

Blood and secretions were collected 2 and 4 weeks post-vaccination and were followed by monthly collection. Premoistened Weck-Cel sponges were used to collect rectal and vaginal secretions as described (67). Rectal, vaginal and lymph node tissues were biopsied on the day of first vaccination and 2 weeks after each vaccination. Plasma and PBMC were isolated from EDTA anti-coagulated whole blood using established protocols (68). Isolation of mononuclear cells (MNC) from colon-rectal mucosa was carried out according to previously published procedures (69). Briefly, after Telazol anesthesia, seven to eight biopsies/animal/time point were obtained from the rectum and cervico-vaginal tissue using sterile forceps and a small pinch biopsy device (Olympus endoscopic biopsy forceps). MNC from tissues were obtained by mechanical dissociation using GentleMACS dissociator (Miltenyi Biotech, Paris, France). Suspensions were passed through a 70 mm pore size cell-strainer and washed with 10% RPMI (70).



Measurement of Antibodies in Plasma and Secretions

Concentrations of antibody to SIVmac239 p27 (Immune Technology, New York, NY) and murine leukemia virus gp70 scaffolded HIV-1 BG505 gp120 V1V2 (gp70-V1V2; from Dr. Abraham Pinter, Rutgers, NJ) were measured using a customized binding antibody multiplex assay (BAMA) as described (71, 72). Briefly, BioPlex Pro magnetic carboxylated beads (Bio-Rad, Hercules, CA) were labeled with p27 or gp70-V1V2 and mixed overnight with serial dilutions of sample and standard. The standard was pooled serum from SHIV-infected macaques, which had been calibrated as described (73). Beads were consecutively washed and treated with biotinylated goat anti-monkey IgA (Rockland Immunochemicals, Pottstown, PA) or anti-human IgG (SouthernBiotech, Birmingham, AL) and neutralite-phycoerythrin (SouthernBiotech). A Bio-Rad Bioplex 200 was used to measure fluorescence intensity and construct standard curves for interpolation of antibody concentrations. Total IgA and IgG concentrations in secretions were measured by ELISA as described (74) using rhesus dimeric IgA (NHP Reagent Resource) and rhesus IgG (Antibodies Inc, Davis, CA) as standards. The concentration of anti-p27 or anti-gp70-V1V2 IgA or IgG in each secretion was divided by the concentration of total IgA or IgG to obtain the specific activity (ng antibody per µg immunoglobulin). The secretion was considered antibody-positive if it had a specific activity that was greater than the mean specific activity + 3 SD in secretions of naïve animals. If a preimmunization secretion had no detectable antibody, it was assigned the mean specific activity value of naive macaques. Concentrations of specific IgG in plasma were considered significant if they were 3.4-fold greater than that measured in the animal’s pre-immune plasma. OPV neutralization titer in RM plasma was determined according to procedures in (75).



Immunophenotyping and Intracellular Cytokine Staining (ICS)

105 MNC or 106 PBMCs were incubated for 14 hours with medium (unstimulated), 1μg/ml pools of 15-mer SIV Gag or HIV Env peptides (Peptide Pool, SIVmac239 Gag Protein, ARP-12364, contributed by DAIDS/NIAID; Peptide Pool, HIV Type 1 Subtype C (Consensus) Env Region, ARP-12634, contributed by DAIDS/NIAID). Cells incubated with 10 ng/ml PMA (4-α-phorbol 12-myristate 13-acetate; Sigma) and 1μg/ml ionomycin (Sigma) or without any stimulation provided respectively positive and negative controls. Cultures contained BrefeldinA (BD GolgiPlug Cat. # 555029; BD Biosciences) and 1mg/ml of anti-CD49d and anti-CD28. Cells were washed, stained for surface markers in the dark, followed by fixation and permeabilization. After the permeabilization, cells were intracellularly stained for cytokine expression with anti-cytokines antibodies for 1 hour in the dark according to previously described procedures (74). The following antibodies were used in this study and, unless otherwise stated, were purchased from BD Bioscience, San Jose, CA: anti-CD3-pacific Blue (clone SP34-2), anti-CD4-V500 (clone L200, anti-CD8-APC-Cy7 (clone RPA-T8), anti-TNF-α-PE (clone MAb11), anti-IFNγ-Alexa Fluor-700 (clone B27), anti-IL-2-APC (Clone MQ1-17H12), anti-CD95-FITC (DX2) and anti-CD28-PE-Cy5 (clone CD28.2), anti-IL-17-PerCP-Cy5.5 (clone eBio64DEC17, eBioscence, San Diego, CA), anti-Foxp3-FITC (clone 206D, BioLegend, San Diego, CA). For MNC, 200 μl of a 1:100 dilution of the viability dye stock (VIVID, LIVE/DEAD kit, Invitrogen) were added to the antibody cocktail to exclude dead cell background. The acquisition of cells was done on LSRII flow cytometer using FACSDIVA software. The data were analyzed using FlowJO version 10.7.1 software (TreeStar, Ashland, OR). Data for peptide-stimulated populations are reported as percentage, determined after subtracting the percentage of positive cells detected in unstimulated cells for each sample. Evaluation of single, double or triple positive cells, was carried out using FlowJo Boolean gate.



Viral Load Quantitation

Plasma SIV RNA levels were measured by real-time RT-PCR assay as described (76, 77). The Lifson assay has a threshold sensitivity of 30 copy equivalents per milliliter. Inter-assay variation is <25% (coefficient of variation). Mean viral loads were calculated by transforming the number to its logarithmic value and averaging the logarithmic values of all the animals of the group at one specific time point.



Euthanasia

Animals were euthanized because of closure of the study or earlier if they developed signs and symptoms consistent with the definition of AIDS. AIDS was defined as being SHIV+ (detectable viremia) and experiencing one of the following criteria: 1- weight loss >15% in 2 weeks or >30% in 2 months; 2- documented opportunistic infection; 3- persistent anorexia >3 days without explicable cause; 4- severe, intractable diarrhea, 5- progressive neurologic signs, 6- significant cardiac and/or pulmonary signs, 7- loss of CD4+ T cells below 200 or 10%.



Statistical Analysis

Calculations and statistical analyses were performed using the GraphPad Prism version 8 software. Between groups comparisons were carried out by two-tailed, t test or Mann-Whitney U test if the value distribution was non- parametric, and among groups one-way ANOVA was used. Results of statistical analyses were considered significant if they produced p values ≤ 0.05. Display of multi-component distributions was performed with SPICE v5.2 (freely available from http://exon.niaid.nih.gov/spice/) (78).




Results


Engineering of Recombinant OPVs

In previous preclinical trials, we achieved significant systemic and mucosal T-cell responses after rectal, nasal, vaginal, oral and intestinal immunizations with SIV or SHIV DNA combined with SIV- or SHIV-MVA and observed some level of protection, particularly in terms of delayed CD4+ T-cell loss and preservation of the Th17/Treg ratio, but also as significantly higher number of vaginal challenges required to achieve infection (56, 73, 74, 79, 80). However humoral responses were not satisfactory. As poliovirus is capable of stimulating long-lasting humoral responses in humans, and Cynomolgus macaque nasal immunization with 6 doses of a collection of 20 recombinant polioviruses expressing short SIV peptides and covering the SIV gag, pol, env, and nef genes had provided significant antibody responses, though not NAbs (55), we set out to test recombinant OPVs in combination with a DNA platform to maximize both T and B cell responses in a Rhesus macaque model, recently shown to be infectable orally by poliovirus (81). A previous trial where we explored a SIV immunization with 3 doses of SIV DNA plus SIV-OPV in Cynomolgus monkeys provided significant T-cell responses but very limited anti-SIV antibodies (82). We hypothesized that, among other factors, the intracellular expression of the recombinant fragment expressed by OPV, which does not become part of the virion, may be a limiting factor in the development of a significant antibody response and opted to modify the vector to achieve secretion of the recombinant Env fragment from the poliovirus-infected cells by engineering an OPV vector that could secret recombinant antigens.

The structure of the SIV Gag and the HIV env OPV expression vectors used in the vaccination are reported in Figure 1A and in Materials and Methods. SIVmac239 CA-p6 sequences inserted in the OPV vector achieve intracellular expression of these Gag proteins. This mode of expression was selected because it is conducive to cell-mediated responses and anti-Gag T-cell responses have been shown to be important for viremia control after infection. Towards the goal of secreting recombinant OPVs, the tPA signal peptide sequence was inserted 5’of the HIV Env sequences and a sequence for the T2A cleavage site was positioned 5’ of the tPA element to obtain cleavage compatible with secretion (61) (Figure 1A). Efficient replication and virus stability of HIV Env recombinant OPVs constructed in this vector did not occur for a few attempted constructs, possibly due to misfolding of the recombinant OPV precursor, preventing the appropriate cleavage of the polyprotein and therefore virus assembly. Of two replication-competent, stable OPVs expressing the V1V2 HIV region, we selected the construct HIVBG505C1-V2-OPV, expressing 179 amino acids of HIV EnvBG505 and covering the Conserved region 1 (C1) and the V1V2 domain, as antibodies against this region have been shown to be associated with protection in clinical trials (1, 3, 4, 6, 32, 33). SIVmac239CA-p6-OPV and HIVBG505C1-V2-OPV replicated efficiently over 12 cell passages, as indicated by the detection of the appropriate size fragment by RT-PCR in 293T RNA (Figure 1B). Expression of the SIVmac239 CA-p6 was detected by Western blot in infected cell lysates and by flow cytometric analysis (Figure 1C, left panels). The recombinant HIVBG505C1-V2 fragment was detected by flow cytometry in infected cells and could be immune-precipitated using the bNAb PG16 but not PG9 (64) after its purification from tissue culture supernatant (Figure 1C, right panels). These data support the conclusion that secretion of the recombinant fragment could be achieved from cells infected with the modified OPV vector and that the secreted product retained the conformation necessary for the recognition by a bNAb, supporting the in vivo occurrence of the same conformation as well. Lastly, we evaluated whether the two OPV recombinants retained in vitro replication kinetics similar to those of the reference virus Sabin2-eGFP by evaluating the growth curve of these viruses in 293T cells. Values for infection at MOI of 0.1 are reported in Figure 1D. No significant differences were observed for SIVmac239CA-p6-OPV and HIVBG505C1-V2-OPV that were selected for the recombinant OPV boosting and, mixed at a 1:1 ratio, are collectively defined as SHIVBG505-OPV.



Oral Vaccination Stimulates Systemic and Mucosal Anti SHIV Responses

We evaluated stimulation of systemic and mucosal cell-mediated immunity and humoral immunity in Rhesus macaques that, contrary to previous reports, were shown to be infectable by the poliovirus (81). The two vaccine regimes included as primer the DNA plasmid pSHIVBG505Vacc3, producing non-infectious viral particles, formulated in liposomes, and administered in the oral cavity, boosted in one group by three doses of rMVA-SHIV-BG505, expressing SIVmac239 Gag/Pol and HIVBG505 Env, and in the other group by SHIVBG505-OPV, both administered in the oral cavity and in the gastrointestinal tract according to the vaccination schedule illustrated in Figure 2A. The rationale for the choice of vaccine components is the following: anti-HIV and SIV T-cell mediated immunity, particularly anti-Gag, which is achieved with DNA immunization, has been shown to provide control of viremia and to delay disease progression, which are desirable features of an HIV vaccine (73, 79, 80, 83). The boosting with two recombinant OPVs, one expressing SIV Gag and one expressing HIV Env, was based on the rationale of expanding responses primed by the DNA and, in the case of the Env immunogen, covering the V1V2 domain to stimulate antibody responses against this region, whose binding antibodies have been shown to correlate with protection from infection (5, 33). As the conformation of the C1-V2 fragment after cell expression and secretion is recognized by the bNAb PG16, this antigen appears to retain a V1V2 conformation potentially able to induce bNAbs. As the C1 region has been shown to be targeted by ADCC mediating antibodies (5, 84, 85) having it included provided the possibility of generating ADCC antibodies against this domain. During the time course of the vaccination, systemic and mucosal antibody responses were evaluated in plasma and secretions (Figure 2B). Stimulation of antibody responses was disappointing in both groups with anti-SHIV IgG in blood being negative and anti-SIV p27 IgG in secretion being positive in only a few animals (Figure 2B, bottom panels). Positivity for anti-SIV p27 or gp70-V1V2BG505 IgA in saliva, rectal, vaginal secretions was restricted to one or two animals in each of the two groups in some of the tested time points. We may have missed antibodies recognizing SIV pol or SIV NC and p6, as these were not included as test antigens in the multiplex antibody assay. Regardless, the SHIV-OPV immunization did not achieve the significant antibody responses we had expected. Although disappointing, the fact that some animals did respond suggested that the vaccines can stimulate antibody responses and that a higher dose might be necessary to achieve more uniform, significant results. Interestingly, we could not detect any neutralizing OPV titer in the plasma of the animals that received the recombinant OPV, when tested in a neutralization assay against the parent virus Sabin2-eGFP. These results point more directly to this immunization being low in dose, as plasma anti-OPV antibody titers have been reported in Rhesus Macaques only when OPV viremia is achieved, this required doses equal or higher than 108 and did not occur in animals infected with a dose of 107 TCID50 OPV (81). It appeared that detection of neutralizing antibodies correlated with the resolution of viremia (81). In humans, prolonged infection and shedding, a parameter we did not measure, correlated with high titers of neutralizing antibodies (54) and prolonged infection may be necessary to achieve the transient viremia critical to induction of neutralizing antibodies. Our dose of 5x107 TCID50 OPV, half of each for each recombinant, was selected to avoid the possibility of poliomyelitis that was observed more frequently in macaques receiving higher doses (81) and would have required euthanasia.




Figure 2 | (A) Vaccination scheme and animal groups. (B) Levels of anti-SIV p27 IgA (top 3 panels), anti-gp70-V1V2 IgA (middle panels) and anti-SIV p27 IgG in saliva (left column), rectal (middle column), and vaginal secretions (right column) were measured by BAMA and normalized relative to concentrations of total IgA or IgG, determined by ELISA. The specific activity (ng IgA or IgG antibody/µg total IgA or IgG, respectively) for individual animals at four time points during vaccination is reported. The dashed line denotes the cut-off for significance and was calculated as the mean specific activity + 3 SD for pre-immunization samples. The specific activity had to exceed the dotted line and be 3 times higher than the animal’s pre-immune sample to be considered significant. A few samples with insufficient total IgA or IgG were not tested for SHIV-specific antibodies.



During a time-course analysis, we evaluated anti-SHIV CD4+ and CD8+ T-cell responses in PBMC, lymph node (LN), rectal, and vaginal MNC by evaluating anti-SIV Gag and anti-HIV Env responses using cytokine intracellular staining after peptide stimulation and flow cytometric analysis. Significant cell-mediated responses were detected in all analyzed compartments after immunization with both regimes (Figure 3). Each boosting immunization increased the previously observed levels of cell-mediated responses that were at very low levels in blood after the third DNA dose (Figure 3A), but more significant in rectal and vaginal mucosal MNC (Figure 3B). This result was expected, as responses are usually higher at the site of immunization and of lower magnitude at other sites due to the compartmentalization of the immune system, particularly between mucosal and systemic compartments, and therefore one is unlikely to achieve in blood what is observed in the gastrointestinal tract after oral immunization (44–50). The SHIVBG505-OPV boosting immunization stimulated levels of responses that were significantly higher than those observed with the rMVA-SHIVBG505 in all analyzed compartments for most CD4+ and CD8+ T-cell responses evaluated on week 43, 51 and 56 (Figure 3, p value range: 0.0001-0.039). The relative contribution of anti-SIV Gag and anti-HIV Env responses, reported as their sum in Figure 3, is shown in Figure 4A for week 51 PBMC, two weeks after the last immunization. Interestingly, although only shorter SIV Gag and HIV Env protein fragments were included in the recombinant OPV construct compared to the rMVA-SHIV-BG505 construct that includes the entire Gag/Pol and Env gp120, significantly higher anti-Gag and anti-Env responses were observed with the OPV-based vector at the end of the immunization (Figure 4A, p value range: 0.009-0.045, depending on cytokine and sample). Boolean analysis of the expression of TNF-α+, IFNγ+ and IL-2+, in antigen specific cells revealed predominantly monofunctional responses for the 3 cytokines tested, but multifunctional responses ranging between 20 and 27% of the total were also present in all tissues and no major differences in mono- or polyfunctionality distribution were observed between the two groups (Figure 4B).




Figure 3 | Quantitative analysis of the anti-SHIV cell-mediated responses measured during the immunization phase, reported as percentages of CD4+ and CD8+ T cells producing IFNγ, TNF-α and IL-2, detected by ICS and flow cytometric analysis upon stimulation with SIV Gag or HIV Env peptide pools. (A) PBMC, asterisks indicate that T-cell percentages (Gag + Env) at the indicated time points are significantly higher for Group 2 (SHIVBG505-DNA+SHIV BG505-OPV, blue) compared to Group 1 (SHIVBG505-DNA+ rMVA-SHIV-BG505, green); (B) LN, rectal and vaginal MNC; the graphs show the total SHIV-specific T-cell responses (Gag + Env) for the two vaccinated groups, Group 1 (dashed line) and Group 2 (solid line). Color refer to the source of samples examined (LN, vaginal or rectal). The color of the asterisks used in panel (B) to report statistical significance matches the color used for the samples in question. Asterisks under brackets indicate that values from week 43 to week 56 are all significantly higher for the specific tissue when Group 2 is compared to Group 1 (p value range: 0.0001-0.039). Between groups comparisons reported in panels (A, B) were carried out by two-tailed, t test or Mann-Whitney U test when the value distribution was non-parametric.






Figure 4 | Qualitative analysis of the anti-SHIV cell-mediated responses stimulated by the vaccination. (A) Anti-SIV Gag and Env percentages observed 2 weeks after the last immunization in the two vaccinated groups in PBMC, LN, rectal and vaginal MNC. Asterisks indicate significant difference between Group 1 and Group 2 and are placed adjacent to the relevant column segment. (B) Pie graphs representing the diversity of anti-SHIV CD4+ and CD8+ T-cell responses as relative fractions of the total percentages of positive cells, expressing a IFNγ, TNF-α and IL-2 alone or a combination of them within anti-SIV gag (left panel) or anti-HIV env (right panel) responses. Functional analysis is in biopsies 2 weeks after the last immunization (week 51) and two weeks before challenge (week 56). The total mean percentage and SE of the antigen-specific responses for each analyzed variable is shown below each pie. (C) Central memory (CM) and effector memory (EM) fractions in SHIV-specific cell-mediated T-cell responses present in PBMC on week 51 (2 weeks after last immunization) and week 56 (naïve cells: CD28+CD95-; memory T cells: CD28+CD95+; and effector T cells: CD28-CD95+). The average percentages of anti-Gag and anti-Env T cells in each group are stacked in the column and shaded differently. Asterisks adjacent to column segments indicate a significant difference between Groups 1 and 2 for that segment. Between groups comparisons reported in panels (A, C) were carried out by two-tailed, t test or Mann-Whitney U test if the value distribution was non- parametric (p value range: 0.0001-0.045).



We compared the central memory (CM) and effector memory (EM) subset fractions of the cell-mediated response in PMBC and tissue MNC 2 weeks after the last immunization (week 51) and 7 weeks after the last immunization (week 56). Roughly equal distribution of CM and EM responses was present in anti-SIV Gag and anti-HIV Env responses on week 51 in both groups and the percentages shifted in favor of the CM responses by week 56 in both groups (Figure 4C), supporting the expected contraction of the EM component and capability of the vaccination regimens to maintain antigen-specific CM. Many percentages of CM and EM were significantly higher in Group 2 when compared to those of Group 1, especially at week 51 (P value range: 0.0001-0.043, Figure 4C). Interestingly, vaginal T-cell responses were comparable to those detected in the rectum, supporting this platform of immunization as a way to achieve responses at two sites that are highly significant in HIV transmission.

When all above data are considered together, we concluded that the two vaccine modalities given orally were effective in stimulating cell-mediated T-cell responses at multiple sites, including those of HIV exposure, but significantly less effective at stimulating humoral responses. These data indicate that the oral route can be used as route of vaccination to stimulate broad T-cell responses at mucosal sites relevant to HIV entry, and also systemic sites as blood and lymph nodes. However, the recombinant OPV and MVA at the dose and route used here were insufficient to stimulate consistent and high titer antibody responses to the recombinant antigens and neutralizing antibodies to OPV. As antibodies to SIV fragments shorter than those used here, expressed by recombinant OPVs, were induced after six nasal doses in the study by Crotty et al. (55), the reason for our results remains unclear but it may have been due to administration of too low of an oral dose.



Resistance to Challenge and Disease Progression

To evaluate whether the vaccination could provide protection from infection or disease progression, on week 57, 8 weeks after the last immunization, all vaccinated animals and eight naïve female controls received a rectal challenge with SHIVBG505 (37). As previously observed for control animals rectally inoculated with the same dose of SHIVBG505 (37), all controls became infected after a single dose. Among vaccinated animals, 11 animals became infected after one dose, one animal became infected after 2 doses and two animals, both in the SHIV DNA/MVA vaccine group, resisted six challenges, after which no more challenges were administered. No significant differences were observed between groups when post-infection viral loads were evaluated in the infected animals (Figure 5A). The control group obtained a better control of SHIV viremia than what we have observed with SIV and recovery to normal level of CD4+ T cells occurred in this group as in vaccinated animals (Figure 5B). However, when the ratio of Th17/Treg was investigated at multiple time points after infection, both vaccinated groups recovered from the initial decrease to a better ratio than controls during the chronic phase of the infection and this was true in PBMC and in rectal MNC (Figure 5C). The differences between Group 1 or Group 2 vs. Controls were statistically significant (p value range: 0.0001-0.021) on week 8, 16 and 20, with the only exception being week 20, PBMC samples, where differences were significant for Group 2 compared to controls but not for Group 1 vs. controls. These results may reflect a better recovery and subsequent preservation of the Th17 cells that are lost in the intestine during HIV and SIV infection, supporting protection by the vaccination of the heavily targeted intestinal immune compartment. This parameter has been shown to be the most accurate predictor of disease progression (86–89) and it is possible that delayed occurrence of disease could have happened in the vaccinated groups if kept for a longer period of time under observation.




Figure 5 | Rectal SHIVBG505 challenge outcome: (A) Viral loads reported as geometric group means (Log10) in the left panel and for each individual animal in the right panel. (B) PBMC CD4+ T-cell levels reported for each group as average percentages (left panel) or as percentages for each animal (right panel) during the course of the infection. (C) Th17/Treg ratio in PBMC (top) and rectal MNC (bottom) CD4+ T cells, reported as group average ± SE (left panel) or as individual values for each animal (right panel) during the course of the infection. Statistical significance among groups was tested with 1-way ANOVA with Sidak’s multiple comparisons test (*p value range: 0.0001-.021). Black asterisks indicate time points when both Group 1 and Group 2 values were significantly greater than those in the control group. The blue asterisk in the PBMC panel indicates significance for Group 2 value vs. control group.






Discussion

Significant protection from SIV infection but not from disease progression was previously observed in Rhesus macaques after intestinal immunization and the reverse was true for oral cavity immunization with a vaccine made of non-infectious proviral SIV DNA plus SIV-MVA (79). We hypothesized that an immunization at both sites (oral cavity and intestine) may achieve both outcomes and that a recombinant OPV vaccine could be a good vector to achieve this goal, considering its capacity to replicate in the oral cavity and in the entire gastrointestinal tract. In addition, OPV should provide significant stimulation of humoral responses, both mucosally and systemically. We compared this platform to a previously tested boosting of DNA immunization with recombinant MVA (79), this time administering it both orally and intestinally. Significant responses were observed for stimulation of cell-mediated immunity at both rectal and vaginal sites, where most HIV transmissions occur. Antigen-specific pre-existing immunity permitted a better recovery of the Th17/Treg ratio, one of the most significant predictors of disease progression after infection and a parameter highly dependent on preservation of intestinal Th17 cells. Although measuring tissue-resident memory T cells was beyond the scope of this trial, it is very likely that an approach that utilizes a gastrointestinal route of vaccination will establish a higher percentage of antigen-specific tissue-resident memory T cells (Trm) in the intestinal mucosa. These cells do not recirculate, can immediately be activated when pathogen breaches the mucosal barrier without the need for antigen presentation in lymph nodes, and they are the largest contributor to the expansion of the response upon restimulation (90–93). Trm can therefore more promptly control local infection. In a smallpox skin reinfection model, circulating memory T cells cleared the infection after 26 days while only 6 days were required for clearance by Trm cells (94). The availability of antigen-specific Trm cells in the rectum could be particularly important for preventing rectal transmission of HIV.

Results of humoral responses with recombinant SHIVBG505-OPV were disappointing. A number of reasons could justify the results, the most likely being a low dose and/or number of immunizations, as sporadic antibodies to SHIV antigens could be detected in some animals, supporting the capability of the immunogen to stimulate antibody responses. Antibody production is known to require higher amounts of antigen than those required for stimulation of cell-mediated immunity (95). The capability of recombinant OPV to induce antibodies is supported by the study by Crotty et al. (55), where antibodies to recombinant OPV expressing fragments shorter than those used here were observed after six doses administered via the nasal route, a route that is known to be better than other mucosal routes at inducing systemic immunity. This result support the capability of obtaining antibodies to a recombinant peptide expressed in the context of the OPV vector. However, the 179 amino acid Env fragment of the ~480 amino acid gp120 Env protein, inserted in the OPV recombinant used here, could be poorly suited to generate antibodies when expressed in the context of OPV infection. Additional support for an insufficient total dose of recombinant OPV vaccination comes from the fact that we could not detect neutralizing antibodies against OPV that usually occur after OPV vaccination nor against the 375 amino acid Gag fragment that covers 75 percent of the Gag polyprotein. Dose-escalation experiments with immunizations of the recombinant OPVs used here administered via either the gastrointestinal route or the nasal routes might address this issue and determine if higher doses or a nasal administration of this vaccine provide the ideal platform for stimulation of significant humoral responses in addition to cell-mediated responses, or if these recombinants are simply not suited for the induction of antibodies.

Ideally, a dose-escalation study would be necessary to figure out the most appropriate dose to be administered. We employed the dose reported with the minimal side effects in Rhesus macaques to avoid having to euthanize animals after vaccination, if paralysis occurred (81). The dose was half for each recombinant OPV and it is possible that each needs to be used at a higher dose.

The combined use of the SHIVBG505-DNA and rMVA-SHIV-BG505 did not provide the protection from infection that we had observed in an oral SIV-Rhesus model of intestinal vaccination with the same DNA/MVA modality, where 50% of the animals resisted 32 vaginal challenges in a trial where the median number of challenges for control was 8 (64), although in this trial, 2 of 8 Group 1 animals (25%) did not become infected after exposure to 6 challenges when instead one challenge was sufficient to infect all control animals. In that investigation, challenge was vaginal and not rectal and the dose of SIVmac251 used for repeated low dose challenge was most likely lower, considering the number of challenges that were required to infect the controls. We also noticed that in this trial the reduction of SHIVBG505 viremia from peak to the chronic levels was more significant in controls than in SIVmac251 infected macaques. This is reflected in the recovery of CD4+ T cell percentages to normal values in all controls as well as in vaccinated animals, making it difficult to reveal a protective effect of the vaccine with this parameter. In the study by Jones et al. (96), antibody development and partial protection against rectal challenge were observed after oral vaccination with HIV-MVA combined with recombinant trimeric gp120. In this case, HIV-MVA was administered via a needle-free injector and this tool, also used to deliver oral anesthesia, allows for systemic exposure of the antigens, favoring a different stimulation of the immune system.

Despite inefficient stimulation of antibodies, detection of significant antigen-specific T-cell responses after Gag or Env stimulation of macaque MNC indicates that both recombinant OPVs expressed the Gag and Env fragments in vivo in amounts sufficient to stimulate cellular immunity. The SHIVBG505-OPV vaccine stimulated cell-mediated responses both at mucosal and systemic sites, a parameter known to be achievable at lower doses of immunogen, yet sufficient to confirm the immunogenicity of the vaccine. Many parameters of cell mediated immunity were significantly higher in the SHIVBG505-OPV vaccinated animals than in those given rMVA-SHIV-BG505, particularly when it comes to vaginal immune responses that could be useful when viral exposure is vaginal. Importantly, SHIVBG505-OPV, like rMVA-SHIV-BG505, permitted a reduced loss and better recovery of Th17+/CD4+ T cells, as indicated by a significantly better CD4+ Th17/Treg ratio compared to controls observed in the chronic phase of the infection, supporting functional efficacy of the induced cell-mediated immunity. This outcome most likely reflects a prompter, earlier control of viral replication in the gastrointestinal mucosa where the bulk of Th17 loss occurs even when antiretroviral therapy is administered and maintained (97, 98). It is likely that the oral route of vaccination favors this outcome, as it has been shown that mucosal immunity occurs at the highest level at the site of immunization (51). Unfortunately, plans to evaluate viral loads in the GI tract during the infection were not in place and therefore direct data for this parameter are not available.

The simultaneous presence of both mucosal and systemic humoral and cell-mediated immunity could be important in preventing the establishment of a chronic HIV/SIV infection and in controlling viremia and disease progression when chronic infection occurs. Immunologically-mediated containment of local infection during its initial local phase (or eclipse phase, as the virus in not detected in the plasma) might be possible even in the absence of sterilizing immunity, and humoral mucosal immunity could be critical to achieve this goal before a large-scale anamnestic immune response occurs (99). If control of HIV or SIV infection needs to be achieved at the site of exposure, before a chronic systemic infection becomes established, it is important to have persistence of virus-specific antibodies in addition to memory cell-mediated mucosal immunity that requires activation and responds more slowly (18, 100, 101). Secreted antibodies might provide the first line of defense against the virus inoculum and local interstitial antibodies could act as the second line of defense against virus that succeeds at entering the mucosa together with virus-specific cytotoxic T cells (53, 102, 103). Regional immunity could eliminate any residual infectivity. Once chronic viremia is established, the immunity provided by vaccination would be important to contain virus replication and delay disease as clearance of infection appears to be extremely difficult, even when the infection occurs with highly attenuated viruses (104, 105). As a significant anamnestic response takes longer than the limited amount of time that usually occurs between exposure and systemic dissemination, the intervention of multiple arms of the vaccine-induced immunity may be one way to reduce within manageable limits the magnitude of the local infection and prevent chronic systemic infection. Most HIV infections are sexually transmitted and if immune responses are needed in both the genital tract and rectum, mucosal immunization may provide this outcome more likely than systemic immunization (51).

Considering the rationale illustrated above and the immunogenicity data of SHIV-OPV provided here, it seems reasonable that recombinant OPVs receive a further evaluation where a higher amount of delivered vaccine is achieved either with three higher doses or with more than three doses similar in amounts to those used here. The persistence of antibodies provided in humans by OPV, and the maturation of the response achievable with a replicating vector that provides prolonged stimulation for days after inoculation, could provide the ideal vector to deliver the HIV Env immunogen most suited to induce bNAbs once it is identified.
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Efficacious vaccines are needed to control genital chlamydial diseases in humans and the veterinary industry. We previously reported a C. abortus (Cab) vaccine comprising recombinant Vibrio cholerae ghosts (rVCG) expressing the conserved and immunogenic N-terminal region of the Cab polymorphic membrane protein D (rVCG-Pmp18.1) protein that protected mice against intravaginal challenge. In this study, we investigated the immunomodulatory effect of the hematopoietic progenitor activator cytokine, Fms-like tyrosine kinase 3-ligand (FL) when co-administered with the rVCG-Pmp18.1 vaccine as a strategy to enhance the protective efficacy and the potential mechanism of immunomodulation. Groups of female C57BL/6J mice were immunized and boosted twice intranasally (IN) with rVCG-PmpD18.1 with and without FL or purified rPmp18.1 or rVCG-gD2 (antigen control) or PBS (medium) per mouse. The results revealed that co-administration of the vaccine with FL enhanced antigen-specific cellular and humoral immune responses and protected against live Cab genital infection. Comparative analysis of immune cell phenotypes infiltrating mucosal and systemic immune inductive tissue sites following immunization revealed that co-administration of rVCG-Pmp18.1 with FL significantly enhanced the number of macrophages, dendritic and NK cells, γδ and NK T cells in the spleen (systemic) and iliac lymph nodes (ILN) draining the genital tract (mucosal) tissues compared to rVCG-Pmp18.1 alone. Furthermore, FL enhanced monocyte infiltration in the ILN, while CD19+ B cells and CD4+ T cells were enhanced in the spleen. These results indicate that the immunomodulatory effect of FL is associated with its ability to mobilize innate immune cells and subsequent activation of robust antigen-specific immune effectors in mucosal and systemic lymphoid tissues.
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Introduction

Chlamydia abortus is an obligate intracellular gram-negative bacterium and a major cause of placental infection in farm animals, including sheep resulting in Ovine Enzootic Abortion (OEA) (1). Infection is also found in goats, pigs and cattle leading to considerable economic losses in animal husbandry worldwide (1–4). It has been shown that natural infection of ewes does not result in apparent immediate clinical effect, the infection remaining latent until the animal becomes pregnant, after which the organism invades the placenta, multiplies, and eventually causes abortion (5). Oral inoculation or targeted administration of C. abortus over the tonsils of pregnant ewes has been shown to induce a placental infection (6, 7). Also, Gutierrez et al. (8) have induced placental infection following the oral administration of a high dose (5 x 109 inclusion-forming units, IFU) of C. abortus prior to pregnancy, thus establishing latency. We recently found 107 IFU of C. abortus strain AB7 caused tubal dilatation in mice after a single intranasal infection whereas intravaginal inoculation with 2 x 107 IFU did not induce genital tract pathology (unpublished observation). These reports implicate the oral-nasal route as the natural port of entry for C. abortus in OEA. C. abortus infection also poses a zoonotic risk to pregnant women. Zoonotic infections are frequently asymptomatic and infected individuals are therefore often untreated leading to the development of complications, including severe septicemia with disseminated intravascular coagulation (DIC), resulting in spontaneous abortion of the fetus, preterm labor or stillbirth (9–11). Although antibiotics are effective against Chlamydia, most infections are asymptomatic and so many infected individuals do not seek treatment resulting in the onset of pathology being the first indication of an infection. It is therefore the considered scientific opinion that a vaccine capable of protecting against infection or even lessening severe disease would be the most effective approach for controlling these infections and the resulting complications (12, 13).

The currently available live attenuated C. abortus vaccines are based on the 1B strain and include, Enzovax® and CEVAC Chlamydophila®. Although a single dose of each vaccine is effective, they are expensive, requiring microbe culture in tissue cells or embryonated eggs. They are thus labor-intensive, hazardous to produce, and challenging to manufacture in large quantities. Importantly, though these live attenuated 1B vaccines were initially thought to be safe and effective in preventing infection in sheep, they have been implicated in cases of abortion (14) prompting their discontinued use by farmers. The association of single nucleotide polymorphisms (SNPs) with the 1B vaccine strain in a recent study confirmed that this strain was not really attenuated and was being transmitted via vaccinated animals (15, 15). More recently, the 1B vaccine strain has been reported to produce placental pathology indistinguishable from wild type C. abortus infection (16). Besides, following vaccination, it is impossible to distinguish infected from vaccinated animals by serology alone (17), making it difficult to monitor vaccination practices. In addition, inactivated and DNA vaccines while promising in principle, have not been as effective as native antigen in protecting sheep against C. abortus (18) calling for alternative strategies to develop safe and effective vaccines.

The use of whole chlamydial agents as vaccine candidates has not been favorable due to the potential existence of immunopathogenic components as revealed in early human trials with inactivated whole chlamydial agents in which vaccinated individuals suffered exacerbated disease during subsequent infection (19, 20). Also, the recently developed genetic tools to generate stably attenuated and safe chlamydial vaccine strains are yet to be widely applied for generating attenuated chlamydial strains for human vaccine use (21). Thus, our current focus is to develop vaccines based on chlamydial subunit components. In addition to the chlamydial outer membrane protein, MOMP, several immunogenic proteins have been predicted that may serve as potential vaccine candidates. Among these is a unique family of proteins, the polymorphic membrane proteins (Pmps) (22). Genome sequencing of C. abortus has revealed the presence of 18 pmp genes as opposed to the 9 in C. trachomatis (23). The Pmps have been associated with virulence and resemble autotransporters of the type V secretion system (24, 25). In C. trachomatis, PmpD is a major protective antigen found on the surface of chlamydial elementary bodies (EBs) (24, 26, 27) and capable of generating neutralizing antibodies (28). This protein is evolutionarily conserved and involved in chlamydial attachment to host cells. Similarly, the Pmp18D of C. abortus is a highly conserved and immunogenic outer membrane protein that is expressed throughout the chlamydial developmental cycle making it a viable vaccine and diagnostic candidate.

Unfortunately, the choice of a subunit vaccine approach imposes certain design constraints, including the requirement for a delivery and adjuvant system that would effectively present antigens to the immune system and bolster protective immunity against Chlamydia. In this respect, the Vibrio cholerae ghost (VCG) vaccine delivery platform has been shown to be an effective delivery system for chlamydial vaccine antigens, eliciting antigen-specific immune responses and substantial protective immunity (29–32). Several adjuvants and immunomodulators have been employed to bolster the protective immune responses of a variety of chlamydial vaccine antigens (33–37). Targeting antigens to dendritic cells (DCs) is also important for inducing protective immunity against Chlamydia due to their proclivity for activating the Th1 immune response that is vital for chlamydial immunity (38–41). The Fms-like tyrosine kinase 3 ligand (Flt3L; FL) is a cytokine and growth factor, which binds to the fms-like tyrosine kinase receptor Flt3/Flk2 (CD135) to stimulate the proliferation and differentiation of several hematopoietic progenitors, including DCs (42, 43). Intranasal immunization of mice with FL and the non-typeable Haemophilus influenzae (NTHi) P6 protein increased dendritic cell numbers in the nasal-associated lymphoid tissue and enhanced antigen-specific long-term mucosal immune responses in the nasopharynx (44). Intramuscular immunization of mice with a recombinant rabies virus expressing mouse Flt3L enhanced DC maturation in vitro and in vivo, and significantly increased the induction of follicular helper T cells (45). A combination of FL and Granulocyte macrophage-colony stimulating factor (GM-CSF) was found to significantly increase splenic DC maturation and function (42) and elicited mucosal immunity to influenza in aged mice (46). Furthermore, adoptive combination therapy involving T cells expressing FL substantially increased host DC and T cell activation and enhanced antitumor immunity (47). Consequently, in this study, we investigated the immunomodulatory effect of co-administration of FL with the rVCG-Pmp18.1 vaccine as a strategy to enhance the protective efficacy and the potential mechanism of immunomodulation. We show that co-administration of FL adjuvant with rVCG-Pmp18.1 vaccine enhanced the cellular and humoral immune responses and protection against Cab infection. The immunomodulatory action of FL was associated with its ability to mobilize innate and adaptive immune cells into the mucosal and systemic immune inductive sites.



Materials and Method


Ethics Statement

In this study, the recommendations contained in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health were followed. The Institutional Animal Care and Use Committee (IACUC) of Morehouse School of Medicine (MSM) (Assurance number A3381-01) approved the study protocol (Protocol Number: 16-15). MSM-IACUC adheres to the National Institute of Health (NIH) guidelines for the care and 184 use of laboratory animals, the Public Health Service (PHS) policy, and the Animal Welfare Act.



Reagents

Chlamydia abortus strains P16 and B577 (ATCC VR-656) are laboratory stocks generated by propagating elementary bodies (EBs) in BGMK cells. EBs were purified by density gradient centrifugation over renografin as reported previously (48) and stored at -70°C. Purified mouse Fms-like tyrosine kinase 3 ligand (FL) was purchased from R&D Systems, Minneapolis, MN. All mice used in these studies were of the C57BL/6J strain (female, aged 6 to 8 weeks) from The Jackson Laboratory (Bar Harbor, ME). They were housed in the animal facility of Morehouse School of Medicine and animal study protocols were performed in compliance with institutional IACUC and federal guidelines.



Construction of Vaccine Vectors and Expression of Recombinant Proteins

The vaccine vectors, pST-Pmp18.1 and pET-Pmp18.1 expressing the N-terminal fragment of the polymorphic membrane protein, Pmp18D and subsequent purification of recombinant protein has been described (49). Protein expression was detected by SDS-PAGE and immunoblotting analysis as previously described (32) using purified rabbit anti-Pmp18D polyclonal antibody. Production of VCG expressing the vaccine antigen from pST-Pmp18.1 was by gene E-mediated lysis of the growing culture following induction of protein expression by addition of IPTG essentially as previously described (50). Lyophilized VCG preparations were stored at regular refrigeration temperature (4-8°C) until used.



Immunization, Challenge, and Analysis of Protective Immunity

Groups of mice (12/group) were immunized intranasally (IN) with lyophilized rVCG-Pmp18.1 (1.5 mg) with or without FL (150 ng) or 10 μg of purified rPmp18.1 in 20 µl of PBS per mouse and boosted twice, at 2-week intervals (Figure 1D). Other groups were immunized with PBS alone (medium control) or 1.5 mg of lyophilized rVCG-gD2 (antigen control). A 1.5 mg dose of lyophilized rVCG-rPmp18.1 contains approximately 3 μg of purified rPmp18.1 antigen. Mice were immunized while under isoflurane anesthesia, induced with 2-4% isoflurane (Henry Schein Animal Health, Dublin, OH) in 100% oxygen in an anesthetic chamber for 30 min. Three weeks after the last booster dose, mice (6/group) were injected subcutaneously with Depo Provera (2.5 mg/mouse; UpJohn Co., Kalamazoo, MI) to synchronize the estrous cycle and facilitate a productive infection and then challenged intravaginally one week later with live C. abortus strain B577 (1 x 106 IFUs). After challenge, mice were observed twice daily to monitor health status, such as clinical signs of adverse reaction to infection. To assess the level of infection, cervicovaginal swabs were collected from each animal every 3 days following the challenge and chlamydiae were isolated from swabs in tissue culture by standard methods (48). Experiments were repeated to contain 10-12 mice per group.




Figure 1 | Construction of vaccine vectors and expression of recombinant proteins. (A) The pST-18.1 vaccine vector was constructed by genetically inserting the amplified 1317 bp fragment of the N-terminal Pmp18D coding sequence in frame with the N-terminal LppOmpA and C-terminal FLAG in plasmid vector pSTV66. The pET-18.1 expression vector was similarly constructed by inserting the 1317 bp fragment into vector pET-32a and rPmp18.1 was purified using the Ni-NTA Purification System. (B) Coomassie stained SDS-PAGE gel. Lane 1, MW markers; Lane 2, 200 ng of purified rPmp18.1; Lane 3, 200 µg of Pmp18.1 expressed from plasmid pST-18.1; Lane 4, Unstimulated control; Lane 5, Empty; Lane 6, PBS dialyzed rPmp18.1. (C) Protein expression was detected by immunoblotting analysis using purified rabbit anti-Pmp18D polyclonal antibody. Lane 1, MW markers; Lane 2, purified rPmp18.1; Lane 3, rPmp18.1-Flag fusion protein expressed from plasmid, pST-18.1; Lane 4, Empty. (D) Schematic diagram of the experimental design outlining the immunization, challenge, and sample collection schedules.





Sample Collection

Four weeks after the last booster immunization, animals designated for immunogenicity studies (6 mice/group) were sacrificed and the spleens (51) and iliac lymph nodes (ILN) draining the genital tract were harvested. Single-cell suspensions were obtained from the tissues using the gentleMACS Dissociator (Miltenyi Biotech, Auburn, CA). Following dissociation, the tissues were filtered, centrifuged, and resuspended in PBS/BSA EDTA buffer. The Pan T Cell Isolation Kit II and the Midi magnetic bead-activated cell-sorting (MidiMACS) separator (Miltenyi Biotech, Auburn, CA) was used to purify total T cells by negative selection. A distinct pool of γ-irradiated (2000 rad) splenocytes prepared from naive animals served as a source of antigen-presenting cells (APCs). Two weeks after the 2nd and two and four weeks after the 3rd immunization, blood samples were collected by submandibular bleeding and centrifuged to obtain serum, while vaginal lavage was obtained by washing the vaginal vault with 100 µl of PBS. Samples were stored at -80 °C until analyzed.



Assessment of Th1/Th2 Cytokines by Cytokine ELISA

The level of Pmp18.1-specific Th1 and Th2 response was assayed by measuring the antigen-specific IFN-γ, IL-12, IL-4 and IL-10 cytokine production by T cells isolated from spleen and ILN as previously described (30). Briefly, purified T cells were plated in quadruplicate wells of 96-well tissue culture plates at 1×106 cells/well and cultured with APCs (1×106/well) and 5 μg/ml of rPmp18.1. Control cultures contained APCs and T cells without antigen. After incubation for 72 h, the Bio-Plex cytokine assay kit in combination with the Bio-Plex Manager software (Bio-Rad, Hercules, CA) was used to measure cytokine concentrations in harvested supernatants. The concentration of the cytokines in each sample was obtained by extrapolation from a standard calibration curve generated simultaneously. All assays were performed in quadruplicate and were repeated for validation. The mean and SD of all quadruplicate cultures were calculated.



Assessment of T Cell Proliferation

The ability of purified immune T cells to proliferate in response to in vitro restimulation in culture with Pmp18.1 was assessed using the 5-Bromo-2’-deoxy-uridine (BrdU) cell proliferation assay according to the manufacturer’s instructions (Roche Molecular Biochemicals, Indianapolis, IN) and described previously (30). Briefly, gamma-irradiated (2000 rad) splenocytes (106/ml) purified from naive animals were co-cultured with purified T cells (106 cells/ml) and 5 μg/ml of rPmp18.1 at 37°C in 5% CO2. After 3 days, the plates were incubated with BrdU labeling solution for 18 h followed by incubation with peroxidase labeled anti-BrdU antibody for 1 h at 37°C. Plates were then developed with 2,2’-azino-bis (3-ethylbenzthiazoline-6-sulfonic acid) (ABTS) substrate for 30 min and BrdU incorporation was detected using a scanning multi-well spectrophotometer (Spectra-Max 250 ELISA reader, Molecular Devices, Sunnyvale, CA). The stimulation index (SI) was calculated as the ratio between stimulated and non-stimulated cells for triplicate cultures. The experiment was repeated twice for confirmation.



Measurement of Antibody Concentrations

A standard ELISA procedure described previously (52) was used to measure the concentration of Pmp18.1-specific antibodies (IgG, IgG2a, and IgA) in sera and vaginal washes obtained at different time points. Briefly, 96-well microtiter plates (Nunc Life Technologies, Rochester, NY) coated overnight with rPmp18.1 (2 μg/well) in PBS were blocked with 5% Non-fat dry milk (Bio-Rad, Hercules, CA) and incubated with vaginal wash or twofold serial dilutions of serum at room temperature. Following incubation with horseradish peroxidase-conjugated goat anti-mouse IgA, IgG, or IgG2c isotype (Southern Biotechnology Associates, Inc., Birmingham, Ala.), plates were developed with 3, 3’, 5, 5’-Tetramethyl Benzidine (TMB; Sigma, St Louis, MO) substrate and the absorbance was read on a Microtiter plate reader at 492 nm. The results were generated simultaneously with a standard curve, and the data sets representing the mean values from triplicate wells are shown as mean concentrations (ng/ml) ± SD.



Immune Cell Isolation From Spleen and Lymph Nodes

In a separate experiment, spleen and ILN were harvested from mice (5/group) immunized with rVCG-Pmp18.1 with or without FL as described above, 2 weeks postimmunization. Single cell suspensions were prepared by homogenization using the gentleMACS™ Dissociator (Miltenyi Biotech, Auburn, CA) and filtration through 70-μm cell strainers (Corning Life Sciences, Edison, NJ). Splenic erythrocytes were lysed by resuspending the cell pellet in 5 ml of RBC lysis buffer (Biolegend, San Diego, CA) for 5 min. The cells were washed twice with Cell Staining Buffer, counted using a TC20 cell counter (BioRad, Hercules, CA) and used for flow cytometry.



Flow Cytometry

Cells (1.5 x 106/well) were suspended in Cell Staining Buffer (Biolegend, San Diego, CA) and stained for 30 min at 4°C with Mouse BD Fc Block (purified rat anti-mouse CD16/CD32; Clone 93) (BioLegend San Diego, CA) to reduce non-specific FcR-mediated binding. BD Horizon Fixable Viability Stain 700 (FSV700) (BD Biosciences, San Jose, CA) was then added to exclude dead cells before staining with fluorophore-conjugated antibodies. The following anti-mouse antibodies (clones) were used: anti-CD11c-PerCP-Cy5.5 (Clone N418), anti-F4/80-APC (Clone BM8), anti-CD49b-PerCP-Cy5.5 (Clone HMα2) (Biolegend, San Diego, CA), anti-MHC II-FITC (Clone 10-3.6), anti-CD68-BV421 (Clone FA/11), anti-Ly6C-BV605 (Clone AL-21), anti-CD3-BUV395 (Clone 145-2C11), anti-CD4-FITC (Clone Gk1.5), anti-CD8-APC (Clone 53-6.7), anti-CD44-PeCy7 (Clone IM7), anti-NK1.1-PE (Clone PK136), anti-TCR γ/δ-BV421 (Clone GL3) and anti-CD19-PE (Clone 1D3) (BD Biosciences, San Jose, CA). After staining, cells were washed twice with Cell Staining Buffer and fixed with 2% Paraformaldehyde for 10 min. Following an additional wash, cells were resuspended in Cell Staining Buffer and analyzed by Flow Cytometry on a BD FACSAria Fusion cell sorter in combination with BD FACSDiva software (BD Biosciences, San Jose, CA), and data was analyzed with FlowJo version 10.7.1 (BD Biosciences, San Jose, CA). Anti-mouse CompBeads (BD Biosciences, San Jose, CA) were used for compensation.



Gating Strategy

Gates were set using the fluorescence-minus-one (FMO) gating strategy. Cells were gated first on a forward (FSC) and side scatter (SSC). Live cells were then isolated from total single cells based on the viability staining. This gating strategy allows for the selection of all live immune cells while eliminating doublets from analysis. CD4, CD8, NKT and γδ positive T cells were gated from CD3 positive parent population. CD44 positive cells were gated from the CD4+/CD8+ T cell population. NK 1.1 positive NK cells, Ly6C positive monocytes, CD11c MAC II positive dendritic cells and CD68/F4/80 positive macrophages were gated from non-B and non-T cells. CD19 positive B cells were gated from the non-T cell population.



Statistical Analysis

Statistical analyses were performed with the GraphPad Prism 9 package (GraphPad Software, Inc. La Jolla, CA, USA) on a Mac computer. Statistical differences between two groups (IFUs) were evaluated by a Two-tailed Paired t-test and between more than two groups (cytokine and antibody concentrations, T cell proliferation) by one-way ANOVA. Differences were considered to be significant at p* < 0.05.




Results


Generation and Expression of Vaccine Antigens

The pST-18.1 vaccine vector was constructed such that the 1,317 bp fragment of the N-terminal Pmp18D coding sequence was inserted in frame with the C-terminal FLAG contained in plasmid pSTV66 (Figure 1A). Sequencing results of the newly generated plasmid construct confirmed that the cloned gene fragment was in frame with FLAG. Also, the pET-18.1 expression vector was constructed to contain the same gene fragment of N-terminal Pmp18D sequence inserted into vector pET32a and rPmp18.1 was purified using the Ni-NTA Purification System. Purity of the purified protein was determined by Coomassie staining (Figure 1B). Following transformation of V. cholerae 01 or E. coli BL21 competent cells with plasmid pST-18.1 or pET-18.1 respectively, expression of the recombinant rPmp18.1 protein was confirmed by Western immunoblotting analysis using polyclonal antibody to Pmp18D (Figure 1C).



FL Enhanced the Antigen-Specific Th1 Cytokine Response Profile Stimulated by Immunization With rVCG-Pmp18.1

To examine the immunomodulatory effect of FL on Th1 response induced by the vaccine, total immune T cells purified from SPL and ILN draining the genital tract of immunized mice obtained 4 weeks postimmunization (Day 56) were analyzed for specific Th1 and Th2 cytokine (IFN-γ, IL-4, IL-10 and IL-12) secretion upon restimulation with rPmp18.1. As expected, T cells from SPL and ILN of mice immunized with PBS or rPmp18.1 or VCG expressing the Cab irrelevant antigen, rVCG-gD2 did not generate significant levels of cytokines in response to rPmp18.1 stimulation. On the other hand, T cells from both SPL and ILN of mice immunized with rVCG-Pmp18.1 with and without FL induced high levels of IFN-γ and basal levels of IL-4 and IL-10 (Figures 2A, B). Significantly higher (p< 0.05) amounts of antigen-specific IFN-γ were produced by both splenic (Figure 2A) and ILN (Figure 2B) immune T cells from mice immunized with rVCG-Pmp18.1 co-delivered with FL compared to those from mice immunized with rVCG-Pmp18.1 vaccine alone. The secretion of significantly higher (p< 0.001) levels of IFN-γ compared to IL-4 by these T cells following immunization with the rVCG-Pmp18.1 vaccine indicates the induction of antigen-specific Th1 responses in both mucosal and systemic tissues. These results indicate that FL boosted the Th1 inducing ability of the vaccine.




Figure 2 | Antigen-specific genital mucosal and systemic cytokine and proliferative responses. T cells purified from the SPL and ILNs of immunized mice and controls 4 weeks postimmunization, were restimulated in vitro with 5 μg/ml of rPmp18.1 for 72 h. Control cultures contained APCs and T cells without antigen. The concentration of Th1/Th2 cytokines in the spleen, SPL (A) and ILN (B) contained in supernatants of culture-stimulated cells was measured using the Bio-Plex cytokine assay kit. All assays were performed in quadruplicate and were repeated for validation. Data were calculated as the mean values (± S.D.) for quadruplicate cultures for each experiment. The cultures without antigen did not contain detectable levels of cytokine and so the data were excluded from the results. The data shown is a representative of two assays with similar results. The antigen-specific proliferative responses in the SPL (C) and ILN (D) were determined 4 weeks after the last immunization using the BrdU cell proliferation assay kit. BrdU incorporation was detected by addition of anti-BrdU antibody, and the absorbance was read at 405 nm. The experiment was repeated twice for confirmation. The results are expressed as the stimulation index (SI), the ratio between absorbance values of stimulated and non-stimulated cells and the bars represent the mean and S.D. of six replicates from two independent experiments. Significant differences between groups were evaluated by One-way ANOVA with Tukey’s post multiple comparison test at p* < 0.05 and p** < 0.01.





FL Enhanced the Antigen-Specific T Cell Activation Following Co-Delivery With the rVCG-Pmp18.1 Vaccine

The ability of immune T cells purified from the SPL and ILN of immunized mice to proliferate in response to in vitro restimulation in culture with rPmp18.1 was assessed by the BrdU incorporation assay. The magnitude of T cell proliferation was expressed as stimulation index (SI), defined as the ratio of the absorbance values of stimulated and non-stimulated cells. As shown in Figures 2C, D, mice immunized with rVCG-Pmp18.1 had significantly higher (> 5-fold higher) (p< 0.01) T cell proliferative responses in both SPL and ILN as indicated by the SI values compared to the rVCG-gD2 antigen control. Furthermore, the magnitude of splenic T cell proliferation induced by the FL adjuvanted rVCG-Pmp18.1 vaccine in both systemic and mucosal compartments was significantly higher (~ 2-fold higher) (p< 0.05) than that of the rVCG-Pmp18.1 alone. The results indicate that the T cell stimulating capacity of the rVCG-Pmp18.1 vaccine was enhanced following co-delivery with FL.



FL Enhanced the Antigen-Specific Antibody Responses in Mice Immunized With the rVCG-Pmp18.1 Vaccine

Specific antibody responses elicited 2 weeks after the last immunization (day 42) were measured by titrating the serum and vaginal secretions of vaccinated and control mice against rPmp18.1. Figure 3 shows that in general, significantly higher (p < 0.0001) levels of rPmp18.1-specific IgG2c antibodies were detected in serum (A) and vaginal wash (B) of mice immunized with both vaccine formulations compared to the rVCG-gD2 control. Also, these levels were significantly higher (~2-fold higher) in serum (p < 0.001) and (~2-fold higher) in vaginal wash (p < 0.0001) of mice immunized with rVCG- Pmp18.1/FL compared to those immunized with rVCG-Pmp18.1. Similarly, immunization with rVCG-Pmp18.1 generated significantly higher (~10-fold higher) serum (p < 0.01) (C) and (5-fold) vaginal wash (p < 0.0001) (D) IgA antibody levels compared to the rVCG-gD2 control, which were increased (~10- to 19-fold higher) following co-delivery with FL. This implies that FL enhanced the magnitude of antigen-specific antibody responses elicited by the rVCG-Pmp18.1 vaccine.




Figure 3 | Antigen-specific IgG2c and IgA antibody responses induced in serum and vaginal wash samples. Groups of mice were immunized IN three times, 2 weeks apart. Serum and vaginal lavage samples were obtained from individual mice in each group 2 weeks after the last immunization. ELISA procedure was used to assess the concentration of IgG2c and IgA antibodies elicited in serum (A–C) and vaginal lavage (B–D) samples. The results were generated simultaneously with a standard curve and display data sets corresponding to absorbance values as mean concentrations (ng/ml) ± SD of triplicate wells for each experiment. The results are a representative of two independent experiments with similar results. Significant differences between groups were evaluated by One-way ANOVA with Tukey’s post multiple comparison test at p** < 0.01, p*** < 0.001 and p**** < 0.0001.





FL Enhanced the Protective Efficacy of the rVCG-Pmp18.1 Vaccine Candidate Against Heterologous Genital C. abortus Challenge

The ability of the C. abortus strain P16-derived vaccine candidates to protect against infection was evaluated by enumeration of genital chlamydial inclusions following intravaginal challenge of immunized mice with live C. abortus strain B577 four weeks after the last immunization. Figure 4A shows that mice immunized with rVCG-Pmp18.1 with and without FL controlled C. abortus replication and shedding and had shorter duration of infection compared to controls. By day 9 postimmunization, mice immunized with the rVCG-Pmp18.1/FL vaccine shed approximately 2-log lower chlamydial IFUs compared to controls and about 1-log lower IFUs compared to rVCG-Pmp18.1-immunized mice (Figure 4A). Furthermore, by day 21 postchallenge, rVCG-Pmp18.1/FL-immunized mice had cleared the infection while the rVCG-gD2 control-immunized mice were still shedding high numbers of IFUs. The rVCG-Pmp18.1-immunized mice shed low numbers of C. abortus IFUs at this timepoint, but by day 24 postchallenge, it had also completely cleared the infection. The results indicate that FL enhanced the immune effectors elicited by the vaccine to control the replication of C. abortus. To quantify the magnitude of the effect of the adjuvant and assess its precision on the protective immunity of the rVCG-Pmp18.1 vaccine, the two means were compared using an estimation plot (Figure 4B). The effect size is represented as the difference of means (0.57) at a 95% confidence interval (CI). This indicates that FL contributed to the protection of vaccinated mice.




Figure 4 | Cross protection against heterologous intravaginal challenge with C. abortus B577. Groups of mice immunized IN were challenged intravaginally with 1 x 106 IFU of live heterologous C. abortus B577 4 weeks after the last immunization. Infections were monitored by cervicovaginal swabbing of individual animals at the indicated time points after infection and C. abortus was isolated from swabs in tissue culture and enumerated. The data show (A) the mean recoverable IFUs expressed as log10 IFU/ml ± S.D. and (B) the mean difference between rVCG-Pmp18.1 and rVCG-Pmp18.1/FL in an unpaired t test estimation plot. Group means at the different time points are plotted on the left axes; the mean difference is plotted on the right Y axis. The adjuvant effect size, the mean difference between means ± SEM (-0.5700 ± 1.244) is depicted as a bar. Precision of the calculated effect size as a 95% confidence interval (right axis) is indicated by the ends of the vertical error bar. Differences in the mean recoverable IFUs between rVCG-Pmp18.1 and rVCG-Pmp18.1/FL were compared by paired Student’s t test at p* < 0.05 and p** <0.01.





FL Enhanced the Mobilization of Innate and Adaptive Immune Cells to Mucosal and Systemic Tissues by the rVCG-Pmp18.1 Vaccine

To examine the role of immune cell infiltration as a possible mechanism for Th1 enhancement by FL, we assessed the magnitude of specific innate and acquired immune cells recruited into mucosal and systemic immune inductive tissues after vaccination. For that, we isolated total cells from spleen and ILNs draining the genital tract and characterized their phenotypes and numbers following immunization with rVCG-Pmp18.1 with and without FL using flow cytometry. In general, the number of innate immune cells (expressed in percentages) were higher in the ILNs than in the spleen after immunization with rVCG-Pmp18.1 vaccine with and without FL (Figure 5). There were significantly higher numbers of dendritic cells (DCs) (p < 0.01) (Figure 5A), macrophages (p < 0.001) (Figure 5B), NK cells (p < 0.05) (Figure 5C) and monocytes (p < 0.01) (Figure 5D) in the ILNs of mice immunized with rVCG-Pmp18.1/FL compared to rVCG-Pmp18.1 vaccine alone. Additionally, co-delivery of FL with the vaccine significantly (p < 0.05) enhanced the percentage of DCs and NK cells in the spleens of immunized mice. However, in the spleen, the number of monocytes were significantly higher (p < 0.01) in mice immunized with rVCG-Pmp18.1 compared to those that received the FL adjuvanted vaccine. The results indicate that co-delivery of FL with vaccine boosted the infiltration of the innate immune cells important for induction of adaptive immunity, especially in the mucosal inductive sites draining the genital tract.




Figure 5 | Enhanced mobilization of innate immune cells to mucosal and systemic tissues following immunization of mice with FL adjuvanted rVCG-Pmp18.1 vaccine. Groups of mice (5/group) were immunized three times IN at 2-week intervals. Four weeks postimmunization, single cell suspensions were isolated from harvested spleens and ILN and labeled for 30 min at 4°C with fluorophore-conjugated antibodies. Immune cell phenotypes and numbers were characterized by flow cytometry. Representative flow cytometric images (top) and bar graphs (bottom) showing percentages of dendritic cells (A), macrophages (B), NK cells (C) and monocytes (D) infiltrating the spleen and ILN after immunization. The results are shown as mean ± SD and represent two independent experiments (five mice in each group) with similar results. *p < 0.05, **p < 0.01, ***p < 0.001.



A higher number of immune CD3+ T cells were found in the ILN compared to the spleen (Figure 6A). Co-delivery of FL with the vaccine significantly (p < 0.001) enhanced the percentage number of antigen specific CD4+ T cells in the spleen, but not in the ILNs (Figure 6B). In contrast, significantly higher (p < 0.05) numbers of CD8+ T cells were mobilized in the spleen of mice immunized with the rVCG-Pmp18.1 vaccine alone (Figure 6B). The number of CD4+ (CD4+CD44+) and CD8+ (CD8+CD44+) memory T cells were higher in the ILN compared to the spleen irrespective of the vaccine administered (Figure 6C). However, while the rVCG-Pmp18.1 vaccine induced significantly higher numbers of CD4+ memory T cells in both the spleen (p < 0.05) and ILN (p < 0.01) of immunized mice compared to rVCG-Pmp18.1/FL, comparable numbers of CD8+ memory T cells were found in both the spleen the ILNs of mice receiving either vaccine (Figure 6C). Furthermore, co-delivery of vaccine with FL resulted in significant (p < 0.001) increase in the percentage number of γδ (Figure 7A) and NK (NK1.1) (Figure 7B) T cells in the ILN compared to rVCG-Pmp18.1 alone. These cell numbers were comparable in the spleen following immunization with and without FL. The number of B cells were higher in the spleen compared to the ILN, irrespective of the vaccine administered (Figure 7C). Co-delivery of vaccine with FL resulted in a significant (p < 0.01) increase in the number of B cells infiltrating the spleen compared to vaccine alone. However, in the ILN these numbers were significantly (p < 0.01) higher following immunization of mice with rVCG-Pmp18.1 alone compared to with adjuvanted vaccine. The results indicate that varying numbers of innate and adaptive immune cells were mobilized in mucosal and systemic immune inductive sites following immunization with rVCG-Pmp18.1 in the presence and absence of FL adjuvant (Supplementary Table 1).




Figure 6 | Immunization of mice with rVCG-Pmp18.1 vaccine with and without FL adjuvant induced immune CD4+ and CD8+ T cell infiltrating into mucosal and systemic tissues of immunized mice. Single cell suspensions were isolated from harvested spleens and ILN obtained from immunized mice as described above. Isolated cells were labeled with anti-CD4, -CD8, -CD4+CD44+ and –CD8+CD44+ antibodies and analyzed by flow cytometry. Representative flow cytometric images (left) and bar graphs (right) showing percentages of CD3+ T cells (A), CD4+ and CD8+ T cells (B) and CD4+CD44+/CD8+CD44+ (C) memory cells. Data are shown as mean ± SD and represent two independent experiments (five mice in each group) with similar results. *p < 0.05, **p < 0.01, ***p < 0.001.






Figure 7 | Impact of co-delivery of FL adjuvant on the γδ T cells, NK T cells and B cells infiltrating the mucosal and systemic immune inductive sites of mice immunized with rVCG-Pmp18.1 vaccine. Cells were isolated from spleens and ILN of immunized mice 4 weeks postimmunization. The cells were labeled with fluorophore-conjugated anti-γδ TCR, NK1.1 and CD19 antibodies and analyzed by flow cytometry. Representative flow cytometric images (top) and bar graphs (bottom) showing percentages of γδ T cells (A) NK T cells (B) and B cells (C) infiltrating the spleen and ILN after immunization are shown. The results are shown as mean ± SD and represent two independent experiments (five mice in each group) with similar results. **p < 0.01, ***p < 0.001.






Discussion

The current commercially available inactivated vaccines have been reported to afford marginal efficacy against infection and the live attenuated C. abortus vaccines cause disease leading to abortion in sheep (14). Thus, safer and cheaper efficacious vaccine alternatives would be highly desirable. Based on the shortcomings of the inactivated and live attenuated whole chlamydial vaccine candidates, the current focus is to develop vaccines based on chlamydial subunit components. As subunit vaccine candidates often require the addition of adjuvants to augment protective immunity, various adjuvants have been used to boost protective immune responses to subunit chlamydial vaccine antigens (33, 53, 54). Since DCs are important for inducing protective immunity against Chlamydia due to their proclivity for activating Th1 immune responses (38, 39), we examined the immunomodulatory ability of a DC function activator, the Fms-like tyrosine kinase 3-ligand (FL) when co-administered with the rVCG-Pmp18.1 vaccine as a strategy to enhance protective efficacy. Previous reports indicated that FL singly or in combination with other adjuvants enhanced the protective immunity of diverse antigens following mucosal delivery without any toxic effects (44, 46, 49, 55–57).

Immunologic evaluation revealed that IN immunization of mice with the rVCG-Pmp18.1 vaccine activated a strong local mucosal and systemic Th1-mediated immune response that was enhanced when co-administered with FL. These cellular responses were characterized by antigen-specific CD4+ T cells secreting high levels of IFN-γ and IL-12, but low levels of IL-4 and IL-10, which indicated a Th1 cytokine profile. The proliferative responses induced by the rVCG-Pmp18.1 vaccine against restimulation with rPmp18.1 antigen were similarly enhanced by FL, indicating the adjuvant effect of FL on rVCG-Pmp18.1-induced cellular immune responses. The importance of IFN−γ−secreting CD4+ T cells during Chlamydia infection has previously been demonstrated in both human clinical and experimental animal model studies (13, 58–60). The key role of IFN−γ in Chlamydia vaccine-induced protective immunity has also been reported (54, 61, 62).

Our results also show that IN delivery of the FL-adjuvant vaccine enhanced the local mucosal and systemic anti-chlamydial IgA and IgG2c antibody responses elicited by the rVCG-Pmp18.1 vaccine that were detected in serum and vaginal lavage of immunized mice. As in our previous studies with C. trachomatis immunization, higher levels of IgG2c compared to secretary IgA were elicited in vaginal secretions, highlighting the significance of the Th1-associated IgG2c antibody isotype with Chlamydia immunity (63, 64). While these antibodies may play a protective role against Chlamydia, their precise role may likely be supplementary to T cell and cytokine effector mechanisms that have been established to be crucial for chlamydial immunity. This conclusion is corroborated by studies showing that high titers of Chlamydia-specific antibodies, including those that neutralize chlamydial infectivity in vitro do not necessarily correlate with protection in vivo (65, 66). Accordingly, the presence of antigen-specific IgG2c and IgA neutralizing antibodies might be beneficial and contributory in an ancillary manner to controlling genital chlamydial infection (67). Among their functions, these antibodies may provide protection by blocking the initial attachment of Chlamydia to epithelial cells thereby limiting its spread to the upper genital tract and enhancing chlamydial clearance. Furthermore, other studies have indicated that the predominant role of antibodies in chlamydial clearance is in resistance to re-infection by enhancing rapid Th1 activation (66, 68, 69).

This study revealed that FL enhanced the ability of the rVCG-Pmp18.1 vaccine to protect mice against genital challenge with live C. abortus strain B577 based on its ability to reduce genital chlamydial burden and the length of C. abortus shedding. The specificity of vaccine efficacy of rVCG-Pmp18.1 was addressed by the inclusion of rVCG expressing the HSV-2 gD2, a C. abortus irrelevant antigen and PBS (carrier control). The results showed that mice immunized with rVCG-Pmp18.1 with and without FL were significantly protected from challenge, with the FL adjuvanted vaccine showing a protective advantage without any toxicity. By day 21 post challenge, mice immunized with the rVCG-Pmp18.1/FL had successfully resolved the genital challenge infection while the unadjuvanted vaccine still shed bacteria at this time point. However, mice immunized with PBS or rVCG-gD2 were not protected, indicating the antigen specificity of the protection afforded by the rVCG-Pmp18.1 +/- FL vaccines. These findings confirm our previous results indicating that FL could enhance the protective immunity induced by a VCG-based multisubunit vaccine expressing the C. trachomatis PmpD and PorB antigens following rectal mucosal and intramuscular systemic delivery without any toxic effects (49, 70). The immune stimulating ability of FL has been attributed to its propensity to target and expand DCs in mucosal and systemic tissues (46, 56) and subsequent recruitment to the immunization site (71, 72).

To investigate the mechanism of Th1 immune enhancement for C. abortus control by co-delivery of vaccine with FL, we tested the hypothesis that the immunomodulatory effect of FL involves the bolstering of innate and acquired immune responses at mucosal and systemic immune inductive sites following vaccination. Therefore, we compared the ability of the rVCG-Pmp18.1 vaccine in the presence and absence of FL to induce the mobilization of innate and adaptive immune cells to mucosal and systemic tissues following immunization. Enumeration of infiltrating immune cells showed that co-delivery of FL with vaccine boosted the infiltration of the innate immune cells (specifically macrophages, monocytes, dendritic and NK cells) that are important for induction of adaptive immunity, especially in the mucosal inductive sites draining the genital tract. Among the innate immune cells, DCs are the most potent APCs and are essential for the initiation of primary immune responses, specifically those critical for priming the differentiation of naïve T cells to Th1 or Th2 subsets (73, 74). DCs are highly efficient in the acquisition and presentation of antigens for stimulation of adaptive immunity, including anti-chlamydial immunity (40, 41, 75, 76) through expression of a combination of cell surface and secreted molecules that influence the type of immune response stimulated. A previous report indicated that VCG stimulated DC activation and maturation leading to enhanced chlamydial antigen presentation to immune CD4+ T cells that resulted in increased T cell proliferation and Th1-type immunity (39). Macrophages are professional antigen-presenting and proinflammatory cells (77) that were found in higher numbers in both spleen and ILN following immunization with the rVCG-Pmp18.1/FL vaccine. NK cells are effector lymphocytes of the innate immune system that control several microbial infections, including C. abortus by limiting their spread and subsequent tissue damage (78). While numbers of monocytes found in the spleens of mice immunized with rVCG-Pmp18.1/FL were lower compared to rVCG-Pmp18.1, they were comparably higher in the ILN draining the genial tract. Monocytes, like dendritic cells play a central role in pathogen sensing, phagocytosis, and antigen presentation to T cells (79). The finding that they constituted the highest population of APCs in the ILNs highlights their significance in antigen presentation. These results indicate that the FL adjuvant-containing vaccine enhanced the infiltration of the innate immune cells important for antigen presentation and stimulation of T cells in vivo, especially in the ILN draining the genital tract (mucosal tissues) following immunization. This stimulation causes T cells to proliferate, develop effector function, and subsequently differentiate into memory cells (73, 80). This suggests a cellular mobilization mechanism for the enhanced protective immunity induced by the FL-adjuvanted rVCG-based Chlamydia abortus vaccine.

Our study shows that IN immunization of mice induced the infiltration of high numbers of CD4+ and CD8+ effector T cells in the mucosal draining ILN and systemic splenic tissues, indicating that this route of immunization induced immune effectors according to the common mucosal and general immune system. Co-delivery of FL with vaccine enhanced the number of infiltrating CD4+ T cells in the spleen. The obligatory requirement and sufficiency of CD4+ T cells for protective immunity against C. trachomatis infection has been established (81). Our results showed the infiltration of higher numbers of CD4+ and CD8+ memory T cells in the ILN compared to the spleen following immunization with the rVCG-Pmp18.1 vaccine with and without FL adjuvant. Also, memory T cells of the CD8+ phenotype in the ILN were ~2-fold higher than those in the spleen. Memory CD4+ T cells play an important role in protection against subsequent chlamydial infections (82). Although in mice, CD8+ T cells are mostly associated with immunopathology (83, 84), except the evidence of partial protection in genital infection (85, 86), there is also evidence of the induction of protective CD8+ T cells by a trachoma vaccine in macaques (87). Moreover, the identification of CD8 + T cell epitopes that correlate with resolution of natural infection in humans has been reported (88). An interesting finding was the significantly higher percentage of both γδ and NK T cells infiltrating the ILN following immunization with the FL adjuvanted rVCG-Pmp18.1 vaccine compared to the similar numbers infiltrating the spleen, irrespective of whether the vaccine was administered with or without FL. Previous studies reported that gamma delta T cells may play an accessory role in acquired immunity to chlamydial infection (89). NK T cells have been shown to promote Th1-type cell immunity essential for protection against primary C. muridarum infection through modulation of dendritic cell function (90). They also contribute to protective T cell-mediated memory immunity to chlamydial re-infection by modulating the T cell cytokine environment and inhibition of regulatory T cells (91). Lastly, we showed that the number of CD19+ B lymphocytes infiltrating the spleen was 4- to 5-fold the number in the ILN of vaccine immunized mice, and co-delivery of FL with vaccine enhanced the number of infiltrating B cells in the spleen. While the role of T cells in chlamydial immunity has long been established, a similar role for B cells has been controversial, with some studies supporting (92–97) and others contradicting the protective role of antibodies in chlamydial immunity (69, 98–100). The significance of the recent report (101) of non-antibody-dependent mechanisms of B cells in controlling primary Chlamydia infection in vaccine development is yet to be clarified.

In conclusion, we have demonstrated that immunization with the Cab rVCG-Pmp18.1 vaccine effectively stimulated specific mucosal and systemic immune effectors that afforded protection in mice against challenge with live C. abortus. Co-delivery of vaccine with FL further enhanced the immune effectors elicited by the vaccine to control C. abortus replication and shedding. We also showed that co-delivery of FL with vaccine boosted the infiltration of the innate immune cells important for induction of adaptive immunity, especially in the mucosal inductive sites draining the genital tract. These results indicate that the immunomodulatory effect of FL is associated with its ability to mobilize innate immune cells and subsequent activation of robust antigen-specific immune effectors in mucosal and systemic lymphoid tissues. The role of specific cell types in vaccine-mediated protection and the ability of the vaccine to protect against C. abortus infection-induced upper genital tract pathology, including abortion are being addressed in ongoing studies.
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Amebiasis is a neglected tropical disease caused by Entamoeba histolytica. Although the disease burden varies geographically, amebiasis is estimated to account for some 55,000 deaths and millions of infections globally per year. Children and travelers are among the groups with the greatest risk of infection. There are currently no licensed vaccines for prevention of amebiasis, although key immune correlates for protection have been proposed from observational studies in humans. We previously described the development of a liposomal adjuvant formulation containing two synthetic TLR ligands (GLA and 3M-052) that enhanced antigen-specific fecal IgA, serum IgG2a, a mixed IFNγ and IL-17A cytokine profile from splenocytes, and protective efficacy following intranasal administration with the LecA antigen. By applying a statistical design of experiments (DOE) and desirability function approach, we now describe the optimization of the dose of each vaccine formulation component (LecA, GLA, 3M-052, and liposome) as well as the excipient composition (acyl chain length and saturation; PEGylated lipid:phospholipid ratio; and presence of antioxidant, tonicity, or viscosity agents) to maximize desired immunogenicity characteristics while maintaining physicochemical stability. This DOE/desirability index approach led to the identification of a lead candidate composition that demonstrated immune response durability and protective efficacy in the mouse model, as well as an assessment of the impact of each active vaccine formulation component on protection. Thus, we demonstrate that both GLA and 3M-052 are required for statistically significant protective efficacy. We also show that immunogenicity and efficacy results differ in female vs male mice, and the differences appear to be at least partly associated with adjuvant formulation composition.
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Introduction

Vaccine formulations often consist of multiple components including antigens, one or more immunomodulatory molecules, and formulation excipients. For example, GSK’s highly effective Shingrix® vaccine for the prevention of shingles consists of a recombinant antigen and a combination adjuvant system consisting of a TLR4 ligand (MPL®) and a saponin (QS-21) in a liposomal formulation. Moreover, immunology assays enable a wide range of parameters to be monitored, each of which may be more or less dependent on the individual vaccine components. Despite this complexity, efficient dose and formulation optimization approaches employing tools such as Design of Experiments (DOE) or desirability functions are only rarely reported in vaccine development (1–3). Nevertheless, such approaches offer the benefit of objective multifactorial analysis while reducing the number of experimental subjects, such as animals, and the number of tests that would otherwise be required. Here, we employ DOE and desirability function approaches to optimize an E. histolytica vaccine candidate formulation consisting of a recombinant antigen (LecA) and a liposomal adjuvant formulation containing a synthetic TLR4 ligand (GLA) and a synthetic TLR7/8 ligand (3M-052).

Amebiasis is an enteric disease caused by infection with the E. histolytica parasite. Substantial morbidity is associated with amebiasis, particularly among children in endemic countries (4). Nevertheless, to our knowledge, no vaccine candidate has progressed to clinical testing to date. Encouragingly, protection from amebiasis in humans has been associated with mucosal IgA and IFNγ production from PBMCs (5, 6); in addition, IL-17A production from splenocytes was associated with protection in a mouse challenge model (7). Using enhancement of these immune readouts as objectives, we previously reported the proof-of-concept development of an intranasally administered vaccine antigen (LecA) adjuvanted with the combination adjuvant GLA-3M-052-liposomes, which resulted in enhanced fecal IgA, serum IgG, a mixed IFNγ and IL17A cellular immune response, and protective efficacy in immunized mice (8, 9). We now report the optimization of the dosing and excipient composition of this adjuvanted vaccine candidate using comprehensive stability, immunogenicity, durability, and efficacy data within a DOE and desirability function framework.



Methods


Materials

LecA antigen was manufactured by TECHLAB, Inc. (Blacksburg, VA) as described (10) and stored in phosphate buffered saline at 5°C; LecA endotoxin content was 0.03 EU/µg as measured by the limulus amebocyte lysate assay. Glucopyranosyl lipid adjuvant (GLA) was obtained from Avanti Polar Lipids (Alabaster, AL). 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), was obtained from Lipoid LLC (Newark, NJ), Corden Pharma (Liestal, Switzerland), and NOF Corporation (Tokyo, Japan). 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC), 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), and 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC) were obtained from Lipoid LLC. 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000] (DSPE-PEG2000) was obtained from Corden Pharma, Lipoid LLC, NOF Corporation, and Nanocs Inc. (NY, NY). 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000] (DOPE-PEG2000) was obtained from Avanti Polar Lipids. 1,2-dimyristoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000] (DMPE-PEG2000), and 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000] (DPPE-PEG2000) were obtained from Corden Pharma. 3M-052 was provided courtesy of 3M Drug Delivery Systems (St. Paul, MN). Cholesterol was obtained from Corden Pharma, Sigma (St. Louis, MO), and Wilshire Technologies (Princeton, NJ). Ammonium phosphate monobasic and ammonium phosphate dibasic were purchased from J.T. Baker (San Francisco, CA). Microcrystalline cellulose/carboxymethylcellulose sodium (VIVAPUR® MCG 811 P) was obtained from JRS Pharma (Patterson, NY). Glycerol and α-tocopherol were purchased from Spectrum Chemical (Gardena, CA).



Preparation of Adjuvant Formulations

Batches of adjuvant were formulated at a 70-125-ml scale. GLA, 3M-052, phospholipid (DMPC, DPPC, DSPC, or DOPC), PEGylated lipid (DSPE-PEG2000, DPPE-PEG2000, DMPE-PEG2000, DOPE-PEG2000), cholesterol, and α-tocopherol (where indicated) were weighed and transferred to a 100-ml round bottom flask. Ten ml chloroform were added to the flask to dissolve the components, then the flask was placed on a rotary evaporator and the chloroform was evaporated to leave a thin film. The flask was left under vacuum overnight to assure complete solvent removal. Twenty-five mM ammonium phosphate with or without glycerol as indicated, pH=5.8, was added to the flask and the flask was placed in a 60°C water bath for 30 minutes to warm up. After warming, sonication was initiated and continued for 1 hour at 60°C to create multilamellar liposomes. The liposomes were then processed on a model LM20 microfluidizer (Microfluidics Corp.) for at least 5 passes at 18,000-30,000 psi. After microfluidization, the resulting liposomes were sterile filtered and filled into 3-ml serum vials with 1.2 ml/vial. The above procedure was adapted to make a high viscosity liposome batch by manufacturing via high shear mixing an aqueous phase containing ammonium phosphate buffer and microcrystalline cellulose/carboxymethylcellulose sodium, and then adding 25 ml of the aqueous phase to 50 ml of a 3x concentrated liposome formulation to achieve the target component concentrations as indicated. All liposomes were mixed 1:1 by volume with LecA/saline prior to immunization.



Physicochemical Characterization of Adjuvant Formulation

Particle mean hydrodynamic diameter (Z-Aved) and Polydispersity Index (PdI) were measured by Dynamic Light Scattering (DLS) on a Malvern Zetasizer Nano-ZS or -S (Worcestershire, UK), using a ZEN0023 Quartz flow cell and a NanoSampler for high-throughput handling, or a plastic cuvette. Nine measurements were obtained from a single sample preparation in 1.5 ml-autosampler vials. Samples were prepared by diluting formulation 1:100 in ultrapure (18.2 MΩ) water and subsequently vortexing for approximately five seconds.

All formulations were visually inspected and observations recorded prior to analysis at each time point. Samples were assessed for conformance with a homogeneous, translucent liquid formulation. Evidence of phase separation, large particulates/growth, or discoloration was monitored. pH was measured at each time point using an Accumet AB150 pH meter with a PerpHecT Ross Combination Micro Electrode. A 3-point calibration was performed using standards at pH 4.00, 7.00, and 10.00 prior to reading samples.

For analysis of GLA content, 50 µl of formulation were combined with 950 µl mobile phase B (1:2 [v/v] methanol:chloroform with 20 mM ammonium acetate and 1% acetic acid) in 1.5-ml glass vials. For each formulation, three separate vials were prepared. All samples were injected on a Waters (Milford, MA) XBridge C18 (5 µm, 4.6 x 250 mm) column at 30°C attached to an Agilent Model 1100 HPLC (Santa Clara, CA). A gradient consisting of mobile phase A (75:15:10 [v:v:v] methanol:chloroform:water with 20 mM ammonium acetate and 1% acetic acid) and mobile phase B was employed over 25 minutes at a flow rate of 1 ml/min. Detection was performed by an Thermo Fisher Scientific (Waltham, MA) Corona Charged Aerosol Detector (CAD). Quantitation was performed using a GLA standard at 0.05 µg/µl and varying inject volume to create a 9 point standard curve in mobile phase B.

The concentration of 3M-052 was determined by reverse-phase HPLC using an Agilent 1100 Series HPLC system (Santa Clara, CA) with UV/Vis diode array detector (DAD). The HPLC method consisted of first diluting the formulation at 1:20 or 1:5 volume ratio, depending on target concentration, in isopropanol containing 0.5% trifluoroacetic acid and then eluting the sample on a Zorbax Bonus-RP C14 Amide column (4.6 × 150 mm, 3.5 µm) at 45 °C with a 1 ml/min flow rate and the stop time of 30 minutes. An injection volume of 25 µl was used and a gradient mobile phase consisted of Mobile Phase A (0.1% trifluoroacetic acid in water), Mobile Phase B (methanol), and Mobile Phase C (isopropanol) as follows: initial (85% A, 15% B), 2.5 min (60% A, 40% B), 17.5 min (5% A, 40% B, 55% C), 22.0 min (5% A, 40% B, 55% C), 22.5 min (85% A, 15% B). A calibration curve was constructed for each run by injecting a 0.05 mg/ml 3M-052 standard at varied injection volumes and used to determine the concentration of 3M-052 from absorbance peak area at 321 nm.

Lipid excipient (phospholipid, PEGylated phospholipid, cholesterol) concentrations were determined by HPLC-CAD. The HPLC method utilized a 4.6 x 150 mm, 5 micron Zorbax Eclipse XDB-C18 column (Agilent Technologies). The mobile phase consisted of HPLC grade methanol and water (60:40) with 0.1% TFA on channel A and HPLC grade methanol and chloroform (60:40) with 0.1% TFA on channel B. A gradient was used starting at 60% B and ramping to 100% B over 45 minutes. Flow rate was controlled at 0.7 ml/min. The column thermostat was set to 25°C during operation. Standards for each lipid were prepared at concentrations of 100 µg/ml, 50 µg/ml, 25 µg/ml, 12.5 µg/ml, 6.25 µg/ml and 3.25 µg/ml. The liposomes were diluted 1:100 in chloroform:methanol (1:1) and compared to the standards to determine concentration. In selected formulations, Vitamin E was quantitated using the same method used for lipid excipients except that detection was performed by UV absorbance at 295 nm and samples were diluted 1:10 in chloroform:methanol (1:1). Vitamin E standards were prepared at concentrations of 20 µg/ml, 10 µg/ml, 5 µg/ml, 2.5 µg/ml, and 1.25 µg/ml.

Cryo-transmission electron microscopy was performed by NanoImaging Services, Inc. Samples were imaged undiluted by applying 3-µl drop on cleaned grid consisting of holey carbon films on 400-mesh copper grid, blotting with filter paper, and immediate vitrification in liquid ethane. Imaging was performed on an FEI Technai T12 electron microscope at 120 keV with FEI Eagle 4k x 4k CCD camera. The cryostage maintained the grid below -170°C. Images were acquired at 52,000x (0.21 nm/pixel) using electron doses of ~10-25 e-/Å2.



Physicochemical Compatibility of Antigen and Adjuvant After Mixing

Short-term (≤24 h) physicochemical compatibility of the antigen-adjuvant mixture was evaluated by monitoring visual appearance, particle size, antigen primary structure by SDS-PAGE, retention of functionality by ELISA, and antigen-liposome association by ultracentrifugation. Analysis was performed immediately after mixing and 4 to 24 hours after mixing, with mixtures stored at 5°C. Two separate mixing studies were conducted for each batch of adjuvant: one focusing on adjuvant stability (visual appearance and particle size analysis) and the other focusing on antigen stability (SDS-PAGE, ELISA, and ultracentrifugation). The adjuvant-focused mixing study analysis was performed immediately after mixing and 4 to 24 hours after mixing, with mixtures stored at 5°C. The antigen-focused mixing study required three separate mixes corresponding to each of the three timepoints (time zero, 4 hours, and 24 hours) such that analysis for all timepoints could be performed at the same time. The antigen was first diluted in saline to 1.0 mg/ml, and subsequently mixed in 1:1 volume with the liposomal adjuvant formulation. For visual appearance samples were assessed for conformance with a homogeneous, translucent liquid formulation by monitoring potential phase separation, large particulates/growth, or discoloration. For particle size and polydispersity index, samples were diluted 5 μL into 495 μL of Milli-Q water into a disposable polystyrene cuvette, mixed by vortexing, then analyzed immediately on a Malvern Zetasizer-S or -ZS. For SDS-PAGE samples were diluted 10 μL into 30 μL of 4X NuPAGE LDS sample buffer, with 1.25% β-mercaptoethanol added, and incubated at 90-100°C for 15 minutes. Samples containing 1 μg of LecA were run at 180 V for 60 min in Life Technologies Novex WedgeWell Tris-Glycine 4–20% acrylamide, 1.0mm Tris-glycine precast gel cassettes using Novex Tris-glycine SDS running buffer after which they were fixed twice with 50% MeOH, 7% Acetic Acid for 30 minutes each then stained overnight using Life Technologies SYPRO Ruby stain. The following day, gels were washed with 10% MeOH, 7% Acetic Acid for 30 minutes, rinsed with with MilliQ water three times for 5 minutes then imaged using the ChemiDoc Imaging System (BioRad). Densitometry was performed using ImageLab (BioRad). ELISA was performed using the E. Histolytica II ELISA kit from TechLab (catalog #T5017). Samples were first diluted 10,000-fold in ELISA Dilution Buffer, followed by two 1:1 serial dilutions, in duplicate, for a total of 3 dilutions. A standard was generated by diluting the LecA antigen stock 14,625-fold to 80 ng/ml in Dilution Buffer, followed by a subsequent 3:4 dilution to generate 60 ng/ml. The 80 ng/ml standard was then serially diluted four times 1:1, and then 60 ng/ml standard diluted three times 1:1 for a total of 9 dilutions. The assay was performed according to the manufacturer’s instructions. A 5-parameter curve fit was calculated by SoftMax Pro software (Molecular Devices) to interpolate data points for the samples. Association of antigen with adjuvant was assessed by centrifuging the mixture at 160,000 x g for 1 h and assaying the supernatant by LecA ELISA as described above. Values were compared to supernatant from centrifuged LecA solution in the absence of adjuvant formulation.



Immunizations

Male and female CBA/J mice 4-6 weeks old were purchased from The Jackson Laboratory, and allowed to acclimatize for 5 days at the vivarium prior to first immunization. In the dose and excipient optimization experiments that employed a DOE and/or desirability index approach, each experimental group consisted of 6 mice (3 male and 3 female) except for the antigen alone group in the first experiment which consisted of 5 mice (3 male and 2 female) since 1 female mouse was euthanized due to weight loss after the first immunization. In the immunogenicity durability study, each experimental group consisted of 8 mice (4 male and 4 female). In the protective efficacy studies, each experimental group consisted of 24 mice (12 male and 12 female). In all studies, mice were immunized on Days 0, 14, and 28 by intranasal delivery in 20 μL total volume (10 µl per nare) under anesthesia (Supplementary Figure 1). Due to the size of the dose and excipient optimization immunogenicity and lead candidate challenge experiments, immunizations occurred on two different days, with half of the animals in each group being immunized on one day and the other half of the animals being immunized on the next day. LecA and adjuvant formulation were mixed just prior to immunizations, with immunizations occurring within a 2-hour window after vaccine preparation. All formulations remained on wet ice until administration. Following each immunization animals were monitored for signs of adverse reactions including mortality, lethargy, weight loss and immunization site reactions.



Sample Collection and Tissue Harvest

Mice were euthanized four weeks after the third immunization to collect plasma, bone marrow cells and splenocytes. On the day of tissue harvest, up to 500 μL (minimum 200 μL) of peripheral blood was collected into plasma separator tubes from axillary vessels under terminal anesthesia. Plasma was isolated via centrifugation and stored at -20°C until analysis for LecA-specific plasma antibody titers. Stool samples were collected three weeks after the third immunization and stool supernatants were prepared by vortexing stool pellets in PBS containing protease inhibitors, particulate matter was removed by centrifugation for 10 min at 900xg at 4°C, following which the supernatant was removed and centrifuged for 10 min at 15,800xg at 4°C, and supernatants were stored at - 20°C until analysis by ELISA. Stool and blood (tail vein puncture) were collected from 10 mice randomly before the first immunization to be used as a pre-immunization control baseline. Splenocytes were counted after RBC lysis and a total of 2 x 105 splenocytes/well in 200 µL were stimulated with LecA at 50 µg/mL or left unstimulated in a 96 well U-bottom plate for 3 days at 37°C, 5% CO2. Supernatants were banked at -80°C. Bone marrow was collected from femurs at harvest and processed immediately for ELISpot analysis.



Antibody ELISA

Antibody titers were measured using ELISA. High binding ELISA plates were coated with 0.5 µg/well recombinant LecA (TechLab lot# 71103) in 0.1 M bicarbonate buffer (pH 9.6) and blocked with 1% BSA-PBS. Following washes in PBS/Tween20, serially diluted plasma or stool samples were added. Plates were washed and anti-mouse IgG1-HRP, IgG2a-HRP, IgG-HRP or IgA-HRP followed by peroxidase substrate were added to the plates. Optical densities (OD) were read at 450 nm. Endpoint titers were interpolated using a cutoff OD of 0.5 and sigmoidal dose response (variable slope) least squares curve fits. Selected high-magnitude groups were diluted further to obtain measurable endpoint titers. Titration curves with R2 < 0.95 were visually assessed for removal of unambiguous outliers.



Cytokine Bead Array (Luminex®)

Supernatants were analyzed for secreted cytokines (IFNγ and IL-17A) by R&D Systems Luminex° assays according to the manufacturer’s instructions. Signal from splenocytes stimulated with PMA-ionomycin served as a positive control and signal from blank well containing medium alone served as a negative control.



ELISpot

Bone marrow cells were seeded for each mouse starting at 1 x 106/100 µL plus three more 3-fold dilutions to 0.2 µg/well LecA pre-coated ELISPOT plates. Plates were incubated in a 37°C incubator with 5% CO2 for 3-5 hours, washed and anti-mouse IgG/IgA-HRP added. Plates were then incubated overnight at 4°C. AEC substrate solution was added for up-to 15 min and reaction was stopped by washing under running distilled water. Plates were dried in the dark for a minimum of 2 days and spots counted using an ELISPOT reader. Reported values were averaged from two of the dilutions. Reference serum from LecA immunized mice served as a positive control. Reference serum from unimmunized mice served as a negative control.



Culture Conditions and Challenge Experiments

Protective efficacy experiments were conducted as described previously (8). Briefly, immunized mice were challenged intracecally 4 weeks after the final immunization with 2x106trophozoites in 150 μl medium following laparotomy. Mice were euthanized a week after the challenge. Cecal contents were suspended in 1 ml PBS, with 300 μl cultured anaerobically in TYI-S-33 broth at 37°C for 5 days and 200 μl used for antigen load ELISA. TechLab E His II ELISA kit was used as per manufacturer’s instructions to detect presence of LecA antigen in cecal contents and to calculate infection rate. For quantitative antigen load evaluation using TechLab E His II kit, a standard curve was prepared using LecA. Parasite burden was also measured by quantitative PCR. In short, DNA was extracted from 200 µl cecal contents using QIAamp Fast DNA Stool Mini Kit (Qiagen). All samples were bead beaten for 2 min prior to DNA extraction. A standard curve was prepared from trophozoites. Primers, TaqMan probe and reaction conditions were as described previously (11). Vaccine efficacies were calculated as described (8).



Design of Experiments (DOE) Methodology

The experimental design and randomization for the dose optimization DOE was performed using JMP v11.2 software, and modeling was performed using Design Expert v12 software to predict compositions that would best satisfy the desired immune profile from the entire experimental space. Since immunizations occurred on two consecutive days due to experiment size, the experimental groups were divided in half (with male and female mice included in each half), and animals were individually identified to ensure that each animal received subsequent immunizations on the appropriate day and following the randomized order indicated in Supplementary Table 3. Geometric means of each readout for each group of mice were employed as input for the model. To enable calculation of the geometric means for each group of mice, zero values were arbitrarily set to 0.5x the limit of detection for all readouts. Main, second order, third order and/or quadratic effects were modeled using partial least squares fitting. The resultant equations were evaluated for predictive power based on the Fisher F test (to determine if variation in response is dependent on the experimental conditions), the Lack of Fit F-value, the R2 calculations (including agreement between adjusted R2 and predicted R2) and residuals distribution to determine the variance explained by the model, and the actual performance of the test points compared to the model prediction. The top 25 predicted optimal responses were averaged to identify the center and range of the optimal composition.



Statistical Analysis

Statistical analyses were performed using DesignExpert v12 and GraphPad Prism v8/v9 software. As indicated in the figure captions, immunogenicity readouts were log-transformed and analyzed by one-way or two-way ANOVA. As described in the text, alternative transformations were employed for selected readouts where recommended by DesignExpert v12 software during DOE analysis. Proportions of infected and uninfected mice from challenge trials were analyzed using two-sided Fisher’s exact test with or without Holm-Sidak’s correction for multiple comparisons as indicated in the table footnotes. Antigen load by ELISA or qPCR were analyzed using the non-parametric Kruskal-Wallis test with Dunn’s correction for multiple comparisons. P-values of less than 0.05 were considered statistically significant.



Ethics Statement

All animal studies were conducted in strict accordance with the Guide for the Care and Use of Laboratory Animals (8th edition) of the National Institutes of Health. The protocol was approved by the International Animal Care and Use Committee at the University of Virginia (Protocol #4126; PHS Assurance #A3245-01). All surgeries were performed under ketamine/xylazine anesthesia; analgesics and supportive care were given to facilitate the well-being of the research animals.




Results

Thirty-two separate batches of liposomal adjuvant formulations containing different compositions were manufactured to support mouse immunogenicity studies. The physicochemical characterization of each adjuvant formulation batch is described in Supplementary Table 1. In addition, selected adjuvant batches representing a range of compositions were mixed with the LecA antigen to determine physicochemical compatibility between antigen and adjuvant. Characterization of antigen and adjuvant characteristics following mixing indicated acceptable antigen-adjuvant compatibility for at least 24 h when stored at 5°C (Supplementary Table 2), thus supporting the point-of-care mixing immunization approach employed in the mouse studies. Although limited increase in liposome diameter occurred after mixing the LecA antigen with selected adjuvant formulations, the diameter remained <150 nm for all mixtures tested. Any association between antigen and adjuvant appeared in general to be weak since the majority of LecA remained in the supernatant when the liposomes were pelleted by centrifugation (Supplementary Table 2).

Two separate immunogenicity experiments were conducted based on DOE and/or desirability index methodology adapted from a previous report (3). The first immunogenicity experiment focused on optimization of vaccine formulation component doses (LecA antigen, GLA, 3M-052, phospholipid) using a central composite DOE. The second immunogenicity experiment was designed to refine excipient composition (lipid acyl chain structure, PEGylated lipid:phospholipid molar ratio, and presence of additional agents for tonicity, antioxidant, or viscosity control) using a desirability function approach. Each immunogenicity experiment and its results are described separately below. To inform the modeling for both studies, a weighted matrix was created based on previous mouse and human studies regarding correlates of protection from amebiasis, and various immunogenicity readouts were ranked, with 5 representing the greatest importance and 1 representing the least importance (Table 1). For example, IFN-γ and stool IgA have been shown to be associated with protection from E. histolytica in humans and are thus assigned the highest weight value. In addition, IL-17A and IFN-γ are correlated with protection in the mouse model and anti-LecA IgA inhibits adherence of trophozoites to mammalian cells in vitro (7, 10, 12). Although serum IgG subclass titers have not been correlated with protection, we hypothesized that the greater functionality of the IgG2a subclass may confer some protective benefit, whereas IgG1 would be less beneficial. Finally, we hypothesized that the durability of the immune response should be indicated by the frequency of bone-marrow resident LecA-specific antibody-secreting plasma cells (ASCs).


Table 1 | Immune response desirability weighting.



To identify the experimental compositions that produced the best combination of immune responses matching the desired immune profile, response data were log-transformed and normalized by assigning a fractional desirability score of 0-1 for each immune response with 0 defined as the minimum response observed - (0.01)*(response range) and 1 defined as the maximum observed + (0.01)*(response range). The fractional desirability score, also called the desirability index (di), was assigned based on the minimum and maximum log-transformed values observed across all formulations; for example, for readouts where maximal response was desirable, the log-transformed minimum antibody response – (0.01)*(response range) units (x) observed across all groups was subtracted from the log-transformed antibody titer (y) of the relevant experimental group, and the result would be divided by the difference between x and the log-transformed maximum antibody titer + (0.01)*(response range) units (z) observed across all groups: di = (y-x)/(z-x). For readouts where minimal response is desirable, the equation is as follows: di = (z-y)/(z-x). A weighted composite desirability score was then calculated using the equation   where di = partial desirability attributed to the ith response (i=1; 2;…; n), wi = weighting attributed to the ith response and   (16).


Dose Optimization DOE

We employed a central composite face-centered response surface design to optimize the doses of the four main components (LecA, GLA, 3M-052, phospholipid). This design requires three levels of each of the four continuous factors. Twenty-seven experimental groups (including 3 centerpoint runs) were designed and randomized. Based on previous experience with dosing in the mouse model, we defined the high, mid, and low dose values for each of the components as follows: LecA (10, 1, 0.1 μg), GLA (10, 1, 0.1 μg), 3M-052 (4, 0.4, 0.04 μg), and phospholipid (216, 72, 24 μg). The actual measured content values for each manufactured formulation were within 32% of the target values and can be found in Supplementary Table 1. The doses of other lipid excipients (cholesterol and PEGylated lipid) varied according to phospholipid dose to maintain a constant ratio between lipid excipients (molar ratio of phospholipid:PEGylated lipid:cholesterol 12.2:1.0:7.1). Two additional experimental groups were added to the experiment: one was a test group described previously (8) and here termed the ‘proof-of-concept composition’ to validate the model’s predictive power (by employing intermediate doses of 5 μg LecA, 5 μg GLA, 2 μg 3M-052, and 72 μg phospholipid), and one was an antigen-alone control group (10 μg LecA with no TLR ligands or lipid excipients). The experimental group details are shown in Supplementary Table 3. Mice were immunized three times at two-week intervals, and sample collection occurred four weeks after the final immunization (Supplementary Figure 1).

Following the first immunization there was a transient weight loss in several groups, but all groups had recovered their mean pre-immunization weight by day 7 with the exception of the group receiving antigen alone (Supplementary Figure 2). Likewise, transient weight loss followed by weight gain in many groups was repeated after the second and third immunizations although the magnitude of weight loss was decreased. These data suggest that there is no severe or sustained impact on the animals’ health after immunization with the antigen and adjuvant dose ranges evaluated here.

Component dosing had a strong impact on the magnitude and quality of immune responses (Figure 1). Antigen and adjuvant dosing clearly influenced the LecA-specific stool IgA response (Figure 1A). Notably, all of the groups that contained the low antigen dose (0.1 μg LecA) showed little or no IgA response regardless of adjuvant component dosing. Likewise, the antigen-alone control (10 μg LecA without adjuvant) did not produce detectable LecA-specific stool IgA titers. The highest responses were generated in groups with higher antigen (1-10 µg) and TLR ligand doses (1-10 µg GLA and/or 0.4-4 µg 3M-052). Plasma LecA-specific total IgG (IgGT), IgG1 and IgG2a titers followed a similar trend as the stool IgA titers except that overall response magnitudes were greater, with some response evident in the low dose LecA groups when high doses of TLR ligand(s) were present (Figures 1B–D).




Figure 1 | Antibody and cellular immune responses elicited in mice 4 weeks following the last immunization in the dose optimization DOE. (A) stool LecA IgA titers, (B) plasma LecA IgG total titers, (C) plasma LecA IgG2a titers, (D) plasma LecA IgG1 titers, (E) LecA-specific IgA-secreting bone marrow cells, (F) LecA-specific IgG-secreting bone marrow cells, (G) LecA-specific IFNγ secretion by splenocytes, and (H) LecA-specific IL-17A secretion by splenocytes. For all panels, the proof-of-concept group (#15) is shown in blue and the overall top 3 responding groups (21, 10, and 22) from the combined data analysis are shown in red. Females are represented by closed circles and males by open circles. The box-whisker plots represents the median values (bars), the 25th-75th percentiles (boxes), and the minimum and maximum values (whiskers), with all points shown. Dotted lines indicate the upper and lower limits of quantitation; responses outside of these ranges were arbitrarily set to 2x (serum antibody endpoint titers) or 1x (cytokine responses) the upper limit and 0.5x the lower limit. For (B-D), the tick mark on the y-axis at 4.9 represents the initial upper limit; selected groups (7, 10, 15, 20, 21, 22, and 28) were then further diluted to the higher upper limit shown by the dotted line due to high magnitude titers.



The number of LecA-specific IgA- and IgG-secreting bone marrow plasma cells were measured using ELISpot (Figures 1E, F). The antigen alone control group elicited minimal numbers of LecA-specific plasma cells, again indicating the importance of adjuvant inclusion. As with the antibody responses, IgG-secreting bone marrow plasma cells were more frequent than IgA-secreting bone marrow plasma cells. The highest number of antibody-secreting bone marrow plasma cells were elicited in the experimental groups immunized with both the high dose of LecA antigen (10 µg) and the high dose of 3M-052 (4 µg). Regarding cellular immune responses, compositions that resulted in enhancement of IFNγ production from antigen-stimulated splenocytes also tended to increase IL-17A production, although to a lesser extent (Figures 1G, H). Only low levels of IL-2, IL-5, and TNFα were detected (data not shown).

Overall, there were substantial differences in the antibody and cellular responses between the various groups depending on component dosing, as expected. The sex of the animal had a much smaller, but still significant, impact on the antibody responses, with females generally generating higher responses than males; however, no significant differences due to sex were evident in the cytokine responses (Supplementary Table 4). Thus, the percent of total response variation attributable to sex for the measured immune responses varied from 0.0 – 2.5% whereas the immunization composition (component dosing) contributed 54.6 – 85.1% of the response variation.

Employing the desirability index function as described above, the partial desirability for each immune response and the overall weighted composite desirability for the experimental groups were calculated using the log-transformed geometric means of all readouts, with the IgG2a/IgG1 ratio representing the ratio of the respective log-transformed values. Experimental groups 21, 10, and 22 produced the highest desirability responses (Table 2). Interestingly, these three groups were immunized with the high doses of LecA (10 µg) and 3M-052 (4 µg), whereas GLA and phospholipid doses were low or high, suggesting that LecA and 3M-052 were the most important components to induce the desired immune response. The experimental variability is apparent by comparing the performance of the three replicate center points (groups 6, 20, and 27), where response magnitude aligned well across readouts except for IL-17A where no response was detected in group 27, thus affecting overall desirability score.


Table 2 | Desirability index scores of each experimental group in the first immunogenicity experiment based on measured immune responses.



To predict an optimal composition that would best satisfy the desired immune profile from the entire experimental space rather than just the tested points, DOE software (DesignExpert v12) was employed to model main effects, second order, third order and quadratic effects using partial least squares fitting with up to 4 factors (i.e. dose of LecA, GLA, 3M052, and phospholipid). Only the 27 experimental groups comprising the central composite face-centered design were employed in the DOE prediction analysis (i.e. the antigen-alone and the proof-of-concept test groups were not included). The input in the DOE model consisted of the geometric means of each readout for each experimental group. Log-transformed values for the serum antibody, bone marrow ASC, and IL-17A readouts were employed. However, a square-root transformation was employed for the IFN-γ readout to avoid a significant lack of fit.

Following model selection and refinement for each readout as described in the Methods section, the resultant DOE model equations were found to have statistically significant predictive power, although the ASC and serum antibody readouts generally demonstrated stronger model fit performance compared to the cytokine readouts (Supplementary Table 5). Furthermore, LecA and 3M-052 doses appeared to be the most influential factors in the model. The integrated desirability response surface was continuous for all 4 factors (Figure 2), and the top 25 predicted optimal responses were averaged to identify the center and range of the optimal composition (Table 3). Moreover, the validity of the model was confirmed by the responses elicited by the proof-of-concept composition (experimental group #15), which generally aligned well with the predicted value ranges generated by the model (Supplementary Table 6).




Figure 2 | Predicted immune response desirability as a continuous function of (A) GLA and 3M-052 doses, or (B) LecA and phospholipid doses. The axes values of +1, 0, and -1 correspond to the high, mid, and low component doses (see footnote to Table 2 for actual values). The plot in (A) represents the effect of changing GLA and 3M-052 dose when phospholipid dose is set to the lowest level (-1) and LecA dose is set to the highest level (+1). The plot in (B) represents the effect of changing phospholipid and LecA dose when GLA and 3M-052 doses are set to the highest level (+1). Color scale: higher desirability index values are light blue, lower desirability index values are dark blue.




Table 3 | Predicted optimal component dosing ranges to maximize the desired immune response*.



Thus, the DOE analysis resulted in selection of a predicted optimal composition consisting of 10 µg LecA, 10 µg GLA, 4 µg 3M-052, and 29 µg phospholipid. Since the predicted optimal LecA, GLA, and 3M-052 doses are at the limit of the explored experimental space, it is possible that higher doses would be still more potent. Nevertheless, the upper dose limits were selected based on practical or safety considerations (manufacturability, stock concentration availability, injection volume constraints, or potential for reactogenicity). Selecting a relatively low phospholipid dose was also anticipated to be beneficial due to adjuvant physicochemical stability characterization data, which indicated that higher phospholipid doses resulted in decreased pH and phospholipid content stability, possibly due to insufficient buffering capacity (Supplementary Figure 3). However, a slightly higher phospholipid dose of 34 µg (rather than 29 µg, see Table 3) was selected for subsequent studies since manufacturing challenges including increased particle size and lower recovery of liposome components were evident in some batches manufactured at the lower end of the phospholipid dose range (see Supplementary Table 1).



Excipient Composition Immunogenicity Study

The next immunogenicity experiment was designed to (1) confirm the predictive utility of the model developed in the DOE described above, (2) evaluate the impact of additional excipients (α-tocopherol as an antioxidant, glycerol as a tonicity agent, and microcrystalline cellulose/carboxymethylcellulose sodium as a viscosity agent), and (3) identify the optimal liposomal phospholipid acyl chain length, acyl chain saturation, and phospholipid:PEGylated lipid molar ratio, resulting in a total of 20 experimental groups. The experimental group details are shown in Supplementary Table 7 and measured content values for each manufactured adjuvant formulation can be found in Supplementary Table 1. Mice were immunized three times at two-week intervals, and sample collection occurred four weeks after the final immunization (Supplementary Figure 1).

Similar to the first immunogenicity experiment described above, there was a minor and transient weight loss in many groups but all groups had recovered their mean pre-immunization weight by day 7 (Supplementary Figure 4). These data suggest that there is no severe or sustained impact on the animals’ health after immunization for the excipient compositions evaluated.

For easier interpretation, we have plotted the immune responses from the experimental groups related to model prediction confirmation and the impact of additional excipients in Figure 3, whereas the experimental groups related to lipid acyl chain structure and ratios (where little or no difference in response was apparent) are plotted separately in Supplementary Figure 5. All experimental groups were analyzed using the desirability index criteria described above to calculate overall immunogenicity desirability scores (Table 4). The predictive power of the DOE model developed from the first immunogenicity experiment was verified regarding the magnitude and quality of immune responses elicited by the predicted optimal and suboptimal compositions compared to the control groups (i.e. antigen alone and proof-of-concept composition, see Figure 3). In general, the predicted optimal composition tended to generate the highest serum antibody titers, antibody-secreting bone marrow plasma cells, and cytokine production from splenocytes, whereas the suboptimal compositions demonstrated substantially reduced performance. Furthermore, addition of glycerol or α-tocopherol did not impair antibody or cytokine responses. In contrast, addition of microcrystalline cellulose/carboxymethylcellulose sodium appeared to reduce stool IgA titer and antibody-secreting bone marrow plasma cells. Desirability index analysis of immunogenicity responses (Table 4) confirmed the potency of the predicted optimal composition and indicated potential benefit from glycerol or α-tocopherol inclusion, while microcrystalline cellulose/carboxymethylcellulose inclusion resulted in a reduced desirability score.




Figure 3 | Antibody and cellular immune responses elicited in mice 4 weeks following the last immunization in groups 1-7 and group 20 of the excipient composition immunogenicity study (see Supplementary Table 4). (A) stool LecA IgA titers, (B) plasma LecA IgG total titers, (C) plasma LecA IgG2a titers, (D) plasma LecA IgG1 titers, (E) LecA-specific IgA-secreting bone marrow cells, (F) LecA-specific IgG-secreting bone marrow cells, (G) LecA-specific IFNγ secretion by splenocytes, and (H) LecA-specific IL-17A secretion by splenocytes. For all panels, females are represented by closed circles and males by open circles. The box-whisker plots represent the median values (bars), the 25th-75th percentiles (boxes), and the minimum and maximum values (whiskers), with all points shown. Dotted lines indicate the upper and lower limits of quantitation; responses below the lower limit were arbitrarily set to 0.5x the lower limit, and no responses were detected above the upper limit.




Table 4 | Desirability index scores of each experimental group in the second immunogenicity experiment based on immunogenicity and adjuvant physicochemical stability readouts.



The effects of lipid acyl chain length and saturation were more subtle, with little difference between groups in most readouts although saturated acyl chain compositions appeared to perform slightly better overall compared to unsaturated acyl chain compositions at the same phospholipid:PEGylated lipid ratios and acyl chain length (Supplementary Figure 5 and Table 4). Likewise, there did not appear to be a consistent trend regarding the effects of phospholipid:PEGylated lipid ratio variation, although the low or high ratios appeared to perform slightly better than the middle ratios with the exception of the DPPC (16:0/16:0) compositions where the middle ratio was the top performer (Supplementary Figure 5 and Table 4). In contrast, there were more noticeable impacts of these factors on formulation physicochemical stability (Supplementary Tables 8, 9). Moreover, major stability impacts were evident in the compositions containing additional excipients. Since stability is a key consideration in the development of pharmaceutically acceptable adjuvant formulations, the desirability index analysis was expanded to include stability data collected over 3-6 months on formulation vials stored at 40°C or 25°C. Changes in adjuvant and excipient chemical content, pH, and particle size characteristics were influenced by the excipient acyl chain structure and ratios employed (Supplementary Tables 8, 9). By combining the stability desirability index score with the immunogenicity desirability index score on an equal weight basis, a combined desirability index score was calculated and employed to rank the formulations in the second immunogenicity experiment (Table 4).

As in the first immunogenicity experiment, the sex of the animal had a much smaller, but still significant, impact on immune responses in the second immunogenicity experiment; however, in contrast to the first immunogenicity experiment, the significant differences due to sex in the second immunogenicity experiment were evident in the cytokine responses rather than the antibody responses, with higher IL-17A response in males but higher IFNγ response in females (Supplementary Table 10). The percent of total response variation attributable to sex for the measured immune responses varied from 0.0 – 2.0% whereas the formulation composition contributed 53.8 - 89.0% of the response variation.



Lead Candidate Selection and Characterization

Based on the analysis of immunogenicity and stability criteria described above, three lead candidate adjuvant formulations (denoted as PS, PP, and SS to represent the acyl chain composition of the lipid components, i.e. PS is comprised of a palmitoyl acyl chain for the primary phospholipid and a stearoyl acyl chain for the PEGylated phospholipid) were selected for further evaluation. The selected lead candidates correspond to groups 7, 15, and 19, respectively, from Table 4, except that antioxidant was added to the compositions from groups 15 and 19 to generate the lead candidates. Although it was also a top performer as shown in Table 4, the composition represented by Group 5 was not selected as a lead candidate after preliminary evaluation indicated the tonicity agent would have negative impacts on performance of a nasal delivery device that was planned for use in future studies (data not shown). The composition and physicochemical characterization of the three lead candidate adjuvant formulations are shown in Table 5; the composition of the proof-of-concept adjuvant formulation is included for comparison. All three lead candidates were formulated with the antioxidant α-tocopherol for enhanced stability (Table 5). Formulation morphology of the three lead candidate adjuvant formulations was assessed by cryo-transmission electron microscopy and compared to the morphology of a new batch of the proof-of-concept formulation manufactured at the same time as the lead candidate compositions (Figure 4). The images indicated the expected morphology for the proof-of-concept formulation based on previous experience, consisting of unilamellar vesicles <100 nm in diameter with some disk-like structures. The three lead candidate adjuvant formulations also contained unilamellar vesicles generally smaller than 100 nm as expected; however, extensive linear striated structures of irregular lengths up to ~500 nm were also present. These structures appeared most prevalent in lead candidate #3 ‘SS’. The different morphology apparent in the lead candidates compared to the proof-of-concept formulation may be due to their increased TLR ligand:phospholipid ratio which could change the preferred packing orientation and curvature of the lipid structures; it is also possible that the addition of α-tocopherol played a role. Despite the novel morphology of the lead candidate formulations, dynamic light scattering data over time indicate that the compositions are physically stable (data not shown).


Table 5 | Lead candidate adjuvant formulation characteristics.






Figure 4 | Cryo-transmission electron microscopy monographs of the lead candidate adjuvant formulations and the proof-of-concept adjuvant formulation. (A) PS composition, (B) PP composition, (C) SS composition, (D) Proof-of-concept composition. Refer to Table 5 for composition details. Scale bar represents 200 nm.





Immune Response Durability

A long-term immunogenicity experiment involving the three lead candidate adjuvant formulations was conducted to evaluate immune response durability. Following the same immunization regime employed for the immunogenicity experiments described above (Supplementary Figure 1), mice were immunized with LecA antigen alone (10 µg) or combined with each of the three lead candidate adjuvant formulations. Sera and stool samples were collected at intervals up to 28 weeks post-final immunization (Supplementary Figure 1). To evaluate long-term cytokine response, splenocytes were also collected at 28 weeks post-final immunization for cytokine analysis (intermediate time points were not possible since this readout requires a terminal endpoint). Stool and serum antibody responses peaked at 8-12 weeks post-final immunization but persisted at detectable levels through 28 weeks for adjuvanted groups (Figure 5). Likewise, production of IFNγ from stimulated splenocytes was detectable for all three adjuvanted groups at 28 weeks, with LecA + PS achieving statistical significance compared to LecA alone. In contrast, no IL-17A was found.




Figure 5 | Long-term antibody and cellular immune responses elicited in mice immunized with antigen alone or combined with lead candidate adjuvant formulations at 4, 8, 12, 16, and/or 28 weeks after the last immunization as shown. (A) stool LecA IgA titers, (B) plasma LecA IgG total titers, (C) plasma LecA IgG2a titers, (D) plasma LecA IgG1 titers, (E) LecA-specific IFNγ secretion by splenocytes at 28 weeks post-final immunization. For panel (E), females are represented by closed circles and males by open circles. For panels (A–D), bars represent means and error bars represent standard deviations. Dotted lines indicate the upper and lower limits of quantitation. Responses below the lower limit were arbitrarily set to 0.5x the lower limit, and no responses were detected above the upper limit. All antibody titers in experimental groups receiving adjuvant were significantly higher (p < 0.05) than the antigen alone group at all time points, except for IgG1 at 28 weeks post-final immunization for the PP and SS groups, as analyzed by two-way ANOVA with the Dunnett correction for multiple comparisons. For panel (E) the box-whisker plot represents the median values (bars), the 25th-75th percentiles (boxes), and the minimum and maximum values (whiskers), with all points shown; *p < 0.05 (analysis by one-way ANOVA on log-transformed values). LecA dose for all groups was 10 µg.



Taken together, the immunogenicity durability study indicated detectable antigen-specific antibody and cellular immune responses even 28 weeks after final immunization; however, there was little or no difference in performance between the three lead candidate adjuvant formulations. Regarding differences attributable to sex, stool IgA responses in female mice were significantly higher compared to male mice in LecA + PP and LecA + SS groups; in addition, serum IgGT and serum IgG2a responses in female mice were significantly higher compared to male mice in the LecA + SS group (Supplementary Table 11). Thus, sex appeared to have the greatest impact overall in the formulation containing the longest saturated acyl chains (SS).



Protective Efficacy

The three lead candidate formulations (Table 5) were evaluated for protective efficacy in a mouse challenge model of amebic colitis. Mice were immunized three times at two-week intervals with LecA antigen alone or combined with each of the three lead candidate adjuvant formulations (Supplementary Figure 1). Four weeks following the final immunization, mice were cecally challenged with 2 x 106 trophozoites. Cecal contents were then analyzed one week following the challenge. Protective efficacy was evaluated by cecal content culture for live ameba, ELISA, and qPCR (Table 6 and Figure 6). Culture results demonstrated that 75% of the animals receiving LecA antigen alone were infected, whereas groups receiving LecA combined with adjuvant formulation had infection rates ranging from 27-48% depending on adjuvant formulation and readout (culture or ELISA). Thus, infection rates were reduced by 37-64% compared to the LecA antigen alone control, which is consistent with our previous report on the efficacy of the proof-of-concept composition evaluated on male mice (8). Moreover, quantitative ELISA revealed that mean antigen load was reduced by 59-94% in adjuvanted groups compared to antigen alone. Likewise, qPCR indicated reduced antigen load in the adjuvanted groups. Interestingly, female mice were significantly more likely to be protected from infection and have reduced antigen load compared to male mice. Indeed, combining the results for all males and females revealed a statistically significant impact of sex on protective efficacy by Fisher’s exact test (p<0.05), with 28 of 46 males but only 16 of 45 females infected as measured by cecal content ELISA (Table 6). Overall, lead candidate ‘PP’ appeared to be the top performer for protective efficacy.


Table 6 | Mouse infection rate as determined by cecal content ELISA and live ameba culture.






Figure 6 | Protective efficacy in mice intracecally challenged 4 weeks after the last of three immunizations with antigen alone or combined with lead candidate adjuvant formulations. (A) cecal antigen load measured by ELISA, (B) cecal antigen load measured by qPCR. For both panels, females are represented by closed circles and males by open circles. The box-whisker plots represent the median values (bars), the 25th-75th percentiles (boxes), and the minimum and maximum values (whiskers), with all points shown. ***p < 0.001, *p < 0.05 by Kruskal-Wallis test with Dunn’s correction for multiple comparisons. LecA dose for all groups was 10 µg.



To determine the impact of each TLR ligand on protective efficacy, a second efficacy experiment was conducted following the same immunization and challenge regimen and readouts described above. Mice were immunized with LecA antigen alone or LecA with the ‘PP’ lead candidate adjuvant formulation containing both TLR ligands (Table 5) or a single TLR ligand (Supplementary Table 12). Protective efficacy was evaluated by cecal content culture for live ameba, ELISA, and qPCR (Table 7 and Figure 7). An infection rate of 22-26% occurred in animals receiving the lead candidate formulation containing both TLR ligands, whereas higher infection rates occurred in animals receiving single TLR ligand formulations (35-50%) or LecA alone (65%), see Table 7. Quantitative ELISA revealed that mean antigen load was reduced by 88% in the dual TLR ligand formulation group, 86% in the 3M-052 liposome group, and 68% in the GLA liposome group compared to antigen alone. Similarly, qPCR indicated reduced antigen load in the adjuvanted groups. These results emphasize the impact on protective efficacy of including both TLR ligands in the lead candidate adjuvant formulation, since only the dual TLR ligand formulation achieved statistical significance compared to the antigen alone in the efficacy readouts. Furthermore, the trend toward improved efficacy with 3M-052 liposomes compared to GLA liposomes corroborates the DOE immunogenicity analysis that indicated that 3M-052 dose was a more influential factor than the GLA dose (Figure 1 and Supplementary Table 5). Moreover, the infection rate results of the lead candidate and LecA alone control were consistent between both challenge experiments in which they were employed (Tables 6, 7), emphasizing the reproducibility of the challenge model results. Another consistency between both efficacy studies is that more males than females were infected overall, but particularly in 3M-052-containing formulations (Tables 6, 7). If the infection rate results from both challenge studies are combined (Tables 6, 7), 51% of males and 20% of females were infected after immunization with LecA + GLA-3M-052 liposome or 3M-052 liposome formulations (p<0.05 by Fisher’s exact test). On the other hand, male mice immunized with LecA antigen alone or LecA + GLA-liposomes demonstrated an infection rate of 64% compared to 60% for females (not statistically significant).


Table 7 | Impact of TLR ligands on mouse infection rate as determined by cecal content ELISA and live ameba culture.






Figure 7 | Protective efficacy in mice intracecally challenged 4 weeks after the last of three immunizations with antigen alone, with antigen and dual TLR ligand lead candidate adjuvant formulation, or with antigen and single TLR ligand adjuvant formulation. (A) cecal antigen load measured by ELISA, (B) cecal antigen load measured by qPCR. Due to space constraints, six mice were not represented on the qPCR analysis plate (2 females from LecA group, 2 males from LecA + GLA-3M-052 liposomes group, and 2 females from LecA + GLA liposomes group; all 6 mice were negative for infection by culture and ELISA). For both panels, females are represented by closed circles and males by open circles. The box-whisker plots represent the median values (bars), the 25th-75th percentiles (boxes), and the minimum and maximum values (whiskers), with all points shown. *p < 0.05 by Kruskal-Wallis test with Dunn’s correction for multiple comparisons. LecA dose for all groups was 10 µg.






Discussion

In previous work, we identified liposomes containing the synthetic TLR ligands GLA and 3M-052 as a promising adjuvant formulation to promote antigen-specific IFNγ/IL-17A-associated immunogenicity and protective efficacy in the amebic colitis mouse model (8, 9). Nevertheless, optimization of component doses (antigen, TLR ligands, and phospholipid) and excipient composition including phospholipid acyl chain structure and PEG density had not previously been attempted. Moreover, examination of the impact of sex on immune responses and protective efficacy had not been evaluated.

Employment of a DOE and desirability index framework allowed simultaneous evaluation of multiple factors while minimizing animal usage. The value of such an approach is maximized when the implications of the immunological (and stability) readouts are well understood. For instance, the association of stool IgA and PBMC IFNγ with protection from amebiasis in humans informed the weighting factors of the immunological readouts employed in the DOE and desirability index analysis here. Even when correlates of immunity are known, the weighting of the various readouts will always have some degree of subjectivity and may require refinement as more knowledge is gained (3). Another potential benefit of the DOE and desirability index approach is identification of candidates that elicit different immune response profiles. Such candidates could then be evaluated in challenge studies to determine how specific immune responses correlate to protective efficacy. Nevertheless, a limitation of the current study is that the splenocytes responsible for producing the IFNγ and IL-17A cytokine responses were not dissected to reveal the proportion of the cytokine response elicited by specific cell types such as CD4+ T cells, CD8+ T cells, or NK cells.

Regarding component dosing, it was shown that 10 µg LecA, 10 µg GLA and 4 µg 3M-052 maximized the desired immune profile (Table 3). These GLA and 3M-052 doses are within the ranges previously employed in parenteral immunization applications in mice (17, 18), indicating that intranasal delivery is efficient enough to generate potent immune responses with liposomal TLR ligands in combination with a recombinant protein antigen. Moreover, it is worth noting that the optimal doses of GLA and 3M-052 identified in the current study are within the range of doses currently employed in clinical trials for parenteral administration of these molecular adjuvants (19–22). While theoretically it might have been possible to predict that the maximum doses of antigen and TLR ligands would result in the highest magnitude immune responses, the DOE analysis allows visualization of the dosing window profiles for each component (Figure 2), enabling prediction of the impact of changing component doses if needed due to safety, manufacturability, or related considerations. For instance, compared to the impact of LecA and 3M-052 dosing, GLA and phospholipid dosing had reduced but still significant influence on the resulting immune response (Figure 2, Table 7 and Supplementary Table 5). In addition, it appears that increasing TLR ligand density in liposomes (by reducing phospholipid dose) does not dramatically change immune response magnitude or quality at the dose ranges evaluated here, in contrast to results obtained with a parenteral HIV vaccine candidate liposome formulation containing GLA (23). However, it is difficult to compare results across studies due to differences in administration route, formulation composition, immunogen, etc. Indeed, reducing phospholipid dose in the present study resulted in a different particulate structure (Figure 4) and it is unclear whether such structures have different biological activities than traditional unilamellar liposomes when used to deliver TLR ligands.

Regarding excipient composition, changes in liposomal phospholipid acyl chain structure (length and saturation) and thus membrane fluidity have been shown to be important factors in the resulting immune response magnitude and quality (24, 25). Although the literature is not conclusive, it appears that in many cases saturated phospholipids are preferred for generating maximum Th1-type immune responses to liposome-associated vaccine antigens (24, 25). This finding is consistent with the present study, where saturated DSPC-based liposomes appeared to elicit slightly improved responses overall compared to unsaturated DOPC-based liposomes even though the LecA antigen appears not to be associated with the liposomes (Table 4 and Supplementary Figure 5). However, it is problematic to make meaningful comparisons on this point since there are many other differentiating factors such as antigen encapsulation/association, liposome size, adjuvant structure, etc. Another excipient question of interest is density of PEGylation, which can affect liposome trafficking and cellular interactions (8). Only subtle immunological differences due to PEG density were apparent in the data reported here, although physicochemical stability impacts were more evident (Table 4, Supplementary Table 9 and Supplementary Figure 5).

The most impactful excipient on enhancing liposome stability was inclusion of the antioxidant α-tocopherol, and there appeared to be a trend for improved immunogenicity responses as well (Figure 3, Table 4, and Supplementary Table 9). Oil-in-water emulsions containing α-tocopherol are known to exhibit potent vaccine adjuvant activity at high concentrations; indeed, the AS03 adjuvant has been included in pandemic influenza vaccines that have achieved licensure (26, 27). Nevertheless, it is important to point out that the dose of α-tocopherol employed in AS03 is >1,000-fold greater than the dose employed in the current report, and any adjuvant activity attributable to α-tocopherol was absent when tested at a low dose (100-fold less than the dose in AS03) in another oil-in-water emulsion (28). Thus, an adjuvant effect of α-tocopherol at the extremely low dose employed here would be unexpected and would require further investigation to verify. In any case, its antioxidant properties are essential for enhanced liposome stability.

Another excipient evaluated in the current study was the viscosity enhancer microcrystalline cellulose/carboxymethylcellulose sodium. Viscosity enhancers are expected to increase nasal residence time and therefore uptake into antigen-presenting cells, and some reports indicate a beneficial effect of viscosity enhancers in nasal vaccine preparations in various animal models (29, 30). However, it is difficult to untangle potential innate adjuvant effects of the viscosity enhancer itself aside from its effect on delivery kinetics. Viscosity may also affect anatomical deposition of nasal formulations, and excessive viscosity may actually result in lower nasal retention time (31). The concentration of viscosity enhancer employed in the current report was based on the excipient manufacturer’s recommendations and resulted in an estimated final vaccine formulation viscosity increase of an estimated ~300-fold compared to the same formulation without the viscosity enhancer (the actual viscosity was not measured due to material volume limitations). Nevertheless, the viscosity enhancer did not improve immune responses. Notably, a clinical trial of a nasal influenza vaccine with or without a microcrystalline cellulose/carboxymethylcellulose sodium-based viscosity enhancer showed no immunological benefit associated with the inclusion of the viscosity enhancer (32). Whether different viscosity enhancers or optimization of the concentration of viscosity enhancer would improve vaccine immune responses merits further evaluation. However, we note that inclusion of the viscosity enhancer in the present case presented an additional difficulty, which was interference with many of the physicochemical characterization methods used to assess the stability of the formulation due to the particulate nature of microcrystalline cellulose/carboxymethylcellulose sodium (Supplementary Table 8).

The generation of overall higher magnitude immune responses in female mice compared to males is consistent with recent reports (33). Surprisingly, phospholipid acyl chain structure appeared to play a role in this regard, with liposomes containing DSPC resulting in the greatest sex-based differences in the long-term immunogenicity experiments (Supplementary Tables 10 and 11). Since DSPC is a common lipid formulation component [including in the currently approved mRNA COVID-19 vaccines (34)], more investigation on this point is worthwhile. Moreover, future work focusing on the impact of sex on immunogenicity responses would benefit from increased numbers of males and females per group. Perhaps of even greater interest was the impact of sex and TLR ligand composition on protective efficacy since it appeared that the difference in protective efficacy between male and female mice may be associated with inclusion of the 3M-052 component (Tables 6 and 7, Figures 6 and 7). This finding is consistent with a report that female mice immunized with inactivated influenza vaccine had greater antibody response and protection against influenza challenge than male mice, and this result was found to be associated with greater TLR7 expression in the B cells of vaccinated female mice (33). Thus, the impact of biological sex on the efficacy of vaccines containing natural TLR7 ligands (such as inactivated viral vaccines) or synthetic TLR7 ligands such as 3M-052 may have important implications for vaccine design and evaluation. In any case, both GLA and 3M-052 are necessary for statistically significant protective efficacy in the mouse model of amebic colitis evaluated here, emphasizing the potential benefits of including multiple TLR ligands in adjuvant formulation design. Indeed, a multi-TLR ligand approach more closely represents the mechanisms triggered by effective live attenuated vaccines such as the yellow fever vaccine (35). Nevertheless, there are no existing adjuvant formulations in licensed vaccines that contain more than one TLR ligand. Moreover, given that TLR expression varies widely between animal models and humans (36, 37), it is important to determine the relevance of the findings identified here to other models.



Conclusion

The complexity of vaccine adjuvant formulation and evaluation requires a robust experimental design methodology to meaningfully interrogate the effects of multiple factors on multiple immunological and physicochemical stability readouts. A DOE and desirability index approach was employed here, resulting in the optimization of a dual TLR ligand adjuvant formulation composition demonstrating strong immune response durability and protective efficacy in the mouse model of amebic colitis. Furthermore, the importance of inclusion of both TLR ligands (GLA and 3M-052) for protective efficacy was demonstrated. Moreover, biological sex was shown to be a significant factor in immunogenicity and efficacy responses. Together, these findings have resulted in a lead candidate vaccine adjuvant composition suitable for advanced preclinical development. The intranasal adjuvant platform developed here may have relevance for vaccine development against other enteric or respiratory pathogens.



Data Availability Statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding author.



Ethics Statement

The animal study was reviewed and approved by the Institutional Animal Care and Use Committee at the University of Virginia.



Author Contributions

MA and MO: conceptualization, data curation, formal analysis, investigation, methodology, project administration, supervision, visualization, writing. RK, IL, EL, and JG: investigation, data curation, methodology, writing. SS and SL: data curation, project administration. AN and DO: investigation, data curation. MY, LF, MU, JL, and SB: investigation. HL: investigation, methodology, data curation. AK, PG, and SR: investigation, data curation, methodology. MT: resources (provision of 3M-052). KP: resources (provision of LecA), methodology. WP: conceptualization, methodology, project administration, supervision, funding acquisition. CF: conceptualization, data curation, formal analysis, investigation, methodology, project administration, supervision, visualization, writing, funding acquisition. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by federal funds from the National Institute of Allergy and Infectious Diseases (NIAID), National Institutes of Health (NIH), Department of Health and Human Services, under Contract HHSN272201800025C.



Acknowledgments

The authors thank Janet Lathey, Dan Stoughton, Steve Huang, and Lisa Wei from NIAID/NIH and Alana Gerhardt from IDRI for review of the text and helpful suggestions. CryoTEM was performed by NanoImaging Services, Inc.



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2021.683157/full#supplementary-material



References

1. Block, SL, Szenborn, L, Daly, W, Jackowska, T, D’Agostino, D, Han, L, et al. A Comparative Evaluation of Two Investigational Meningococcal ABCWY Vaccine Formulations: Results of a Phase 2 Randomized, Controlled Trial. Vaccine (2015) 33:2500–10. doi: 10.1016/j.vaccine.2015.03.001

2. Dewé, W, Durand, C, Marion, S, Oostvogels, L, Devaster, J-M, and Fourneau, M. A Multi-Criteria Decision Making Approach to Identify a Vaccine Formulation. J Biopharmaceutical Stat (2016) 26:352–64. doi: 10.1080/10543406.2015.1008517

3. Poncet, D, Hessler, C, Liang, H, Gautheron, S, Sergent, M, Rintala, ND, et al. Preclinical Optimization of an Enterotoxigenic Escherichia Coli Adjuvanted Subunit Vaccine Using Response Surface Design of Experiments. NPJ Vaccines (2020) 5:83. doi: 10.1038/s41541-020-00228-w

4. Shirley, D-AT, Farr, L, Watanabe, K, and Moonah, S. A Review of the Global Burden, New Diagnostics, and Current Therapeutics for Amebiasis. Open Forum Infect Dis (2018) 5:ofy161–1. doi: 10.1093/ofid/ofy161

5. Haque, R, Mondal, D, Duggal, P, Kabir, M, Roy, S, Farr, BM, et al. Entamoeba histolytica Infection in Children and Protection From Subsequent Amebiasis. Infect Immun (2006) 74:904–9. doi: 10.1128/IAI.74.2.904-909.2006

6. Haque, R, Mondal, D, Shu, J, Roy, S, Kabir, M, Davis, AN, et al. Correlation of Interferon-Gamma Production by Peripheral Blood Mononuclear Cells With Childhood Malnutrition and Susceptibility to Amebiasis. Am J Trop Med Hyg (2007) 76:340–4. doi: 10.4269/ajtmh.2007.76.340

7. Guo, X, Barroso, L, Lyerly, DM, Petri, WAJ, and Houpt, ER. CD4+ and CD8+ T Cell- and IL-17-mediated Protection Against Entamoeba histolytica Induced by a Recombinant Vaccine. Vaccine (2011) 29:772–7. doi: 10.1016/j.vaccine.2010.11.013

8. Abhyankar, MM, Orr, MT, Lin, S, Suraju, MO, Simpson, A, Blust, M, et al. Adjuvant Composition and Delivery Route Shape Immune Response Quality and Protective Efficacy of a Recombinant Vaccine for Entamoeba histolytica. NPJ Vaccines (2018) 3:22. doi: 10.1038/s41541-018-0060-x

9. Abhyankar, MM, Noor, Z, Tomai, MA, Elvecrog, J, Fox, CB, and Petri, WA. Nanoformulation of Synergistic TLR Ligands to Enhance Vaccination Against Entamoeba histolytica. Vaccine (2017) 35:916–22. doi: 10.1016/j.vaccine.2016.12.057

10. Barroso, L, Abhyankar, M, Noor, Z, Read, K, Pedersen, K, White, R, et al. Expression, Purification, and Evaluation of Recombinant LecA as a Candidate for an Amebic Colitis Vaccine. Vaccine (2014) 32:1218–24. doi: 10.1016/j.vaccine.2013.06.056

11. Watanabe, K, Gilchrist, CA, Uddin, MJ, Burgess, SL, Abhyankar, MM, Moonah, SN, et al. Microbiome-Mediated Neutrophil Recruitment via CXCR2 and Protection From Amebic Colitis. PloS Pathog (2017) 13:e1006513. doi: 10.1371/journal.ppat.1006513

12. Guo, X, Barroso, L, Becker, SM, Lyerly, DM, Vedvick, TS, Reed, SG, et al. Protection Against Intestinal Amebiasis by a Recombinant Vaccine is Transferable by T Cells and Mediated by IFN-γ. Infect Immun (2009) 77:3909–18. doi: 10.1128/IAI.00487-09

13. Amanna, IJ, and Slifka, MK. Mechanisms That Determine Plasma Cell Lifespan and the Duration of Humoral Immunity. Immunol Rev (2010) 236:125–38. doi: 10.1111/j.1600-065X.2010.00912.x

14. Plotkin, SA. Correlates of Protection Induced by Vaccination. Clin Vaccine Immunol (2010) 17:1055–65. doi: 10.1128/CVI.00131-10

15. Lefeber, DJ, Benaissa-Trouw, B, Vliegenthart, JFG, Kamerling, JP, Jansen, WTM, Kraaijeveld, K, et al. Th1-Directing Adjuvants Increase the Immunogenicity of Oligosaccharide-Protein Conjugate Vaccines Related to Streptococcus Pneumoniae Type 3. Infect Immun (2003) 71:6915–20. doi: 10.1128/IAI.71.12.6915-6920.2003

16. Derringer, G, and Suich, R. Simultaneous Optimization of Several Response Variables. J Qual Technol (1980) 12:214–9. doi: 10.1080/00224065.1980.11980968

17. Misquith, A, Fung, M, Dowling, QM, Guderian, JA, Vedvick, TS, and Fox, CB. In Vitro Evaluation of TLR4 Agonist Activity: Formulation Effects. Coll Surf B: Biointerfaces (2014) 113:312–9. doi: 10.1016/j.colsurfb.2013.09.006

18. Fox, CB, Orr, MT, Van Hoeven, N, Parker, SC, Mikasa, TJT, Phan, T, et al. Adsorption of a Synthetic TLR7/8 Ligand to Aluminum Oxyhydroxide for Enhanced Vaccine Adjuvant Activity: A Formulation Approach. J Controlled Release (2016) 244:98–107. doi: 10.1016/j.jconrel.2016.11.011

19. Clinicaltrials.gov. Evaluating the Safety and Immunogenicity of HIV-1 Bg505 SOSIP.664 gp140 With TLR Agonist and/or Alum Adjuvants in Healthy, HIV-uninfected Adults. NCT04177355. (2020).

20. Carter, D, Fox, CB, Day, TA, Guderian, JA, Liang, H, Rolf, T, et al. A Structure-Function Approach to Optimizing TLR4 Ligands for Human Vaccines. Clin Trans Immunol (2016) 5:e108. doi: 10.1038/cti.2016.63

21. Carter, D, van Hoeven, N, Baldwin, S, Levin, Y, Kochba, E, Magill, A, et al. The Adjuvant GLA-AF Enhances Human Intradermal Vaccine Responses. Sci Adv (2018) 4:eaas9930. doi: 10.1126/sciadv.aas9930

22. Santini-Oliveira, M, Coler, RN, Parra, J, Veloso, V, Jayashankar, L, Pinto, PM, et al. Schistosomiasis Vaccine Candidate Sm14/GLA-SE: Phase 1 Safety and Immunogenicity Clinical Trial in Healthy, Male Adults. Vaccine (2016) 34:586–94. doi: 10.1016/j.vaccine.2015.10.027

23. Beck, Z, Matyas, GR, Jalah, R, Rao, M, Polonis, VR, and Alving, CR. Differential Immune Responses to HIV-1 Envelope Protein Induced by Liposomal Adjuvant Formulations Containing Monophosphoryl Lipid A With or Without QS21. Vaccine (2015) 33:5578–87. doi: 10.1016/j.vaccine.2015.09.001

24. Watson, DS, Endsley, AN, and Huang, L. Design Considerations for Liposomal Vaccines: Influence of Formulation Parameters on Antibody and Cell-Mediated Immune Responses to Liposome Associated Antigens. Vaccine (2012) 30:2256. doi: 10.1016/j.vaccine.2012.01.070

25. Askarizadeh, A, Jaafari, MR, Khamesipour, A, and Badiee, A. Liposomal Adjuvant Development for Leishmaniasis Vaccines. Ther Adv Vaccines (2017) 5:85–101. doi: 10.1177/2051013617741578

26. Morel, S, Diderlaurent, A, Bourguignon, P, Delhaye, S, Baras, B, Jacob, V, et al. Adjuvant System AS03 Containing α-Tocopherol Modulates Innate Immune Response and Leads to Improved Adaptive Immunity. Vaccine (2011) 29:2461–73. doi: 10.1016/j.vaccine.2011.01.011

27. Fox, CB, and Haensler, J. An Update on Safety and Immunogenicity of Vaccines Containing Emulsion-Based Adjuvants. Expert Rev Vaccines (2013) 12:747–58. doi: 10.1586/14760584.2013.811188

28. Fox, CB, Barnes V, L, Evers, T, Chesko, JD, Vedvick, TS, Coler, RN, et al. Adjuvanted Pandemic Influenza Vaccine: Variation of Emulsion Components Affects Stability, Antigen Structure, and Vaccine Efficacy. Influenza Other Respi Viruses (2013) 7:815–26. doi: 10.1111/irv.12031

29. Coucke, D, Schotsaert, M, Libert, C, Pringels, E, Vervaet, C, Foreman, P, et al. Spray-Dried Powders of Starch and Crosslinked Poly(Acrylic Acid) as Carriers for Nasal Delivery of Inactivated Influenza Vaccine. Vaccine (2009) 27:1279–86. doi: 10.1016/j.vaccine.2008.12.013

30. Saito, S, Ainai, A, Suzuki, T, Harada, N, Ami, Y, Yuki, Y, et al. The Effect of Mucoadhesive Excipient on the Nasal Retention Time of and the Antibody Responses Induced by an Intranasal Influenza Vaccine. Vaccine (2016) 34:1201–7. doi: 10.1016/j.vaccine.2016.01.020

31. Kublik, H, and Vidgren, MT. Nasal Delivery Systems and Their Effect on Deposition and Absorption. Adv Drug Deliv Rev (1998) 29:157–77. doi: 10.1016/S0169-409X(97)00067-7

32. Samdal, HH, Bakke, H, Oftung, F, Holst, J, Haugenb, IL, Korsvold, GE, et al. And Cellular Immune Responses in Humans Without the Need for Adjuvants. Hum Vaccines (2005) 1:85–90. doi: 10.4161/hv.1.2.1718

33. Fink, AL, Engle, K, Ursin, RL, Tang, W-Y, and Klein, SL. Biological Sex Affects Vaccine Efficacy and Protection Against Influenza in Mice. Proc Natl Acad Sci (2018) 115:12477–82. doi: 10.1073/pnas.1805268115

34. Buschmann, MD, Carrasco, MJ, Alishetty, S, Paige, M, Alameh, MG, and Weissman, D. Nanomaterial Delivery Systems for mRNA Vaccines. Vaccines (2021) 9:65. doi: 10.3390/vaccines9010065

35. Querec, T, Bennouna, S, Alkan, S, Laouar, Y, Gorden, K, Flavell, RA, et al. Yellow Fever Vaccine YF-17D Activates Multiple Dendritic Cell Subsets via TLR2, 7, 8, and 9 to Stimulate Polyvalent Immunity. J Exp Med (2006) 203:413–24. doi: 10.1084/jem.20051720

36. Vaure, C, and Liu, Y. A Comparative Review of Toll-Like Receptor 4 Expression and Functionality in Different Animal Species. Front Immunol (2014) 5:316. doi: 10.3389/fimmu.2014.00316

37. Barrat, FJ. TLR8: No Gain, No Pain. J Exp Med (2018) 215:2964–6. doi: 10.1084/jem.20181899



Conflict of Interest: MT is an employee of 3M and 3M-052 is an asset of 3M’s. WP is a consultant for TechLab, Inc. and in addition receives royalties for amebiasis diagnostics that are donated in their entirety to the American Society of Tropical Medicine and Hygiene. KP is an employee of TechLab, Inc. and amebiasis diagnostics are an asset of TechLab’s. CF, RK, SS, HL, IL, EL, JG, SL, AK, and SR are employees of IDRI, which owns assets including patents and patent applications involving formulations of GLA and 3M-052 including what is represented in this article. MA, WP, CF, and SL are inventors on patent/patent application(s) involving the vaccine formulations represented in this article.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Abhyankar, Orr, Kinsey, Sivananthan, Nafziger, Oakland, Young, Farr, Uddin, Leslie, Burgess, Liang, De Lima, Larson, Guderian, Lin, Kahn, Ghosh, Reed, Tomai, Pedersen, Petri and Fox. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




ORIGINAL RESEARCH

published: 01 July 2021

doi: 10.3389/fimmu.2021.699349

[image: image2]


Lipopolysaccharide Derived From the Lymphoid-Resident Commensal Bacteria Alcaligenes faecalis Functions as an Effective Nasal Adjuvant to Augment IgA Antibody and Th17 Cell Responses


Yunru Wang 1,2, Koji Hosomi 1, Atsushi Shimoyama 3,4,5, Ken Yoshii 1,6, Takahiro Nagatake 1, Yukari Fujimoto 7, Hiroshi Kiyono 8,9,10,11, Koichi Fukase 3,4,5 and Jun Kunisawa 1,2,3,4,6,12,13,14*


1 Laboratory of Vaccine Materials, Center for Vaccine and Adjuvant Research, and Laboratory of Gut Environmental System, National Institutes of Biomedical Innovation, Health and Nutrition (NIBIOHN), Ibaraki, Japan, 2 Graduate School of Pharmaceutical Sciences, Osaka University, Suita, Japan, 3 Department of Chemistry, Graduate School of Science, Osaka University, Toyonaka, Japan, 4 Project Research Center for Fundamental Sciences, Osaka University, Toyonaka, Japan, 5 Institute for Radiation Sciences, Osaka University, Suita, Japan, 6 Graduate School of Medicine, Osaka University, Suita, Japan, 7 Department of Chemistry, Faculty of Science and Technology, Keio University, Yokohama, Japan, 8 International Research and Development Center for Mucosal Vaccines, The Institute of Medical Science, The University of Tokyo, Tokyo, Japan, 9 IMSUT Distinguished Professor Unit, The Institute of Medical Science, The University of Tokyo, Tokyo, Japan, 10 Graduate School of Medicine, Chiba University, Chiba, Japan, 11 Department of Medicine, School of Medicine and CU-UCSD Center for Mucosal Immunology, Allergy and Vaccine, University of California San Diego, La Jolla, CA, United States, 12 Graduate School of Dentistry, Osaka University, Suita, Japan, 13 Department of Microbiology and Immunology, Graduate School of Medicine, Kobe University, Hyogo, Japan, 14 Research Organization for Nano & Life Innovation, Waseda University, Tokyo, Japan




Edited by: 
Pam Kozlowski, LSU Health Sciences Center New Orleans, Louisiana State University, United States

Reviewed by: 
Yu-Li Lin, National Taiwan University Hospital, Taiwan
 Suh-Chin Wu, National Tsing Hua University, Taiwan

*Correspondence: 
Jun Kunisawa
 kunisawa@nibiohn.go.jp

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


Received: 23 April 2021

Accepted: 14 June 2021

Published: 01 July 2021

Citation:
Wang Y, Hosomi K, Shimoyama A, Yoshii K, Nagatake T, Fujimoto Y, Kiyono H, Fukase K and Kunisawa J (2021) Lipopolysaccharide Derived From the Lymphoid-Resident Commensal Bacteria Alcaligenes faecalis Functions as an Effective Nasal Adjuvant to Augment IgA Antibody and Th17 Cell Responses. Front. Immunol. 12:699349. doi: 10.3389/fimmu.2021.699349



Alcaligenes spp., including A. faecalis, is a gram-negative facultative bacterium uniquely residing inside the Peyer’s patches. We previously showed that A. faecalis-derived lipopolysaccharides (Alcaligenes LPS) acts as a weak agonist of toll-like receptor 4 to activate dendritic cells and shows adjuvant activity by enhancing IgG and Th17 responses to systemic vaccination. Here, we examined the efficacy of Alcaligenes LPS as a nasal vaccine adjuvant. Nasal immunization with ovalbumin (OVA) plus Alcaligenes LPS induced follicular T helper cells and germinal center formation in the nasopharynx-associated lymphoid tissue (NALT) and cervical lymph nodes (CLNs), and consequently enhanced OVA-specific IgA and IgG responses in the respiratory tract and serum. In addition, nasal immunization with OVA plus Alcaligenes LPS induced OVA-specific T cells producing IL-17 and/or IL-10, whereas nasal immunization with OVA plus cholera toxin (CT) induced OVA-specific T cells producing IFN-γ and IL-17, which are recognized as pathogenic type of Th17 cells. In addition, CT, but not Alcaligenes LPS, promoted the production of TNF-α and IL-5 by T cells. Nasal immunization with OVA plus CT, but not Alcaligenes LPS, led to increased numbers of neutrophils and eosinophils in the nasal cavity. Together, these findings indicate that the benign nature of Alcaligenes LPS is an effective nasal vaccine adjuvant that induces antigen-specific mucosal and systemic immune responses without activation of inflammatory cascade after nasal administration.




Keywords: Alcaligenes faecalis, nasal vaccine, lipopolysaccharide, T helper 17 cell, adjuvant



Introduction

Commensal bacteria in the gut are involved in the regulation of host immunity; therefore, they are expected to play important roles not only in host immune responses to immunization but also in host responses to pathogenic infection. Indeed, accumulating evidence has already indicated the involvement of certain commensal bacteria in the regulation of specific immunity. For instance, Klebsiella spp. have been shown to induce T helper 1 (Th1) cell polarization, and segmented filamentous bacteria (SFB) have been shown to drive Th17 cell responses to pathogenic infection (1, 2). Similarly, Clostridium spp. have been shown to induce regulatory T cells for the control of allergic diseases (3).

Previously, we demonstrated that commensal bacteria are present not only in the intestinal lumen but also inside intestinal tissues, such as Peyer’s patches (PPs) and the colonic lamina propria (4). For the first time, we found that the gram-negative bacterium Alcaligenes spp. including A. faecalis, is a representative bacterium that symbiotically resides in PPs. Our previous study showed that A. faecalis promotes the production of several cytokines (e.g., transforming growth factor beta [TGF-β], B-cell activating factor [BAFF], and interleukin 6 [IL-6]) by dendritic cells (DCs) to enhance the production of IgA in the intestine (4). A subsequent study revealed that A. faecalis increases IL-10 producing DCs, which contributes to establish the symbiotic environment in the gut (5). A more recent study by our group using A. faecalis revealed that lipopolysaccharides (LPS) derived from A. faecalis (Alcaligenes LPS) possesses unique immunomodulatory activity. Indeed, Alcaligenes LPS enhanced the production of IL-6 from DCs by acting as a weak agonist of toll-like receptor 4 (TLR4) (6). Of note, the biological activity of Alcaligenes LPS, when administered to OVA by subcutaneous injection in mice, was lower than that of E. coli-derived LPS (E. coli LPS). In addition, Alcaligenes LPS was able to enhance both antigen-specific IgG production and Th17 responses without inducing excessive inflammation. These findings suggest the potential of Alcaligenes LPS as a novel vaccine adjuvant (6).

Although subcutaneous or intramuscular injection of vaccines is commonly accepted and practiced, mucosal vaccination (e.g., nasal and oral vaccines) has currently attracted attention because of several advantages, including reduced fear and pain, decreased medical waste, such as syringe and needle, and abatement of the work of medical staff responsible for vaccination. In addition, mucosal vaccination has the benefit of inducing both systemic and mucosal immune responses (7, 8). After nasal immunization, nasopharynx-associated lymphoid tissue (NALT) is one of the responsible sites for inducing antigen-specific immune responses. NALT is located at the bottom edge of nasal cavity in rodents (9), and the human tonsils known as Waldeyer’s tonsillar ring are considered as equivalent lymphoid tissues to rodent NALT (10). NALT has all the necessary immunocompetent cells, such as B cells, T cells, DCs, and M cells, to initiate antigen-specific immune responses (11). M cells located in the NALT epithelium act as antigen uptake cells to deliver antigens to DCs (11). The DCs then process and present these antigens to T cells and B cells in germinal centers (GC) located in the NALT to initiate antigen-specific IgA responses (11, 12). IgA class switching recombination (CSR) is a critical step for promoting IgA+ B cell development in the GC of NALT with the essential support by follicular T helper cells (Tfh cells) (12, 13). The antigen-specific IgA produced by IgA+ B cells is secreted through the epithelium into the nasal cavity, where it binds to antigens to prevent the invasions of pathogens from nasal cavity (11).

Despite these advantages of mucosal vaccination, one of the issues to be resolved includes the induction of immune tolerance to cause immune nonresponsiveness (14). In this regard, mucosal adjuvants are required for induction of mucosal antigen-specific immune responses without inducing immune tolerance. Recently, some adjuvant candidates for nasal vaccines have been developed by using microbial components (12). For example, when the TLR5 agonist, flagellin of Salmonella typhimurium, is used as a nasal adjuvant for the H7N9 influenza subunit vaccine, it can induce effective IgG and IgA antibody responses, Th1 and Th2 responses (15). Also, intranasal co-administration of adenylate cyclase toxin of Bordetella pertussis and pertactin elicits robust IgG and IgA antibody responses and has a protective effect when challenged with B. pertussis intranasally (16).

Here, we evaluated the efficacy of Alcaligenes LPS as an adjuvant when administered to mice by nasal immunization. We found that Alcaligenes LPS induced both systemic and mucosal immune responses, including antigen-specific IgG and IgA antibody production as well as Th17 responses, without inducing inflammation locally, confirming the potential of Alcaligenes LPS as a nasal adjuvant.



Materials and Methods


Mice

Female BALB/c mice (age 8–9 weeks) were purchased from CLEA Japan, Inc. (Tokyo, Japan). The mice were kept in a specific-pathogen-free (SPF) environment on a 12/12-h light/dark cycle at the National Institutes of Biomedical Innovation, Health, and Nutrition (Osaka, Japan). All experimental procedures were performed in accordance with the guidelines of the Animal Care and Use Committee of the National Institutes of Biomedical Innovation, Health, and Nutrition (Approval Nos. DS27-47R13 and DS27-48R13).



Preparation of LPS

Alcaligenes LPS was prepared as described previously (6). Briefly, Alcaligenes LPS was extracted from heat-killed (60°C for 30 min) A. faecalis (13111T, Biological Resource Center, NITE [NBRC], Japan) by using an LPS Extraction Kit (iNtRON Biotechnology, Inc., Sangdaewon-Dong, Korea). After extraction, Alcaligenes LPS is lyophilized and stored as a powder at -30°C, and the weight was measured by using Semi-Micro Analytical Balances (GR-202; AND company, Tokyo, Japan). For stock solution, the LPS was added to phosphate-buffered saline (PBS; Nacalai Tesque, Inc., Kyoto, Japan) to a concentration of 1 mg/ml, sonicated for 5 min, and then stored at −30°C until use.



Immunization

Immunization was performed as described previously (17). Briefly, on days 1, 7, and 17, the mice were intranasally immunized with 5 μg of ovalbumin (OVA) (Sigma-Aldrich) alone or 10 μg of Alcaligenes LPS or 1 μg of cholera toxin (CT) isolated from Vibrio cholerae (List Biological Laboratories, Campbell, CA, USA) in 15 µL of PBS and administered as 7.5 µL in each nostril of mice without anesthesia. One week after the final immunization, nasal wash, bronchoalveolar lavage fluid (BALF), serum, nasal passage, NALT, cervical lymphoid nodes (CLNs), and spleen were collected as previously described (17, 18) and used for analysis.



Enzyme-Linked Immunosorbent Assay (ELISA)

ELISA was performed as described previously (19). The bottom of flat-bottom 96-well immunoplates (Thermo Fisher Scientific Inc., Waltham, MA, USA) were coated with OVA diluted in PBS to a concentration of 1 mg/ml and then the plates were incubated overnight at 4°C. After incubation, the plates were blocked with 1% (w/v) bovine serum albumin (BSA; Nacalai Tesque, Inc.) in PBS for 2 h at room temperature. After blocking, the plates were washed three times with PBS containing 0.05% (v/v) Tween 20 (Nacalai Tesque, Inc.).

Next, serum, nasal wash, or bronchoaveolar lavage fluid (BALF) samples were serially diluted with 1% (w/v) BSA, containing 0.05% (v/v) Tween 20 in PBS and seeded into the plates; the plates were then incubated for 2 h at room temperature and washed three times with PBS containing 0.05% Tween 20. After washing, horseradish peroxidase-conjugated goat anti-mouse IgG or IgA (Southern Biotech, Inc., Birmingham, AL, USA) diluted with 1% (w/v) BSA containing 0.05% (v/v) Tween 20 in PBS was added to the plates and left to react for 1 h at room temperature. The plates were subsequently washed three times with PBS containing 0.05% Tween 20. Tetramethylbenzidine peroxidase substrate (SeraCare Life Sciences Inc., Milford, MA, USA) was then added, and the plates were left to react for 2 min at room temperature; 0.5 N HCl (Nacalai Tesque, Inc.) was added to stop the reaction. Absorbance at 450 nm was measured by using an iMark™ Microplate Absorbance Reader (Bio-Rad Laboratories, Inc., Hercules, CA, USA).



Immunohistochemistry

Immunohistological analysis was performed as described previously (17). NALT and CLNs were embedded in Tissue-Tek O.C.T. Compound (Sakura Finetek Japan Co., Ltd., Tokyo, Japan) to make frozen blocks. Blocks were frozen by liquid nitrogen and stored at −80°C until use. Sections (6-μm-thick) of NALT and CLNs were cut at 20°C by using a Leica CM3050 S cryostat (Leica Biosystems, Nussloch, Germany). Then, the sections of NALT and CLNs were air-dried, fixed with 100% acetone (Nacalai Tesque, Inc.) for 1 min, and washed 2 times with PBS for 5 min each time. After washing, the sections were blocked with 2% Newborn Calf Serum (NCS; Equitech-Bio, Kerrville, TX, USA) -PBS for 30 min, stained with purified anti-B220 antibody (BioLegend, San Diego, CA, USA) and biotin-PNA (Vector Laboratories, Inc., Burlingame, CA, USA) and incubated overnight at 4°C. After incubation, the sections were washed two times with PBS for 5 min each time, stained with Cy3-labeled anti-hamster IgG (Jackson ImmunoResearch Inc., West Grove, PA, USA) and Alexa Fluor 488/Streptavidin Conjugate (Invitrogen, Thermo Fisher Scientific Inc.) for 30 min, washed two times with PBS for 5 min each time, stained with DAPI (AAT Bioquest, Inc., Sunnyvale, CA, USA) for 10 min, and washed two times with PBS for 5 min each time. Finally, each section was covered with one drop of Fluoromount (Diagnostic BioSystems, Pleasanton, CA, USA) followed by a 24 × 36-mm-thick cover glass (Matsunami Glass USA Inc., Bellingham, WA, USA) and observed under a BZ-9000 BioRevo fluorescence microscope (Keyence Corp., Osaka, Japan).



T-Cell Assay

T-cell assay was performed as described previously (17). Cell suspension collected from CLNs and spleen was passed through a 100-μm cell filter (Thermo Fisher Scientific Inc.); then mixed with red blood cell lysis buffer (1.5 M NH4Cl, 100 mM KHCO3, and 10 mM EDTA-2Na [all Nacalai Tesque, Inc.]) for 1 min at room temperature; the resulting suspension was passed through a 100-μm cell filter (Thermo Fisher Scientific Inc.) again, and the filtrate was retained. CD4+ T cells were purified from the filtrate by using CD4 (L3T4) MicroBeads and a magnetic cell separation system (Miltenyi Biotec, Bergisch Gladbach, North Rhine-Westphalia, Germany). Splenic cells were treated with 30 Gy of ionizing radiation and used as antigen-presenting cells (APCs). The CD4+ T cells (2 × 105 cells/well) and APCs (1 × 104 cells/well) were suspended in RPMI1640 medium (Sigma-Aldrich) supplemented with 10% fetal bovine serum (FBS; Life Technologies, Thermo Fisher Scientific Inc.), 1 mM sodium pyruvate solution (Nacalai Tesque, Inc.), 1% penicillin–streptomycin mixed solution (Nacalai Tesque, Inc.), and 0.5 mM 2-mercaptoethanol (Gibco, Thermo Fisher Scientific Inc.); seeded in round-bottom 96-well plates (Thermo Fisher Scientific Inc.); and cultured with or without 1 mg/ml OVA for 72 h. The number of viable cells was determined by using a CyQUANT Cell Proliferation Assay kit (Invitrogen, Thermo Fisher Scientific Inc.), and the absorbance of the cells was measured at 485/535 nm with an ARVO X2 (PerkinElmer, Yokohama, Japan) fluorescence microplate reader. The culture supernatant was collected and used for the measurement of the concentrations of the cytokines as follows: interferon gamma (IFN-γ), IL-4, IL-17, IL-10, and TNF-α were determined by using a BD CBA Mouse Th1/Th2/Th17 Cytokine Kit (BD Biosciences, San Jose, CA, USA), and the concentration of IL-5 was determined by using IL-5-specific ELISA kit (BioLegend).



Flow Cytometric Analysis

Flow cytometry was performed as previously described (20). Cells were collected from NALT and CLNs and incubated with 5 μg/ml anti-CD16/32 antibody (TruStain FcX; BioLegend) and 7-AAD viability staining solution (BioLegend) for 15 min at room temperature to avoid non-specific staining and to detect dead cells, respectively. Then, the cells were stained with the following fluorescently labeled antibodies for 30 min at 4°C: GC and IgM− IgA+ B cells were stained with FITC-IgA (BD Biosciences; clone: C10-3), PE-Cy7-IgM (BioLegend; clone: RMM-1), AF647-GL7 (BioLegend; clone: GL7), and BV421-B220 (BioLegend; clone: RA3-6B2). Follicular T helper cells were stained with FITC-CD3ϵ (BD Biosciences; clone: 145-2C11), PE-PD-1 (BioLegend; clone: 29F.1A12), APC-Cy7-CD8α (BioLegend; clone: 53-6.7), and BV421-CD4 (BioLegend; clone: RM4-5). Neutrophils and eosinophils were stained with FITC-Ly6G+ (BioLegend; clone: 1A8), APC-Cy7-CD11b (BioLegend; clone: M1/70), BV421-Siglec-F (BD Biosciences; clone: E50-2440), and APC-CD45 (BioLegend; clone: 30-F11).

Intracellular cytokine staining was performed as previously described with modification (21, 22). Cells were collected from mice spleen were stimulated with 50 ng/ml phorbol 12-myristate 13-acetate (PMA; Sigma-Aldrich) and 750 ng/ml ionomycin (Sigma-Aldrich) for 4 h at 37°C; 5 ng/ml brefeldin A (BioLegend) was added at around 3rd hour. After incubation, the cells were stained with NIR-zombie (BioLegend), FITC-TCR-β (BioLegend; clone: H57-597), PerCP-CD4 (BioLegend; clone: GK1.5), and BV421-CD45 (BioLegend; clone: 30-F11). The cells were fixed and permeabilized by using BD Cytofix/Cytoperm plus (BD Biosciences) and then stained with PE-IFN-γ (BioLegend; clone: XMG1.2) and AF647-IL-17A (BD Biosciences; clone: TC11-18H10). Samples were examined with a MACSQuant Analyzer (Miltenyi Biotec) and the data were analyzed using FlowJo software v.10.2 (BD Biosciences).



Measurement of Lymphocytes in Blood

The numbers of lymphocytes in the blood were enumerated as previously described (23). Briefly, blood samples (100 μl) mixed with 1.5 μl of 10 mM EDTA-2Na (Nacalai Tesque, Inc.) were diluted 1:6 with saline solution (Otsuka Pharmaceutical Co., Ltd., Tokyo, Japan) for measuring the number of lymphocytes with a Vet Scan HMII hematology analyzer (Abaxis, Union City, CA, USA).



Statistical Analysis

Data are presented as mean ± SD. Statistical analyses were performed by using one-way ANOVA with the Bonferroni post-hoc test using PRISM 6 software (GraphPad Software, San Diego, CA, USA).




Results


Nasally Co-Administered Alcaligenes LPS Promotes Respiratory Antigen-Specific IgA Antibody Production

Previously, we demonstrated in vitro that Alcaligenes LPS enhanced IgA production by B cells co-cultured with DCs (6). We extended our previous study by investigating the efficacy of Alcaligenes LPS as an adjuvant for nasal vaccination in vivo. To determine the optimal dose of Alcaligenes LPS, mice were nasally immunized with OVA alone (Mock group), OVA plus 1 or 10 μg of Alcaligenes LPS or E. coli LPS. Nasal immunization with 10 μg of Alcaligenes LPS resulted in the induction of higher levels of nasal IgA responses than 1 μg of Alcaligenes LPS (Supplementary Figure 1); therefore, we determined the 10 μg of Alcaligenes LPS for the nasal immunization in this study. We further confirmed that 10 μg of E. coli LPS also increased OVA-specific IgA production in the nasal wash (Supplementary Figure 1); however, mice receiving LPS from E. coli, but not Alcaligenes, showed severe side effects, such as lymphopenia (Supplementary Figure 2), which is consistent with our previous study (6). Therefore, we decided to employ another control, cholera toxin (CT), a gold standard experimental mucosal adjuvant.

To examine OVA-specific IgA production in the nasal wash and BALF, mice were nasally immunized with OVA alone (Mock group), OVA plus 10 μg of Alcaligenes LPS (Alcaligenes LPS group) or 1 μg of CT (CT group). We found that the nasal wash and BALF from Mock group contained practically no sign to undetectable levels of OVA-specific IgA (Figure 1A). In contrast, the nasal wash and BALF from Alcaligenes LPS group contained substantial levels of OVA-specific IgA antibody, which was compatible to the levels seen in the CT group (Figure 1A).




Figure 1 | Alcaligenes LPS promotes mucosal OVA-specific IgA antibody production upon nasal immunization. Mice were nasally immunized three times with OVA alone (Mock) or with OVA plus Alcaligenes LPS or CT; one week after the final immunization, (A) Nasal wash and BALF were collected to determine levels of OVA-specific IgA by ELISA. (B) Formation of GC in NALT were observed by immunohistochemical analysis. PNA: GC marker; B220: B cell marker; arrow heads: GC location. Induction of GC GL7+ B cells (gated on: CD3ϵ− B220+ GL7+) and Tfh cells (gated on: CD3ϵ+ CD8α− CD4+ PD-1+) (C) and of IgM− IgA+ B cells (gated on: CD3ϵ− B220+ GL7+ IgM− IgA+) (D) in NALT were analyzed by flow cytometry (n = 5 or 6 per group). Data are representative of two independent experiments and statistical significance was determined by one-way ANOVA (*p < 0.05; **p < 0.01).



The production of IgA antibody is associated with B cell class-switch recombination from IgM to IgA in the GC of NALT, which is supported by Tfh cells (11). Immunohistological analysis revealed the formation of GC in the NALT was observed in both groups of mice nasal immunized with OVA plus Alcaligenes LPS or CT, but not Mock group (Figure 1B). Consistent with this finding, flow cytometry analysis demonstrated that the increased percentage of GC GL7+ B cells were found in both Alcaligenes LPS and CT groups when compared to Mock group (Figure 1C). In addition, the percentage of PD-1+ Tfh cells (Figure 1C) and IgM− IgA+ B cells (Figure 1D) were significantly increased in the NALT from Alcaligenes LPS group compared with that in Mock group. Together, these results indicate that Alcaligenes LPS promoted the formation of GC in the NALT with Tfh cells and IgA+ B cells for the subsequent IgA antibody production in the respiratory tract.



Alcaligenes LPS Promotes Systemic Antibody Responses

We examined the immune responses in the CLNs, which are lymph nodes that drain the nose. As in the NALT, GC formation together with significantly increased or higher induction of GL7+ B cells, Tfh cells, and IgM− IgA+ B cells were detected in the CLNs from Alcaligenes LPS or CT group when compared to the Mock group (Figures 2A–C).




Figure 2 | Alcaligenes LPS induces germinal center formation in CLNs. Mice were nasally immunized three times with OVA alone (Mock) or with OVA plus Alcaligenes LPS or CT; one week after the final immunization, GC formation (A), and the induction of GC GL7+ B cells (gated on: CD3ϵ− B220+ GL7+) and Tfh cells (gated on: CD3ϵ+ CD8α− CD4+ PD-1+) (B) and of IgM− IgA+ B cells (gated on: CD3ϵ− B220+ GL7+ IgM− IgA+) (C) in CLNs were examined by flow cytometry. (n = 4 per group). Data are representative of two independent experiments and were analyzed by one-way ANOVA (*p < 0.05; **p < 0.01).



To further assess whether nasally co-administered Alcaligenes LPS also supports the induction of antigen-specific systemic antibody responses or not, serum antibodies were examined. Higher levels of OVA-specific IgG and IgA responses were noted in the serum from Alcaligenes LPS group, which were almost comparable with CT group (Figure 3). On the other hand, the Mock group’s antibody responses were negligible (Figure 3). Thus, co-administered Alcaligenes LPS could also support the elevated antigen-specific systemic antibody responses through nasal vaccination.




Figure 3 | Alcaligenes LPS promotes systemic antibody responses. Mice were nasally immunized three times with OVA alone (Mock) or with OVA plus Alcaligenes LPS or CT; one week after the final immunization, serum was collected to determine OVA-specific IgG and IgA by ELISA (n = 5 per group). Data are representative of two independent experiments.





Alcaligenes LPS Promotes an OVA-Specific Th17 Cell Response

We examined T cell responses, such as cell proliferation and cytokine production in the spleen and CLNs. CD4+ T cells from the spleen and CLNs of mice nasally immunized with OVA plus Alcaligenes LPS or CT proliferated vigorously upon the in vitro stimulation with OVA, when compared with those from the Mock group (Figures 4A, C). The finding suggests that Alcaligenes LPS is a potent adjuvant for the enhancement of CD4+ T cell responses.




Figure 4 | Alcaligenes LPS promotes OVA-specific Th17 response. Mice were nasally immunized three times with OVA alone (Mock) or with OVA plus Alcaligenes LPS or CT; one week after the final immunization, splenic or CLNs CD4+ T cells were collected and stimulated with OVA by ex vivo. (A) Proliferation of splenic CD4+ T cells was determined by CyQUANT® Cell Proliferation Assays Kits and fluorescence microplate reader, ARVO X2 with measuring at 485/535 nm. (B) Production of cytokines: IFN-γ, IL-4 and IL-17A in the supernatant of splenic CD4+ T cell culture was collected and measured by the CBA kit. (C) Proliferation of CLNs CD4+ T cells. (D) Production of cytokines: IFN-γ, IL-4 and IL-17A in the supernatant of CLNs CD4+ T cell culture. (E) Number of IFN-γ+ IL-17+ CD4+ T cells (gated on: zombie− CD45+ TCR-β+ CD4+ IFN-γ+ IL-17+) in spleen were analyzed by intracellular cytokine staining and flow cytometry (n = 6 per group). Data are representative of two independent experiments and were analyzed by one-way ANOVA (**p < 0.01; n.s., not significant).



Next, we examined the production of cytokines from OVA-specific CD4+ T cells, especially related to the Th1 (IFN-γ), Th2 (IL-4), and Th17 (IL-17). Consistent with low OVA-induced CD4+ T cell proliferation activity of the Mock group from spleen and CLNs, negligible to low amounts of cytokines were noted (Figures 4B, D). In contrast, splenic and CLNs CD4+ T cells from the Alcaligenes LPS group preferentially produced IL-17 with little production of IL-4 and IFN-γ, whereas the CT group showed significantly increased production of both IFN-γ and IL-17 with less production of IL-4 (Figures 4B, D).

It has been considered that T cells secreting IL-17 alone are considered non-pathogenic and contribute to immunological defense against extracellular pathogens, whereas T cells producing both IL-17 and IFN-γ are pathogenic to cause inflammation and autoimmunity (24, 25). One of the differences between Alcaligenes LPS and CT groups was the significantly higher IFN-γ production in the CT group. Flow cytometric analysis revealed that splenic CD4+ T cells from the CT group contained significantly higher numbers of IFN-γ+ IL-17+ CD4+ T cells compared with that in the Mock or Alcaligenes LPS group (Figure 4E). These results indicate that nasally co-administered Alcaligenes LPS primarily induced Th17 cell-mediated non-pathogenic responses, whereas nasally co-administered CT induced pathogenic Th17 cell responses.



Alcaligenes LPS Has Low Inflammatory but High Regulatory Properties

In addition to classical Th subsets associated with cytokines examined above, T cells are also known to produce various inflammatory and regulatory cytokines (26). Therefore, we examined other cytokine production profiles (e.g., TNF-α, IL-5, and IL-10) by OVA-specific CD4+ T cells from CLNs and spleen of Alcaligenes LPS group. Significantly increased TNF-α and IL-5 production were noted in the cultures containing splenic and CLNs CD4+ T cells from the CT group, but not in the Mock and Alcaligenes LPS groups. It is interesting to note that the production of IL-10 was preferentially heightened in splenic and CLNs CD4+ T cell cultures from the Alcaligenes LPS group (Figures 5A, B).




Figure 5 | Alcaligenes LPS has low Inflammatory but high regulatory properties. Mice were nasally immunized three times with OVA alone (Mock) or with OVA plus Alcaligenes LPS or CT. One week after the final immunization, the production of TNF-α, IL-5, and IL-10 in the spleen (A) and CLNs (B) of nasally immunized mice was surveyed after ex vivo stimulation by OVA (n = 6 per group). Data are representative of two independent experiments and were analyzed by one-way ANOVA (*p < 0.05; **p < 0.01; n.s., not significant).



Considering that the cytokines produced by T cells can cause neutrophilia and eosinophilia, which can lead to local inflammation, we examined the numbers of neutrophils and eosinophils in the nasal cavity of the nasally immunized mice. Consistent with the cytokine profiles, flow cytometry analysis revealed an increase in the numbers of neutrophils and eosinophils in the nasal cavity of CT group compared with the Mock or Alcaligenes LPS group (Figure 6). These results indicate that, unlike CT, Alcaligenes LPS did not induce local inflammation in the nasal cavity.




Figure 6 | Alcaligenes LPS induced little inflammation at the site of administration. Mice were nasally immunized three times with OVA alone (Mock) or with OVA plus Alcaligenes LPS or CT. One week after the final immunization, the number of neutrophils (gated on: 7AAD− CD45+ CD11c+ Ly6G+) and eosinophils (gated on: 7AAD− CD45+ CD11c+ Siglec-F+) in the nasal passage were determined by flow cytometric analysis (n = 4 per group). Data are representative of two independent experiments and analyzed by one-way ANOVA (*p < 0.05; **p < 0.01; n.s., not significant).






Discussion

In this study, we showed the efficacy of Alcaligenes LPS as a nasal vaccine adjuvant to enhance antigen-specific respiratory and systemic immune responses including nasal and BALF IgA and serum IgG antibody responses (Figures 1A and 3). Consistent with the elevation of IgA antibody responses (Figures 1A and 3), our data indicated that nasal immunization with OVA plus Alcaligenes LPS induced GCs formation in the NALT and CLNs, where Tfh cells were also induced (Figures 1B, C and 2A, B). In a previous study, we showed that Alcaligenes LPS stimulated bone marrow-derived DC (BMDC) or PP-derived DC to produce IL-6 (6), a cytokine involved in the differentiation of Tfh cells, Th17 cells, and IgA+ B cells (27–30). Collectively, these findings indicate that Alcaligenes LPS creates an immunological environment that promotes GC formation with Tfh cells and Th17 cells, which in turn induces antibody responses in the NALT and CLNs.

In the present study, although similar antibody responses were observed when mice were immunized with OVA plus Alcaligenes LPS or CT, the T cell responses induced by the adjuvants were different. Both adjuvants induced T cells producing IL-17, but the T cells induced by CT also expressed IFN-γ, whereas those induced by Alcaligenes LPS did not. IL-17 and IFN-γ–producing T cells are considered pathogenic because they induce severe inflammatory responses in autoimmune diseases (24, 31). Consistent with our present findings, studies by other groups have shown that CT induces IL-6, IL-1β, and IL-23 from DCs (32), which creates an environment that promotes the differentiation of pathogenic Th17 cells (33, 34). Regarding Alcaligenes, in our previous studies, we demonstrated that heat-killed Alcaligenes induces the production of IL-6, BAFF, TGF-β, and IL-10 when co-cultured with BMDCs, PP DCs, or murine PP cells (4, 6). Moreover, we also revealed that the stimulation of BMDCs with Alcaligenes lipid A resulted in the production of IL-6 and IL-23 (6, 23), the cytokines that are associated with differentiation of Th17 cell (34). However, in our previous studies, neither heat-killed Alcaligenes nor Alcaligenes lipid A induced BMDCs to produce IL-12 (6, 23), the cytokine that causes differentiation of Th1 cell (26). These characteristics plausibly led to the preferential differentiation of non-pathogenic Th17 cells by Alcaligenes LPS. Thus, it is likely that the production of IL-1β by antigen-presenting cells is the factor to determine which type of Th17 cells (pathogenic or non-pathogenic) is induced in our experimental condition. This is consistent with the results of a previous study, which showed that IL-1β is required for the pathogenicity of Th17 during intracellular bacterial infection (35).

In the present study, we also found that CT, but not Alcaligenes LPS, induced inflammation in the nasal cavity, which was characterized by increased infiltration of neutrophils and eosinophils. We also found that the levels of IL-5 and TNF-α production from T cells in the CT group were elevated but not in Alcaligenes LPS group. Consistent with this result, our previous studies showed that the production levels of TNF-α and nitric oxide (NO), an inflammatory molecule that induces TNF-α production, were lower in BMDCs treated with Alcaligenes LPS than in BMDCs treated with E. coli LPS (6, 36). IL-5 induces the differentiation of eosinophils (37) and interacts with IL-17 to promote the survival and degranulation of eosinophils, leading to tissue inflammation and damage (38). TNF-α upregulates vascular endothelial cell adhesion molecules, such as intercellular adhesion molecule 1 (ICAM-1), vascular adhesion molecule (VCAM-1), and E-selectin, thereby promoting the migration of neutrophils and eosinophils to sites of inflammation (37, 39). In addition, Alcaligenes LPS induced T cells secreting IL-10, which inhibits neutrophil recruitment by regulating the secretion of chemokines, such as CXCL9 and 12 and CCL3–5, 11, and 17 (40). Together, these findings indicate that Alcaligenes LPS did not induce inflammation because of lower numbers of T cells producing IL-5 or TNF-α and higher numbers of IL-10-producing T cells compared to CT, resulting in the migration of fewer eosinophils and neutrophils to the nasal cavity.

Regarding the immunological property of Alcaligenes LPS, our previous studies indicated that Alcaligenes LPS has little cytotoxic activity. Indeed, compared with E. coli LPS, Alcaligenes LPS showed lower endotoxin activity in the limulus amebocyte lysate test and caused only limited inflammatory reactions when intraperitoneally injected into mice, including lower levels of serum IL-6, less change in body temperature, and less damage to lung tissue with little infiltration of inflammatory cells, such as neutrophils and eosinophils (6). In addition, unlike E. coli LPS, Alcaligenes LPS showed little activity to induce apoptosis when co-cultured with BMDCs (36). In terms of IL-6 production from BMDCs, TLR4-deficient BMDCs did not respond to Alcaligenes LPS, whereas TLR2-deficient BMDCs produced comparable levels of IL-6 as wild type BMDCs (6). Further, Alcaligenes LPS did not act as a competitive inhibitor of E. coli LPS in the IL-6 production from BMDCs (6), collectively suggesting that Alcaligenes LPS acts as a weak agonist of TLR4, which is expressed in the nasal or lung tissues of mice (41, 42). This suggests that Alcaligenes LPS induced the immune responses also through combination of TLR4. As biochemical characteristics, the structure of LPS is mainly composed of lipid A, core oligosaccharide, and O antigen. Lipid A is considered to be the active center of LPS and acts as an agonist of TLR4/MD-2 complex. The activity as a TLR4 agonist is determined by several feature of lipid A structure. As for lipid A component in Alcaligenes LPS, a mixture of tetra- to hexa-acylated species was identified, and the lipid A with hexa-acylated species was composed of a bisphosphorylated glucosamine disaccharide backbone carrying 14:0 (3-OH) as primary and 12:0 (3-OH) and 10:0 as secondary fatty acids with distribution in a 3 + 3 fashion with respect to the disaccharide backbone, which were different with E. coli LPS whose lipid A has 4 + 2 symmetry and is composed of 14:0 (3-OH) as primary and 14:0 and 12:0 as secondary fatty acids (43). Although the other component of LPS, such as O-antigen, possibly plays some roles in the adjuvant activity of LPS (44), our previous studies implicated that the uniqueness of lipid A structure is the critical determinant of inflammatory activity.

In conclusion, Alcaligenes LPS showed efficacy as a nasal vaccine adjuvant to induce respiratory and systemic immune responses without inducing local inflammation via the induction of non-pathogenic Th17 responses and GC formation.
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Supplementary Figure 1 | Dose-dependent activity of LPS in the induction of nasal IgA responses. Mice were nasally immunized three times with OVA alone (Mock) or with OVA plus Alcaligenes LPS (1 or 10 μg) or E. coli LPS (1 or 10 μg). One week after the final immunization, Nasal wash was collected to determine levels of OVA-specific IgA by ELISA (n = 4 per group).

Supplementary Figure 2 | E. coli LPS induced lymphopenia in the blood. Mice were nasally immunized with OVA alone (Mock) or with OVA plus Alcaligenes LPS (10 μg) or E. coli LPS (10 μg). 24 hours after immunization, blood samples were collected to measure the number of lymphocytes (n = 4 per group). Data are representative of two independent experiments and analyzed by one-way ANOVA (*p < 0.05; n.s., not significant).
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Past studies with the live, double-mutant B. abortus (znBAZ) strain resulted in nearly complete protection of mice against pulmonary challenge with wild-type (wt) Brucella via a dominant CD8+ T cell response. To understand the contribution innate immune cells in priming CD8+ T cell responses, mice were nasally dosed with wt B. abortus, smooth vaccine strain 19 (S19), or znBAZ, and examined for innate immune cell activation. Flow cytometric analysis revealed that znBAZ, but not wt B. abortus nor S19 infection, induces up to a 5-fold increase in the frequency of IFN-γ-producing NK cells in mouse lungs. These NK cells express increased CXCR3 and Ki67, indicating their recruitment and proliferation subsequent to znBAZ infection. Their activation status was augmented noted by the increased NKp46 and granzyme B, but decreased NKG2A expression. Further analysis demonstrated that both lung caspase-1+ inflammatory monocytes and monocyte-derived macrophages secrete chemokines and cytokines responsible for NK cell recruitment and activation. Moreover, neutralizing IL-18, an NK cell-activating cytokine, reduced the znBAZ-induced early NK cell response. NK cell depletion also significantly impaired lung dendritic cell (DC) activation and migration to the lower respiratory lymph nodes (LRLNs). Both lung DC activation and migration to LRLNs were significantly impaired in NK cell-depleted or IFN-γ-/- mice, particularly the CD11b+ and monocytic DC subsets. Furthermore, znBAZ vaccination significantly induced CD8+ T cells, and upon in vivo NK cell depletion, CD8+ T cells were reduced 3-fold compared to isotype-treated mice. In summary, these data show that znBAZ induces lung IFN-γ+ NK cells, which plays a critical role in influencing lung DC activation, migration, and promoting protective CD8+ T cell development.
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Introduction

Brucellosis is one of the most prevalent bacterial zoonotic diseases worldwide and listed by the World Health Organization as one of the “seven most neglected diseases” (1–3). Brucella, a Gram-negative, facultative bacterium, is responsible for this disease. While commonly thought of as a disease of livestock, the four closely-related Brucella species – B. abortus, B. melitensis, B. suis, and B. canis - can cause human disease (4, 5). Brucella is transmitted from infected animals to humans through direct contact, ingestion of contaminated foods, or by inhalation of Brucella-laden aerosols (6). The animal and human forms of brucellosis tend to differ symptomatically – in livestock, brucellosis causes abortion, infertility, mastitis, and lameness, whereas in humans, the effects are incapacitating illness characterized by undulating fever with flu-like symptoms, which can persist if untreated (5, 7, 8). An estimate of 500,000 humans are annually infected with Brucella (9, 10). Moreover, chronic brucellosis can lead to additional complications in humans such as endocarditis, arthritis, epididymo-orchitis, and sacroiliitis (11–14). The most common routes of infection in humans are oral via consumption of contaminated foods or inhalation (15). Thus, induction of strong mucosal immunity in the aerodigestive tracts is desirable to provide efficient and long-lasting protection against Brucella infection. Given the routes of exposure, a mucosal vaccine that activates immunity in the lungs and gut seems a logical step to advancing Brucella vaccines. Mucosal vaccination is advantageous because antigen-specific humoral and cell-mediated immune responses can be induced both in the mucosal and systemic compartments (16–18). As such, mucosal vaccines may provide better coverage against pathogens than those given parenterally.

Embedded within the mucosal tissues are innate immune cells, which play a crucial role in antimicrobial defenses. Stimulation of innate immunity by respiratory pathogens is central to generating a pathogen-specific immunity (19, 20). Among the innate immune cell population in the lungs, NK cells merit special attention due to their role as a bridge between innate and adaptive immune responses (21, 22). The lungs harbor NK cells, underscoring their importance in respiratory mucosal immune protection (23). NK cells act as an essential first line of defense against respiratory infections, and are poised to exert effector functions and produce cytokines and chemokines that coordinate innate and adaptive immune responses (24, 25). Early in infection, NK cells are primarily activated by cytokines such as type I interferons, interleukin-12 (IL-12), IL-15, and IL-18, secreted by macrophages and monocytes (26, 27). NK cells activation is also regulated by a wide array of soluble or membrane bound ligands on infected cells that interact with both activating and inhibitory receptors on the NK cell surface (28). Activated NK cells protect against invasive respiratory pathogens either by direct lysis of infected cells or indirectly by activating other innate immune cells such as macrophages or dendritic cells (DCs) (29). In addition, NK cells can indirectly modulate adaptive immune responses by its assistance in priming T cell responses (30).

The present study describes a live, double-mutant ΔnorD ΔznuA Brucella abortus (znBAZ) strain that, after mucosal vaccination, confers complete protection against pulmonary challenge with virulent B. abortus 2308 by stimulating robust CD8+ T cell responses in the lungs (31). To better understand how znBAZ confers protection, the role of innate cells, particularly, NK cells was examined. A robust, early activation of NK cells was induced following nasal znBAZ infection, but not observed when infected with wild-type (wt) B. abortus 2308 or B. abortus S19 vaccine. Additional mechanistic studies were conducted to discern the impact of NK cells has upon znBAZ-induced lung CD8+ T cell responses, and the relevance of IFN-γ in innate cell activation and migration. These results provide important insights regarding the role of early lung NK cell activation in znBAZ-mediated immunity.



Materials and Methods


Bacterial Strains and Culture Conditions

The construction of znBAZ, a live attenuated mutant Brucella abortus strain, was previously described, and lacks functional znuA and norD genes (32). All B. abortus vaccine strains, S19, RB51, znBAZ, and wt 2308, were inoculated and grown on Potato Infusion Agar (PIA) plates for three days at 37°C under 5% CO2. Before infection, bacteria were harvested, washed, and diluted in sterile phosphate-buffered saline (sPBS) for use.



Mice

BALB/c and C57BL/6 (female, 6–8 weeks old) mice were obtained from Charles River Laboratory (Frederick, MD, USA), and IFN‐γ−/− mice on C57BL/6 background were bred in-house. All animal experiments performed with live attenuated Brucella vaccine strains S19 and znBAZ were conducted under biosafety level-2 (BSL-2) containment; studies involving wt B. abortus 2308 were done under BSL-3 containment. Mice were maintained in individually ventilated cages under HEPA-filtered barrier conditions with 12 h of light and 12 h of darkness, and food and water were provided ad libitum. All animal care and procedures were in strict accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. All animal studies were conducted under protocols approved by the University of Florida Institutional Animal Care and Use Committee.



Infection

BALB/c or C57BL/6 mice (n = 5/group) were nasally dosed with 30 μl of sPBS, 1×105 CFUs wt B. abortus 2308, 1×108 CFUs S19, or 1×109 CFUs znBAZ administered into the anterior nares dropwise using a micropipette under isoflurane anesthesia. The infected mouse lungs and lower respiratory lymph nodes (LRLNs) were harvested at different time points (2, 5, and 15 days) after infection and analyzed for brucellae colonization and mononuclear cell composition. Lung and splenic homogenates from individual mice were plated on Farrell’s medium (Oxoid Ltd, Basingstoke, UK) or PIA for 3–5 days at 37°C in 5% CO2.



Bronchoalveolar Lavage Fluid

Nasally infected and uninfected mice were euthanized, their tracheas were cannulated, and the lungs were perfused with 1 ml of cold sPBS three times, and a total of 3 ml BAL fluids were collected from each mouse. BAL fluid samples were centrifuged at 500 × g for 10 min at 4°C, and recovered fluids were filter-sterilized using 0.22 µ syringe filters. The sterile BAL fluid samples were stored at −70°C for cytokine analysis.



Cytokine ELISAs

Cytokines (IFN-γ, IL-12p70, IL-15, IL-18) and chemokines (CXCL-9 and CXCL-10) levels were measured from BAL fluids (duplicate samples) collected from mice dosed nasally with wt B. abortus 2308, S19, or znBAZ, along with those from uninfected mice by capture ELISA using the following antibody pairs: IFN-γ (clone R4-6A2 and clone XMG1.2 from BD Pharmingen), IL-12p70 (clone 9A5 and biotinylated clone C17.8; BD Pharmingen), IL-15 (clone 201136 and biotinylated polyclonal goat IgG anti-mouse IL-15; R&D Systems), IL-18 (clone 74 and biotinylated clone 93-10C; R&D Systems), CXCL-9 (polyclonal goat and biotinylated polyclonal goat IgG anti-mouse CXCL-9; R&D Systems), and CXCL-10 (clone 134013 and biotinylated polyclonal goat IgG anti-mouse CXCL-10; R&D Systems). ELISAs were developed using a third step antibody Ab, horseradish peroxidase (HRP) conjugated goat anti-biotin Ab (Vector Laboratories). After a wash step, ABTS peroxidase substrate (Moss, Inc., Pasadena, ME, USA) was added to each well, and reactions were read at 415 nm using a Bio-Tek Instruments Epoch Microplate Spectrophotometer (Winooski, VT). Cytokine concentrations were extrapolated from standard curves generated by recombinant murine cytokines and chemokines: IFN-γ (Peprotech), IL-15 (R&D Systems), IL-12 (R&D Systems), IL-18 (R&D Systems), CXCL-9 (R&D Systems), and CXCL-10 (R&D Systems). ELISA methods used were similar to those previously described (31, 32).



Single-Cell Preparation and In Vitro Stimulation

LRLNs and lungs were aseptically removed from euthanized mice and collected into 2ml tubes containing 1ml of incomplete media (ICM): RPMI-1640, 10 mM HEPES buffer, and 10 mM penicillin/streptomycin. These tissues were then mechanically homogenized and filtered through 70-µm cell strainers (Fisherbrand) to obtain single-cell suspensions. Lung tissue was additionally digested with 20 μg of Liberase TL research-grade (Roche) and 50 units of RNase-free DNase I (Promega) for 45 min at 37°C under 5% CO2, followed by 0.5M EDTA treatment for 5 mins. Cells were then suspended in freshly made ammonium-chloride-potassium (ACK) lysis buffer for 3 mins, then washed with ICM, and resuspended in complete media (CM): ICM plus 10% fetal bovine serum (FBS), 10 mM nonessential amino acids, and 10 mM sodium pyruvate. For flow cytometry analysis, single-cell suspensions were either stimulated overnight with heat-killed RB51 (HKRB51) followed by 4 hours of 5 ng/ml phorbol myristate acetate (PMA; SIGMA-ALDRICH), 500 ng/ml ionomycin (SIGMA-ALDRICH) and 10 μg/ml brefeldin A (SIGMA-ALDRICH) before antibody (Ab) staining or stained directly.



Flow Cytometry Assay

For flow cytometry analysis, cells were washed with PBS plus 2% FBS, and incubated with Fc blocker (eBioscience) along with Live/dead stain (ThermoFisher) for 15 min at 4°C. After an additional wash, the cells were surface stained for 30 min at 4°C with mAbs specific for CD49b (DX5), NK1.1 (PK136), CD4 (GK1.5), CD8 (53-6.7), CCR2 (SA203G11), CCR5 (HM-CCR5), CXCR3 (CXCR3-173), NKG2D (CX5), NKp46 (29A1.4), NKG2A (16A11), and TCR-β (H57-597) for lymphocyte analysis. For macrophages and dendritic cells, cells were stained with mAbs specific for SiglecF (1RNM44N), CD11b (M1/70), CD11c (N418), CD103 (2E7), F4/80 (BM8), Ly6C (HK1.4), Ly6G (1A8), CD40 (3/23), CD80 (16-10A1), CD86 (GL-1), and MHCII (M5/114.15.2). For detection of asialo-GM1+ T cells, the rabbit polyclonal anti-asialo-GM-1 Ab was used (eBioscience). For intracellular staining, the surface stained cells were washed, fixed, and permeabilized using the True-Nuclear Transcription Factor Buffer Set (BioLegend, San Diego, CA) followed by intracellular staining with mAbs specific for IL-6 (MP5-20F3), IL-12 (C15.6), IL-18 (93-10C), IFN-γ (XMG1.2), TNF-α (MP6-XT22), Ki-67 (SoIA15), iNOS (CXNFT), and granzyme-B (NGZB). All the fluorescently conjugated mAbs were procured from (BioLegend, San Diego USA) or (eBioscience, San Diego USA). After staining, cells were acquired on a BD Fortessa flow cytometer and analyzed by using FlowJo software.



Active Caspase-1 Detection

Activated caspase-1 was detected in cells by using FLICA assay (Immunochemistry Technology) as per manufacturer guidelines. Briefly, cells were incubated with FLICA reagent (FAM-YVAD-FMK) for 30 mins at 37°C. These FLICA stained cells were then washed with PBS containing 2% FBS and subjected to surface staining before flow cytometry analysis.



Anti-IL-18 mAb Treatment

IL-18 was neutralized in vivo using 200 µg/dose/mouse of anti-mouse IL-18 mAb (clone YIGIF74-1G7; Bio X Cell). Mice were treated i.p with isotype control IgG (Bio X Cell) or anti-mouse IL-18 mAb on day -1 (one day before infection) and every three days after that until the termination of the experiment. Mice were infected with 1×109 CFUs znBAZ nasally on day 0.



In Situ Carboxy-Fluorescein Succinimidyl Ester Staining and Lung DC Migration

Lung DC migration was monitored by using in situ CFSE staining (33). 25mM CFSE (Molecular Probes) was diluted in sPBS to a concentration of 5mM. Mice were anesthetized, and nasally instilled with 30 µl of diluted CFSE for labeling lung cells in vivo 6 hr before nasal infection. Five days after infection, the LRLNs were analyzed for CFSE+ DC subsets.



NK Cell Depletion Studies

NK cells were depleted using 50 µg/dose/mouse of rabbit anti-asialo-GM1 antibody (eBioscience) in BALB/c mice or anti-NK1.1 (clone PK136; Bio X Cell) in C57BL/6 mice. Mice were treated i.p with isotype control IgG or anti-asialo-GM1 Ab or anti-NK1.1 on day -1 (one day before infection) and every three days after until the termination of the experiment. Mice were nasally infected with 1×109 CFUs znBAZ on day 0. NK cell depletion in the lungs and spleens was confirmed by flow cytometry.



Statistical Analysis

All experiments were conducted two or three times with n=5 mice/group. The statistical significance of the data was calculated by using One-way ANOVA followed by Tukey’s multiple comparison test with SigmaPlot 12.0. All results were discerned to the 95% confidence interval.




Results


Nasal znBAZ Infection Elicits an Early NK Cell Response in Mouse Lungs

To determine the role of NK cells in establishing znBAZ-induced protective immunity in the lungs, groups of BALB/c mice were nasally dosed with wt B. abortus 2308, B. abortus S19 vaccine, or znBAZ. Different doses were used since wt B. abortus 2308 and S19 are pathogenic in mice, whereas znBAZ is a highly attenuated strain (31) compared to these strains. znBAZ showed a modest increase in lung colonization by day 10, but afterwards declined by greater than two-logs by day 15 (Supplementary Figure 1A). S19 retained elevated levels over the entire course, and showed no indication of decline. Wt B. abortus 2308 achieved similar levels as S19 by day 10, and continued to increase exceeding znBAZ colonization by greater than two logs (Supplementary Figure 1A). The S19 vaccine was selected since it is a smooth vaccine resembling znBAZ. Lung lymphocyte populations were analyzed at different time points to assess when NK cells (gating strategy provided in Supplementary Figure 1B) became involved. Subsequent to znBAZ infection, the frequency of lung NK cells gradually increased and peaked after 5 days, in contrast to lung NK cell levels in mice infected with wt B. abortus or S19 vaccine resembled uninfected mice (Figures 1A–C). The early surge in lung NK cells was due to either their recruitment or proliferation of sentinel NK cells. To distinguish between the two possibilities, the expression of the proliferation marker Ki67, along with chemokine receptors, CCR2, CCR5, and CXCR3, which aid with NK cell recruitment, was analyzed on lung NK cells 3 days after nasal instillation. A significant increase in Ki67 and CXCR3 expression by NK cells was evident, but CCR2 and CCR5 levels remained unchanged, suggesting that NK cell infiltration and proliferation occurred after znBAZ infection (Figures 1D, E). Additionally, NK cells serve as an important early sentry and a source of IFN-γ, crucial to initiating the adaptive immune response following infection. At day 5 post-infection, the lung NK cells showed significantly enhanced IFN-γ in znBAZ-infected mice (Figures 1F, G). IFN-γ expression by NK cells from wt B. abortus- or S19-infected mice did not vary from naïve levels. Hence, the escalation in NK cells was not evident in the lungs from wt B. abortus- or S19-infected mice.




Figure 1 | Nasal znBAZ infection promotes lung NK cell expansion. Groups of BALB/c mice were nasally infected with wild-type (wt) B. abortus 2308 (1×105 CFUs), B. abortus S19 vaccine (1×108 CFUs), or znBAZ (1×109 CFUs). (A) Lung NK cell numbers were measured at the indicated days post-infection. (B, C) Flow cytometry analysis of NK (gated on TCRβ- CD49b+) cells on day 5 post-infection, and examined for (D, E) CCR2, CCR5, CXCR3 and Ki67 expression. (F, G) On day 3 post-infection, expression of IFN-γ-producing lung NK cells is depicted. (H) Lung NK cells for (top row) NKp46, granzyme B, perforin, (bottom row), NKG2A, inhibitory molecule, NKG2D, and CD69, and their respective (I) MFIs are shown. The data depict the means ± SEM of 5 mice/group; *p < 0.01 and **p ≤ 0.001, compared with PBS-dosed mice. Data are representative of two experiments.



Lung NK cells from znBAZ-infected mice displayed an activated status unlike those from mice infected with wt B. abortus or S19. Levels of granzyme-B and NK cell activation molecule, NKp46, increased significantly in znBAZ-dosed mice, in contrast to wt B. abortus or S19. Notably, expression of NK cell inhibitory molecule, NKG2A, was unchanged in wt B. abortus- and S19-infected mice relative to naïve controls, but NKG2a was significantly reduced in znBAZ-infected mice (Figures 1H, I). These findings were validated in C57BL/6 mice, showing similar results (Supplementary Figures 1C–H). Collectively, these findings support the notion that nasal znBAZ infection activates NK cells, while nasal infection with wt B. abortus or S19 does not alter lung NK cell numbers nor their activation status.



Nasal Infection With znBAZ Elicits NK Cell-Activating Cytokines and Chemokines to Recruit Lung Monocytes and Macrophages

To identify the cytokines and chemokines that contribute to early lung NK cell activation upon nasal znBAZ infection, groups of BALB/c mice were nasally infected with wt B. abortus, S19, or znBAZ, and 3 days later, individual BALs and lungs were harvested to measure chemokine and cytokine levels produced locally. Upon znBAZ infection, CXCR3 ligands, CXCL-9, and CXCL-10 levels were significantly enhanced by 14- and 12-fold, respectively (Figure 2A). Likewise, NK cell-activating cytokines, IL-12 and IL-18, were notably elevated by 4- and 10-fold, respectively (Figure 2B). However, wt B. abortus and S19 showed no significant difference in CXCL-9, CXCL10, IL-12, IL-15, or IL-18 production compared to PBS-dosed mice (Figures 2A, B).




Figure 2 | Lung monocytes and macrophages produce CXCR3 ligands, CXCL-9 and CXCL-10, and NK cell-activating cytokines, IL-12 and IL-18, subsequent to nasal znBAZ infection. Groups of BALB/c mice were nasally dosed with wild-type B. abortus 2308 (WT), B. abortus S19 vaccine, or znBAZ, and three days later, (A) CXCR3 ligands, CXCL-9 and CXCL-10, and (B) NK cell activating cytokines, IL-12, IL-15, and IL-18, present in individual bronchoalveolar lavage (BAL) fluids, were measured by cytokine-specific ELISA. (C, D) Total mononuclear cells were isolated from the lungs to measure the frequency of lung monocytes and macrophages including alveolar macrophages (AMs), interstitial macrophages (IMs), monocyte-derived macrophages (MDMs), and monocytes by flow cytometry. The data depict the means ± SEM of 5 mice/group; *p < 0.01 and **p ≤ 0.001, compared with sPBS-dosed mice. Data are representative of two or three experiments.



To determine the cell source of these chemokines and cytokines, flow cytometry analysis was performed on stained lung mononuclear cells isolated from uninfected and infected mice 3 days after nasal infection. The gating strategy for identifying myeloid lung cells is presented in Supplementary Figure 2. SiglecF+ CD11blo CD11c+ alveolar macrophages (AMs) were notably reduced, as were SiglecF- CD11b+ Ly6G- F4/80+ Ly6C- interstitial macrophages (IMs; Figures 2C, D). In contrast, the SiglecF- CD11b+ Ly6G-, F4/80+, Ly6C+ monocyte-derived macrophages (MDMs) and SiglecF- CD11b+ Ly6G- F4/80- Ly6C+ lung monocytes were significantly increased by 1.5- and 3-fold, respectively, in the znBAZ-infected mice. The macrophage and monocyte subsets remained unchanged in the lungs from those infected with wt B. abortus 2308 or S19 (Figures 2C, D). Importantly, the lung MDMs and monocytes from the znBAZ-infected mice produced elevated CXCL-9, CXCL-10, IL-12, and IL-18 (Figures 3A–D). Caspase-1 is necessary to activate pro-IL-18 (34, 35), so as expected, the caspase-1 activity was found associated with these mononuclear cells (Figure 3E). During infections, APC-elicited IL-18 stimulates IFN-γ production by NK cells (36). IL-18 often works synergistically with IL-12 resulting in elevated IFN-γ production by NK cells, and actually, IL-18 alone is sufficient to enhance IFN-γ production (37, 38). Given the importance of IL-18 in NK cell activation and its elevated presence following nasal znBAZ infection, the role of IL-18 was investigated. Groups of BALB/c mice were treated by the i.p. route with either anti-IL-18 mAb or IgG isotype control one day prior to nasal znBAZ infection and every three days afterwards. Subsequent to in vivo IL-18 neutralization, analysis of lung lymphocytes at day 5 post-infection revealed a significant decline in the frequency of total NK cells and IFN-γ+ NK cells by 2.2-fold for both (Figures 3F–I).




Figure 3 | The source of CXCL-9, CXCL-10, IL-12, and IL-18 are from monocyte-derived macrophages (MDMs) and monocytes (Mono). (A–E) Flow cytometry analysis of lung MDMs and monocytes was performed three days after infection to determine the source and mean fluorescence intensity (MFI) of CXCL-9, CXCL-10, IL-12p70, IL-18, and activation of caspase-1 (FLICA-positive) cells. Flow cytometry analysis of lung (F, G) CD49b+ and (H, I) IFN-γ-producing CD49b+ NK cells on day 5 post-znBAZ infection of BALB/c mice i.p treated with anti-IL-18 mAb or an equivalent amount IgG isotype control on days -1 and +2. The data depict the means ± SEM of 5 mice/group; *p < 0.01 compared with PBS-dosed mice or as indicated. Data are representative of two or three experiments.





znBAZ-Induced Lung NK Cell Response Is Essential for Lung DC Maturation and Migration

DCs are involved in the initiation of adaptive immune responses, and are major envoys between innate and adaptive immune systems (39). Antigen uptake and presentation by DCs are critical for priming T cell responses. NK cells have been reported to interact with DCs and modulate their activation (40). Depending on their activation status and cytokine profiles, DCs induce distinct T cell polarization to shape the immune response (41). Under steady-state conditions, mouse lungs have two major DC subsets: CD103+ DC (CD11c+, MHCIIhi, CD103+, CD11b-) and CD11b+ DC (CD11c+ MHCIIhi CD103- CD11b+). During infection and inflammation, a third subset appears, referred to as monocytic DCs (moDC; CD11c+ MHCIIhi CD103- CD11b+ Ly6C+) (41). We queried whether znBAZ-induced lung NK cells can modulate lung DC phenotypes. A gating strategy for lung DC analysis is provided in Supplementary Figure 3. To determine NK cells’ relevance following their depletion, groups of BALB/c mice were i.p. treated with either anti-asialo-GM1 or equivalent rabbit IgG control Ab one day prior to nasal znBAZ infection and two days thereafter. On day 5 post-infection, a significant reduction in total lung DCs was observed in NK cell-depleted mice compared to normal rabbit IgG-treated mice (Figures 4A, B). CD103+ DCs were absent from any of the treated groups (Figure 4B). Both CD11b+ DCs and moDCs were induced by znBAZ infection, and these were significantly reduced by 2.1- and 4.3-fold, respectively in NK cell-depleted mice (Figure 4B). Examination of lung DCs from wt B. abortus 2308 was unrevealing (data not shown), and results were similar to DC phenotypes previously described for B. abortus-infected lung DCs (42).




Figure 4 | znBAZ induces early NK cell activation, and enhances lung DC maturation and migration to the lower respiratory lymph nodes (LRLNs). (A–H) Groups of BALB/c mice were nasally infected with znBAZ (1×109 CFUs) on day 0. One half of znBAZ-infected mice were depleted of NK cells with rabbit anti-asialo-GM1 Ab, and the other half with an equivalent amount of normal rabbit IgG on days -1 and +2. Flow cytometry analysis was performed on day 5 post-infection to determine the (A, B) various DC subset numbers: total MHC class IIhigh CD11c+ DCs, CD103+ DCs, CD11b+ DCs and monocytic DCs (moDCs); (C, D) their activation status via expression of (C) CD80, CD86, and CD40 expression and (D) respective mean fluorescence intensity (MFI); and (E) their expression and (F) MFIs for IL-6, IL-12, TNF-α, and iNOS. (G, H) Anti-asialo-GM1 Ab treatment was performed as described above, and mouse lung mononuclear cells were labeled in vivo with CFSE 6 hrs before nasal znBAZ infection. On day 5 post-infection, flow cytometry analysis of migratory CFSE+ lung DCs in LRLNs was performed on individual mice from the three treatment groups, and the (H) specific numbers are shown. The data depict are the means ± SEM of 5 mice/group; *p < 0.01 and **p ≤ 0.001, #p < 0.01, compared with sPBS-dosed mice or as indicated; NS, not significant. Data are representative of two or three experiments.



To assess the activation state of total lung DCs in znBAZ-infected mice with or without NK cells, expression levels of co-stimulatory molecules, CD40, CD80, and CD86, and inflammatory mediators, IL-6, IL-12p70, TNF-α, and iNOS were measured. DCs from NK cell-depleted mice exhibited a less activated phenotype compared to DCs from IgG-treated mice noted by reductions in CD80, CD86, and CD40 expression as well as reductions in their corresponding MFIs (Figures 4C, D). Examination of cytokine responses revealed reduction in intracellular IL-6, IL-12p70, and TNF-α levels, and MFIs subsequent anti-asialoGM1 Ab treatment (Figures 4D, F). Depleting NK cells also reduced the DC iNOS levels (Figures 4E, F). Additional analysis was performed examining the effect of NK cell depletion on lung DC migration to LRLNs by CFSE labeling. Mice were nasally treated with CFSE 6 hr prior to znBAZ infection, and 5 days later, the CFSE+ cells in the LRLNs were analyzed for DCs. The gating strategy for migratory DC analysis is provided in Supplementary Figure 4A. Total CFSE+ DCs increased in the LRLNs following znBAZ infection relative to naïve (PBS) controls. The majority of the migratory DCs in the LRLNs were split between CD11b+ DCs and moDCs (Figures 4G, H). In those znBAZ-infected mice treated with the anti-asialoGM1 Ab (Figure 4H), no changes were observed for CD103+ DCs, but CD11b+ DCs and moDCs increased in the LRLNs subsequent to znBAZ infection. In NK cell-depleted mice, both CD11b+ DCs and moDCs were reduced by 2- and 4-fold, respectively (Figures 4G, H). Together, these observations underscore an essential role for lung NK cells in lung DC activation and migration to the LRLNs.



znBAZ Infection Induces IFN-γ-Dependent Lung DC Maturation and Migration

IFN-γ secreted from activated NK cells regulates T cell priming either directly or by modulating the maturation and migration of DCs. To determine the role of NK cell secreted IFN-γ in lung DC activation and migration upon znBAZ infection, B6 and IFN-γ-/- mice were nasally infected with znBAZ, and on day 5 post-infection, the lung DC subsets were analyzed. Fewer total lung DCs were observed in znBAZ-infected IFN-γ-/- mice compared to those from similarly infected B6 mice (Figure 5A). While no CD103+ DCs were obtained for either treatment group or species, the CD11b+ DCs and moDCs were significantly induced in IFN-γ-/- mice, but not to the degree as observed with the B6 mice. In fact, the moDCs was reduced 3.8-fold, the CD11b+ DCs, 1.9-fold (Figure 5A). The lung DC activation status was also significantly compromised in IFN-γ-/- mice, evidenced by the reduction in MFIs for CD80, CD86, and CD40 (Figure 5B). In a similar fashion, DC-derived IL-6, IL-12p70, TNF-α, and iNOS were significantly reduced in znBAZ-infected IFN-γ-/- mice (Figure 5C). Using the same in vivo labeling method as was applied for Figure 3H, the IFN-γ-/-  DCs were not as effective in recruiting pulmonary DCs to the LRLNs following znBAZ infection. DC recruitment to LRLNs was significantly reduced in IFN-γ-/- mice (Figure 5D). The reductions impacted both CD11b+ DCs and moDCs by 1.7-fold and 3.9-fold, respectively, relative to those obtained in B6 mice. These data point to the relevance of IFN-γ produced by lung NK cells mediating lung DC activation and migration to LRLNs during the early course of vaccination.




Figure 5 | IFN-γ plays a key role in NK cell-mediated lung DC maturation and migration following znBAZ infection. Groups of B6 and IFN-γ-/- mice were nasally infected with znBAZ (1×109 CFUs). (A–C) Flow cytometry analysis was performed on day 5 post-infection to quantify the numbers of lung DC subsets: (A) total lung MHC class IIhigh CD11c+ DCs, CD103+ DCs, CD11b+ DCs and monocytic DCs (moDCs); and (B) MFI for their expression of CD80, CD86, CD40 and (C) MFI for IL-12, IL-6, TNF-α, and iNOS. (D) To measure the number of migratory CFSE+ lung DCs to the LRLNs, flow cytometry analysis was also performed on day 5 post-znBAZ infection of B6 and IFN-γ-/- mice. The data depict the means ± SEM of 5 mice/group; *p < 0.01 and **p ≤ 0.001, compared with PBS-dosed mice, #p < 0.01 compared to znBAZ B6 mice; NS, not significant. Data are representative of two experiments.





Early NK Cell Response Is Crucial for Lung CD8+ T Cell-Priming

Data thus far show that lung NK cells act upon lung APCs influencing their activation status and cytokine production levels. Such interactions are conducive in driving IFN-γ-dependent responses. Hence, we queried whether lung NK cells can influence pulmonary T cell responses. Groups of BALB/c mice nasally dosed with sPBS, wt B. abortus 2308, S19, or znBAZ. At 5 and 15 days after infection, lungs were examined for numbers of CD4+ and CD8+ T cells. Beginning at 5 days post-infection, no obvious change in IFN-γ-producing CD4+ and CD8+ T cells was noted. On day 15, the number of IFN-γ-producing CD4+ and CD8+ T cells in the lungs were significantly augmented in mice infected with znBAZ by 4- and 14-fold, respectively (Figure 6A). Conversely, neither wt B. abortus- or S19-infected mice showed any appreciable change in their lung IFN-γ-producing CD4+ or CD8+ T cell numbers relative to naïve mice.




Figure 6 | znBAZ induces an early NK cell response that augments CD8+ T cell response in the lungs. (A) Lung lymphocytes were analyzed on days 5 and 15 post-infection for IFN-γ-producing CD4+ and CD8+ T cells from BALB/c mice nasally infected with wt B. abortus (1×105 CFUs), S19 (1×108 CFUs), or znBAZ (1×109 CFUs). (B) Groups of BALB/c mice were nasally infected with znBAZ (1×109 CFUs) or sPBS on day 0. One half of znBAZ-dosed mice was depleted of NK cells with rabbit anti-asialo-GM1 Ab, and the other half was treated with an equivalent amount of normal rabbit IgG on days -1, 2, 5, 8, and 12. (B, C) NK cell depletion in the lungs was verified on days 5 and (D) 15 post-infection. On day 15 post-infection, (E) lungs and spleen from mice dosed with znBAZ + IgG or znBAZ + anti-asialo-GM1 Ab were evaluated for extent of znBAZ colonization, and (F, G) for the number of IFN-γ-producing CD4+ and CD8+ T cells. (H) Separate groups of BALB/c mice were nasally dosed with znBAZ (1×109 CFUs) or sPBS on day 0. One half of znBAZ-dosed mice were treated i.p. with an anti-IL-18 mAb and the other half with an equivalent amount IgG isotype control on days -1, 2, 5, 8, and 12. Analysis of lung lymphocytes for IFN-γ-producing CD4+ and CD8+ T cells was performed on day15 post-infection. (I) Groups of B6 mice were treated with anti-NK1.1 mAb to deplete NK cells or IgG isotype control Ab, and dosed with znBAZ as described in (B). sPBS was administered to one group as negative control. Analysis of lung IFN-γ-producing CD4+ and CD8+ T cells in control and NK cell-depleted B6 mice is shown at 15 days post-infection. The data depict the means ± SEM of 10 mice/group (two experiments combined); *p < 0.01 and **p ≤ 0.001, compared with sPBS-dosed mice or as indicated; NS is not significant.



To determine the impact of NK cell depletion in znBAZ-induced T cell responses, groups of mice were treated with the anti-asialo-GM1 Ab, and compared to BALB/c mice treated with rabbit IgG control Ab one day prior to nasal znBAZ infection, and every 3 days thereafter (Figure 6B). The NK cell depletion in the lungs was verified on day 5 post-infection (Figures 6C, D). Fifteen days after znBAZ infection, mice lungs were analyzed for znBAZ colonization of lungs and spleen and IFN-γ-producing CD4+ and CD8+ T cell levels. In the NK cell-depleted mice, significantly more brucellae were harbored in lungs and spleen compared to IgG-treated mice (Figure 6E), implicating that the loss of NK cells compromises znBAZ’s clearance. A 3.1-fold reduction in the CD8+ T cells was obtained when compared to IgG control-treated mice (Figures 6F, G). No changes in CD4+ T cell levels were observed in NK cell-depleted mice. To assess the impact of the reduced early lung NK cell activation on znBAZ-induced T cell response, the lung cells isolated from znBAZ infected BALB/c mice, treated with anti-IL-18 mAb or IgG isotype Ab, were analyzed on day 15 post-infection. A significant decline by 1.8-fold in the frequency of IFN-γ-producing lung CD8+ T cells in the znBAZ-vaccinated group was noted upon IL-18 neutralization (Figure 6H). To assess whether similar change occurs for CD8+ T cells in B6 mice, groups of mice were treated with an anti-NK1.1 mAb or its isotype control Ab. The NK cell depletion in B6 mice lungs was verified on day 5 post-infection (Supplementary Figure 4B). A significant 3-fold decrease in znBAZ-induced CD8+ T cells was observed in NK1.1-depleted mice, along with no appreciable difference in CD4+ T cells (Figure 6I). It has been reported that infection with some pathogens induces asialo-GM1+ CD8+ T cells in BALB/c mice and NK1.1+ CD8+ T cells in C57BL/6 mice (43, 44). However, in nasally znBAZ-infected mice, no lung asialo-GM1+ nor NK1.1+ CD8+ T cells were observed (Supplementary Figures 5A, B). Hence, depletion of NK cells using anti-asialo-GM1 Ab or anti-NK1.1 mAb was not directly responsible for lysing CD8+ T cells, similar to that found by others (45).

Collectively, these results demonstrate that NK cells are essential for priming IFN-γ-producing CD8+ T cells in mice nasally dosed with znBAZ (Figure 7). Our data suggest that pulmonary NK cells are activated by IL-18 and IL-12 produced by znBAZ-infected MDMs and monocytes. The activated NK cells in turn co-activate infected or Brucella Ag-bearing CD11b+ DCs and moDCs via IFN-γ to drive the stimulation of Brucella Ag-responsive CD8+ T cells.




Figure 7 | A schematic representation * highlighting the role NK cells in znBAZ-induced CD8+ T cell response. znBAZ is phagocytosed by lung inflammatory monocytes and monocyte-derived macrophages, which upon activation releases IL-12 and IL-18. These cytokines induce early NK cell activation. Early activation of lung NK cells releases granzyme B and IFN-γ. Granzyme B induces death (apoptosis/necrosis or both) of infected cells, and IFN-γ induces lung DC activation. These activated lung DCs uptake the bacterial Ags or engulf znBAZ or indirectly by phagocytizing infected host cells. After Ag uptake, DCs then migrate to lower respiratory lymph nodes (LRLNs), where they prime naïve T cells. These DC-primed CD8+ T cells becomes activated, undergo differentiation, and migrate to the site of infection (lungs) to provide protection. (Depiction was used generated using a program from BioRender.com).






Discussion

Although mucosal exposure is the most common route of Brucella infection, parenteral vaccination is still the route of choice for live vaccine administration (46). It is well established that mucosal vaccination elicits both local and systemic immunity (47). Therefore, adopting a mucosal vaccination should be considered as an alternate strategy to protect against natural Brucella exposure.

This study shows that nasal vaccination with a live, attenuated B. abortus znBAZ mutant induces an early NK cell response in the lungs in both BALB/c and C57BL/6 mice. NK cells have an important role in generating host resistance to various bacterial, fungal, viral, and parasitic infections at mucosal tissues by coordinating innate and adaptive immune responses (48, 49). Studies were performed in both mouse strains to allay concerns regarding Th cell bias. In fact, equivalent full protection was achieved upon znBAZ vaccination of either mouse strain, and Th1 cell bias associated with B6 mice did not influence efficacy (31). For both mouse strains, znBAZ infection increases lung NK cells’ frequency between 2 to 5 days post-infection and decreases thereafter. This early surge in lung NK cells is attributed to both their recruitment and proliferation. NK cell recruitment is primarily mediated by chemokine receptor, CCR2, CCR5, and CXCR3 signaling (50). Analysis of lung NK cells two days post-infection reveals that these are CXCR3+ and exhibit the Ki67 proliferation marker, suggesting that znBAZ infection induces early NK cell infiltration and then, proliferation. NK cells are also an important early source of IFN-γ used to modulate adaptive immune responses, particularly by driving Th1 cell polarization (51). As demonstrated here, znBAZ induces NK cells to produce a significant amount of IFN-γ. These NK cells also show an increased activation status for NKp46 and granzyme B, and reduced NK cell inhibitory molecule, NKG2A. In contrast, nasal infection with either wt B. abortus 2308 or with the S19 vaccine failed to elicit the early NK cell response in murine lungs. These latter findings are consistent with that previously reported in that NK cells had minimal to no impact upon infection with wt B. abortus 2308 (52). In contrast, brucellae lung colonization with znBAZ was significantly enhanced in the lungs and spleen by NK cell depletion. Hence, a significant finding is that znBAZ augments NK cell numbers and behaves differently from wt Brucella.

In peripheral tissues, the interaction between myeloid cells and NK cells is a major first-line defense against pathogenic infections (25). Recruitment and NK cells’ activation at the site of infection requires chemokines (ligands for CCR2, CCR5, and CXCR3) and cytokines (IL-12 and IL-18) secreted from myeloid cells, mainly monocytes and macrophages. It has been reported that lung resident macrophages provide a replicative niche for wt Brucella strains (42). Within alveolar macrophages, Brucella inhibits host cell apoptosis, evades immune surveillance which in turn makes more difficult for antigen processing and presentation (53, 54). In addition, during pulmonary infection with wt Brucella, alveolar macrophages inhibit pulmonary DC activation. Depletion of lung macrophages led to greater brucellae uptake by lung DCs, and induced a stronger inflammatory response (42). In contrast to these findings, nasal znBAZ infection reduced resident alveolar and interstitial macrophage populations and strongly induced inflammatory monocytes and MDMs into the lungs supporting the notion that the stealth traits associated with wt Brucella are lessened by the introduction of the genetic mutations in znBAZ. Analysis of BAL fluid revealed elevated IL-12 and IL-18, as well as CXCR3 ligands, CXCL-9 and CXCL-10, but not in BAL fluids from wt B. abortus- or S19-infected mice. Flow cytometry analysis reveals that the znBAZ-induced lung monocytes and MDMs act as sources for these chemokines and cytokines. Moreover, these cells were also FLICA positive, an indicator of caspase-1 activation, required for active IL-18 secretion. The synergistic action of IL-12 and IL-18 in the activation and IFN-γ secretion by NK cells is well-established (37). IL-18’s relevance in znBAZ-induced responses is particularly highlighted in having a major role in mediating NK cell activation. In fact, IL-18-deficient NK cells were unable to secrete IFN-γ in response to IL-12 stimulation (37, 38, 55). Therefore, the contribution of znBAZ-induced IL-18 for NK cell IFN-γ production was examined. In vivo IL-18 neutralization led to a significant reduction in znBAZ-induced lung NK cell frequency and IFN-γ production.

NK cell-derived IFN-γ plays a key role in modulating DC function at the site of infection (56). In line with these studies, our data provide evidence that znBAZ induced early lung NK cells supporting DCs activation and migration to LRLNs. These CD11b+ DCs and moDCs from znBAZ-infected lungs also served as a source of IL-6, IL-12, and TNF-α, and their activation were significantly abrogated upon NK cell depletion. Likewise, experimental analysis in B6 and IFN-γ-/- mice revealed that IFN-γ plays a key role in the NK cell-mediated DC activation. NK cells also contributed to DC migration to draining lung LNs noted by reduced DC migration in the absence of NK cells or in the absence of IFN-γ. Hence, NK cells have an active role in the stimulation of APCs and ultimately the APCs’ migration to initiate and establish T cell responses.

Past studies have shown the importance of IL-18-primed NK cells to promote recruitment and activation of effector CD8+ T cells via DC activation and migration (57, 58). This current study shows that mice nasally dosed once with znBAZ develop a significant increase in the number of IFN-γ+ CD4+ and CD8+ T cells in the lungs. The CD8+ T cell response is remarkably elevated compared to CD4+ T cell response. Similar infection with wt B. abortus 2308 and S19 failed to induce any significant T cell response in the lungs, even when administered via the nasal route. Such evidence suggests that stimulation of CD8+ T cells is dependent on the Brucella strain, not the route of administration. Previous work showed that mucosal znBAZ vaccination protects against pulmonary wt B. abortus challenge, and this protection is CD8+ T cell-dependent (31). To verify the role of znBAZ-induced NK cells upon T cell responses, NK cell depletion was conducted in BALB/c and B6 mice. In both mouse strains, a significant decrease in znBAZ-induced IFN-γ+ CD8+ T cells was observed, and the CD4+ T cell response remained unaffected. As shown, IL-18 is critical for znBAZ-induced lung NK cell activation. Both NK cell depletion and in vivo IL-18 neutralization studies demonstrated these negatively impacted the stimulation of CD8+ T cell responses.

Collectively, these data show that nasal znBAZ vaccination induces chemokines and cytokines from lung monocytes and MDMs that are responsible for NK cell recruitment and activation in mouse lungs. Upon activation, these NK cells secrete IFN-γ, which in turn modulates lung DC maturation and migration to LRLNs. The early NK cell activation in the lungs is ultimately important for znBAZ-induced CD8+ T cell responses in the lungs. These findings provide mechanistic details of how znBAZ stimulates innate lymphocytes to support CD8+ T cell responses. These findings can be further used to aid in the design for improved mucosal vaccines against Brucella sp.
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Understanding the interplay between systemic and mucosal anti-HIV antibodies can provide important insights to develop new prevention strategies. We used passive immunization via systemic and/or mucosal routes to establish cause-and-effect between well-characterized monoclonal antibodies and protection against intrarectal (i.r.) SHIV challenge. In a pilot study, for which we re-used animals previously exposed to SHIV but completely protected from viremia by different classes of anti-HIV neutralizing monoclonal antibodies (mAbs), we made a surprise finding: low-dose intravenous (i.v.) HGN194-IgG1, a human neutralizing mAb against the conserved V3-loop crown, was ineffective when given alone but protected 100% of animals when combined with i.r. applied HGN194-dIgA2 that by itself had only protected 17% of the animals. Here we sought to confirm the unexpected synergy between systemically administered IgG1 and mucosally applied dIgA HGN194 forms using six groups of naïve macaques (n=6/group). Animals received i.v. HGN194-IgG1 alone or combined with i.r.-administered dIgA forms; controls remained untreated. HGN194-IgG1 i.v. doses were given 24 hours before – and all i.r. dIgA doses 30 min before – i.r. exposure to a single high-dose of SHIV-1157ipEL-p. All controls became viremic. Among passively immunized animals, the combination of IgG1+dIgA2 again protected 100% of the animals. In contrast, single-agent i.v. IgG1 protected only one of six animals (17%) – consistent with our pilot data. IgG1 combined with dIgA1 or dIgA1+dIgA2 protected 83% (5/6) of the animals. The dIgA1+dIgA2 combination without the systemically administered dose of IgG1 protected 67% (4/6) of the macaques. We conclude that combining suboptimal antibody defenses at systemic and mucosal levels can yield synergy and completely prevent virus acquisition.
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Introduction

Worldwide, most new HIV-1 infections occur through mucosal exposures, including sexual transmission as well as perinatally acquired infections. The overwhelming majority of newly infected individuals harbor initially CCR5-tropic (R5) strains. As such, mucosal fluids and epithelial barriers represent portals of entry for HIV-1 for more than 90% of newly acquired infections. Mobilizing host immune defenses through vaccine strategies that include induction of mucosal immunity is clearly important.

Mucosal fluids contain different classes of immunoglobulins: IgM, IgG, and IgA. Depending on the mucosal fluid, either IgG or IgA predominate [reviewed in (1)]. While IgG can be synthesized by the subepithelial plasma cells, it also originates from the systemic circulation after crossing blood vessels, tissue dissemination, and transepithelial transport by the Fc neonatal receptor (FcRn). IgM and IgA destined for mucosal fluids are generated by subepithelial plasma cells as polymers. IgM is predominantly a pentamer that binds to the polymeric Ig receptor (pIgR) through the Joining (J) chain (2). IgA is produced by subepithelial plasma cells as dimer - also incorporating the J chain, which permits the transepithelial transport of dimeric IgAs (dIgAs). At the luminal site, pIgR undergoes proteolytic cleavage, leaving behind the secretory component (SC) that remains with IgM and dIgA to form secretory IgM (SIgM) and secretory IgA (SIgA), respectively (3). The human body generates more IgA per day than all other classes of immunoglobulins combined (4); most of this IgA is destined for transepithelial transport and entry into mucosal fluids. As such, SIgA needs to be replaced on an ongoing basis.

In humans, IgA exists as two isotypes, IgA1 and IgA2 (5). In the systemic circulation, most IgA is present in monomeric form (Figure 1). In mucosal fluids, dimers predominate as SIgAs. IgA1 and IgA2 differ mostly in the hinge region, which is significantly longer and wide-open in IgA1 compared to that present in IgA2. As a result, IgA1 is more like a T-shaped molecule (6), whereas IgA2 resembles the classical Y-shape of IgG (7). The hinge of IgA1 also contains multiple O-linked glycosylation sites that are completely absent in the IgA2 hinge, which instead has a few N-linked glycosylation sites (8–10). Overall, IgA1 molecules are more flexible than IgA2.




Figure 1 | Structure of IgA monomers and dimers. IgA1 and IgA2 differ significantly in the hinge region. For IgA1 forms, the hinge is wide open and contains O-linked glycosylation sites. In contrast, the IgA2 molecule is more Y-shaped thus resembling the classical structure of IgG; the IgA2 hinge has some N-linked glycosylation sites. IgA isotypes vary widely in different animal species; only humans and some of the great apes have IgA1 versions with the wide-open hinge. Rhesus monkeys only have the IgA2-like form. Monomeric IgA molecules can be linked with the joining (J) chain to form dimers. Constant regions of the heavy chain are designated Cα1, Cα2, or Cα3. The light chain carries one constant region, Cκ or Cλ, respectively. The heavy and light chains are linked through disulfide bonds (ochre lines). The antigen combining site consists of the variable heavy (VH, red boxes) and the variable light (VL, turquois boxes) fragments.



Are mucosal antibodies of the different Ig classes protective against mucosal HIV transmission? To answer this question, we have used simian-human immunodeficiency viruses (SHIVs), chimeras that express HIV-1 envelope in an SIV backbone; SHIVs have been adapted to be replication competent and pathogenic in rhesus macaques (RMs). We have generated recombinant monoclonal antibodies (mAbs) with identical epitope specificity but different Ig backbones, including IgM, dimeric IgA1 (dIgA1), dimeric IgA2 (dIgA2), and IgG1. To test whether these recombinant mAbs could provide protection in the mucosal lumina, we applied them topically 30 min before mucosal SHIV challenge. Our passive mucosal immunization showed significant protection for IgM (11), dIgA (12), and IgG (13) mAbs. These studies gave proof-of-concept that mucosal antibodies can prevent SHIV transmission.

Next, our group sought to examine the interaction between monoclonal dIgA2 and IgG forms in the mucosal compartment. We were prompted to do this based upon data from the RV144 Phase 3 vaccine efficacy study (14), where the protective principle was non-neutralizing IgG with vector function predominantly ADCC (15). Remarkably, IgA directed against HIV envelope interfered with the protective role of systemic IgG. We wondered whether this would be the case also in mucosal fluids. We performed a pilot study in RMs that had a history of exposure to live virus under the protective umbrella of passively administered mAbs given either through the intravenous (i.v.) or intrarectal (i.r.) routes. None of these animals had ever been viremic, and they had no residual human mAbs or anti-human antibody responses (16). To mimic the distribution of IgG in the systemic compartment throughout body tissues as well as mucosal fluids, we administered a suboptimal dose of a human neutralizing anti-HIV Env IgG mAb, HGN194-IgG1 (17). This mAb targets the conserved V3 loop crown. The intravenous passive immunization was performed 24 hours before i.r. SHIV challenge. The dIgA2 form of the same mAb was administered i.r. 30 min before the SHIV challenge. By itself, the dIgA2 form had only protected 17% of RMs given via passive mucosal immunization (12). The pilot study performed in the SHIV-exposed, aviremic RMs yielded a surprise finding (16): complete protection of all animals given low-dose i.v. HGN194-IgG1 together with i.r. applied dIgA2. In contrast, HGN194-IgG1 as single-agent at the low dose given protected none of the treated animals (16). This finding was so unexpected and of such potential importance that this current study’s aim was to reproduce these findings in naïve animals.

Here we were able to achieve 100% protection of naïve RMs given the suboptimal dose of i.v. HGN194-IgG1 combined with the minimally protective i.r. HGN194-dIgA2. These data indicate that our initial observation in SHIV-exposed RMs is reproducible.



Materials and Methods


Virus

The SHIV-1157ipEL-p (18) stock was grown in RM peripheral blood mononuclear cells (PBMC); it had a p27 concentration of 792 ng/ml and 7.8 x 105 50% tissue culture infectious doses (TCID50)/ml as measured in TZM-bl cells.



Antibody Production, and Quality Control

The mAbs were produced from the same source materials and had the same general properties as described (12). Briefly, recombinant mAbs were expressed in Expi293 cells (Gibco) cultured at 37°C and 8% CO2 in Expi293 expression medium (Gibco). Cells were co-transfected with plasmids encoding heavy (HGN194-IgG1, HGN194-IgA1, or HGN194-IgA2) and light chains (HGN194-IgL). In addition, a J chain expression plasmid was used to produce dimeric IgA forms. Transfections were performed using PEI MAX 40 kDa (Polysciences – Brunschwig) as a transfection agent at a PEI : DNA ratio of 3:1 and 1 µg of total DNA/ml cell culture. Transfected cells were supplemented three days after transfection with Soy hydrolysate (Sigma) and glucose (Sigma) and cultured for an additional four days. Cell culture supernatants were collected seven days after transfection and pre-clarified by 20 min centrifugation at 6,000 rpm and subsequently loaded with a peristaltic pump on a Pall AcroPak 500 cm2 0.8/0.2 µm filter capsule (VWR) previously equilibrated with phosphate-buffered saline (PBS).

Recombinant IgG1 antibodies were affinity purified on an ÄKTAxpress FPLC device using 5 ml HiTrap Mab Select Xtra columns followed by buffer exchange to PBS using HiPrep 26/10 desalting columns. Recombinant IgA forms were purified either on 5 ml CaptureSelect™ IgA followed by buffer exchange to PBS using HiPrep 26/10 desalting columns. The final products were sterilized by filtration through 0.22 µm filters and supplemented with 0.02% polysorbate 80.

The purified mAbs were quantified using the BCA method according to the manufacturer’s instructions (Pierce). The binding of the recombinant mAbs to the HIV antigen UG37gp140 was assessed by ELISA. To determine the monomeric/multimeric state of the recombinant mAbs and to confirm the correct formation of IgA dimer, the purified mAbs were analyzed by SEC-UHPLC on an ACQUITY UPLC BEH200 SEC, 1.7 µm Column using a 1260 Infinity Quaternary Bio-inert LC instrument (Agilent). Purity was assessed by separation of the purified mAbs on SDS-PAGE under reducing as well as non-reducing conditions. Endotoxin levels were assessed with the Endosafe Nexgen-PTS/L.A.L. Endosafe-PTS cartridges method (Charles River). The neutralization assays against the challenge virus, SHIV-1157ipEL-p (18), were performed in TZM-bl cells as described (19) (Figure S1). When mAb combinations were tested, the concentration was the sum of the two mAbs mixed at an equal molar ratio.



Animals

We enrolled 36 naïve, male, Indian-origin RMs (Macaca mulatta) between 2-4 years of age for this study. The RMs were bred and housed at the New Iberia Research Center (NIRC, New Iberia, LA, USA), University of Louisiana at Lafayette (UL Lafayette), in accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of USA. NIRC is an Association for Assessment and Accreditation of Laboratory Animal Care International-accredited facility. All procedures were approved by the Animal Care and Use Committee of the UL Lafayette.

All RMs were negative for Mamu B*08 and Mamu B*17 alleles. The PBMC of all RMs were isolated prior to the experiments and tested for their ability to support the replication of challenge virus, SHIV-1157ipEL-p (18). The p27 levels in the culture supernatants were measured using the SIV p27 Antigen Capture Assay kit (ABL Inc.). The RMs were randomized into six groups of six by age, bodyweight, Mamu A*01 status, TRIM5α/CD16/CD64 genotypes, and peak p27 levels produced by in vitro infected PBMC (Table 1).


Table 1 | Group assignment of RMs.





Passive Immunization and Mucosal SHIV-1157ipEL-p Challenge

The 36 RMs were treated according to the experimental timeline (Figure 2); IgG1 mAbs were administered i.v. at a dose of 1.45 mg/kg 24 h before viral challenge, and dIgA mAbs were given intrarectally i.r. each at a dose of 1.25 mg/RM (in 2.1 ml PBS at a final concentration of 0.595 mg/ml) 30 min before the viral challenge, respectively. All animals were challenged i.r. with 31.5 50% animal infectious doses (AID50) (equivalent to 1.7 x 105 TCID50) of the R5 clade C SHIV-1157ipEL-p (18).




Figure 2 | Study design and timeline for the passive immunizations with different forms of the human monoclonal antibody (mAb) HGN194 (17). This human mAb recognizes the conserved crown of the V3 loop. HGN194-IgG1 (blue) was administered intravenously, whereas the dimeric IgA (dIgA) forms were given intrarectally (i.r.) (dIgA1, green; dIgA2, red). At time 0, all animals were challenged with a single high dose of the tier 1, R5, clade C SHIV-1157ipEL-p (18) through the i.r. route. Viral RNA (vRNA) loads were assessed prospectively for a period of 12 weeks. Control animals (Group 6) were left untreated and underwent SHIV challenge at time 0.





Plasma Viral RNA Levels

Plasma samples were collected on the day of the challenge and thereafter for 12 weeks. RNA was isolated from the plasma using QIAamp Viral RNA Mini Kits (Qiagen), and viral RNA (vRNA) levels were measured by quantitative reverse-transcriptase polymerase chain reaction (qRT-PCR) for SIV gag sequences. The sensitivity of the assay was 100 copies/ml.



Statistical Analyses

Kaplan-Meier analyses and log-rank tests were performed using GraphPad Prism version 9.1.0.221 for Windows (GraphPad software LLC).




Results


A Minimally Protective Dose of HGN194-IgG1 Given i.v., Combined With Weakly Protective HGN194-dIgA2, Prevented Viremia After High-Dose SHIV-C Challenge

In SHIV-exposed but uninfected animals, we had observed a strong synergy between two forms of HGN-194: IgG1 (given i.v.) and dIgA2 (given i.r.) (16). We sought to replicate these findings in naïve RMs. Group 1 RMs received i.v. HGN194-IgG1 only at a low dose of 1.45 mg/kg. Five out of six RMs became viremic within three weeks post-challenge (Figure 3A). All untreated controls became viremic and had high peak viral RNA (vRNA) loads (Figure 3F). This indicates that low-dose HGN194-IgG1 given systematically alone provided minimal protection against the SHIV-C challenge.




Figure 3 | Viral RNA (vRNA) loads of experimental Groups 1 through 6 following a single high-dose intrarectal (i.r.) challenge with the tier 1, R5 clade C SHIV-1157ipEL-p (18). (A–E), Groups 1 through 5 were passively immunized with different classes of the human mAb HGN194. The IgG1 form was given i.v., whereas the dIgA1 and/or dIgA2 forms were administered i.r. The untreated Group 6 (F) served as control. For details, please see the timeline in Figure 2.



However, when the suboptimal low-dose i.v. HGN194-IgG1 was combined with i.r. HGN194-dIgA2 (12) for the RMs in Group 3, all animals resisted the challenge and remained completely aviremic throughout (Figure 3C). The-time-to-viremia was compared using the log-rank test. Clearly, the combination of i.v. IgG1 and i.r. dIgA2 provided significant protection against the single high-dose SHIV-C challenge (Group 3 vs. Control Group 6, P = 0.0005), and the protection provided by the combination was significantly better than i.v. IgG1 alone (P =0.005) (Figure 4). Since passive immunization with i.r. HGN194-dIgA2 alone had protected only one out of six naïve RMs in the past (12), the strong protection of the combination seen in the current study suggests synergy between systemically applied HGN194-IgG1 and topically administered HGN194-dIgA2. The combination of these two antibodies given by different routes significantly improved the protection provided by each individual treatment. This result in naïve animals confirmed our earlier finding in the SHIV-exposed but uninfected animals (16).




Figure 4 | Complete protection by the combination of IgG1 + dimeric IgA2 (dIgA2) forms of the human mAb HGN194 seen in SHIV-exposed animals is reproducible in naïve macaques. Data performed earlier in SHIV-exposed, but never viremic rhesus macaques are shown in panels (A, B); *the data have been published in Sholukh et al., 2015 (16). Indian-origin rhesus macaques (RMs) in Group B were given the IgG1 form of HGN194 (IgG1; blue symbols) at the low dose of 1.45 mg/kg 24 h before the single high dose intrarectal (i.r.) SHIV challenge. Control animals (Group C) were left untreated (black symbols). All animals of Groups B and C became highly viremic. In contrast, none of the animals in Group A given the same low dose IgG1 as the animals in Group B together with dIgA2 administered topically had become viremic in the study by Sholukh et al. (16). (C) vRNA loads of Groups 3, 1, and 6 of the current study treated identically as those in panel (A). Animals depicted in panel (C) were naïve at enrollment. vRNA loads are almost identical to those in panel (A), with the exception that one of the six animals given i.v. IgG1 remained aviremic (blue symbol RM A15T006). Panels (B, D), Kaplan-Meier analysis of the vRNA load data presented in (A) or (C), respectively. Both experiments showed 100% protection against viremia throughout the 12 weeks of follow up [red line, (B, D)]. Panels (A, B), adapted from Sholukh et al. (16) with permission.





Adding HGN194-IgG1 at a Suboptimal i.v. Dose to HGN194-dIgA1 Given i.r. Did Not Provide More Protection

Next, we sought to examine whether the strong synergy observed between i.v. HGN-194-IgG1 and i.r. HGN-194-dIgA2 would boost the strong protection provided by HGN194-dIgA1 given i.r as single agent. Earlier, i.r. HGN194-dIgA1 had protected five out of six RMs (86%; Watkins 2013). Group 2 RMs received HGN194-IgG1 i.v. at –24 h followed by HGN194-dIgA1 given i.r. at –30 min before SHIV-C challenge. Five out of six RMs were protected from viremia (Figure 3B). The combination of i.v. IgG1 and i.r. dIgA1 afforded significant protection compared to the controls (time-to-viremia, P = 0.0005). However, the degree of protection against the same SHIV-C challenge was identical to that seen earlier with single-agent topical HGN194-dIgA1 (12), suggesting that the addition of systemic low-dose HGN194-IgG1 did not provide additional benefit.



Combining i.r. HGN194-dIgA1 With i.r. dIgA2 Yielded a Similar Level of Protection Compared to HGN194-dIgA1 Given i.r. as Single Agent

Next, we examined the interaction between HGN194-dIgA1 and HGN194-dIgA2 – both given topically. We treated RMs in Group 5 with a combination of full-dose HGN194-dIgA1 (1.25 mg/RM i.r.) and full-dose HGN194-dIgA2 (1.25 mg/RM i.r.) in a total of 2.1 ml PBS. Upon high-dose SHIV-C challenge by the rectal route, only two out of six RMs became viremic (Figure 3E), indicating significant protection compared to controls (time-to-viremia, P = 0.0046). However, the full-dose HGN194-dIgA1 given i.r. by itself had protected five out of six RMs against the same SHIV-C challenge (12), suggesting that adding full-dose HGN194-dIgA2 to dIgA1 did not provide more protection.



Low-Dose Systemic HGN194-IgG1, Combined With Topical HGN194-dIgA1 + dIgA2, Provided Incomplete Protection Against High-Dose i.r. SHIV-C Challenge

Finally, we tested the triple combination of systemic low-dose HGN194-IgG1 given at –24 h followed by HGN194-dIgA1 + HGN194-dIgA2 given i.r. at –30 min before SHIV-C challenge. When challenged with a single high-dose SHIV-C, five out of six RMs never became viremic (Figure 3D), indicating significant protection was provided by the combination compared to controls (time-to-viremia, P = 0.0005). The RM with breakthrough infection had a relatively low peak vRNA load (682 copies/ml) compared to an average of 7.4 x 105 copies/ml in the control group. Nevertheless, the triple mAb combination did not provide complete sterile protection.




Discussion

Here we showed i) a striking 100% protection by combining a minimally protective dose of i.v. HGN194-IgG1 with mucosally applied, minimally protective HGN194-dIgA2 – this time in naïve macaques. In other words, our data generated earlier (16) in SHIV-exposed but aviremic RMs were reproducible in naïve animals; and ii) virus-exposed but aviremic animals can be enrolled in subsequent studies while yielding expected outcomes. This aspect has importance for the current severe problems with enrolling RMs of Indian-origin given the imbalance of supply and demand.

We also sought to examine the interactions between different classes/subtypes of mAb HGN194 beyond only i.v. IgG1 and i.r. dIgA2. The extended data revealed no additional benefit by adding a sub-protective dose of HGN194-IgG1 (given i.v.) or HGN194-dIgA2 (applied topically) to the highly protective HGN194-dIgA1 given by the i.r. route. In our earlier study (12), dIgA1 topically administered as single agent had protected 83% of the animals. In current study, no experimental group treated with topical dIgA1 in combination with other forms of HGN194 exceeded this degree of protection. Due to animal resource constraints, we could not repeat the single-agent topical administration of dIgA1 or dIgA2 (12) in the current study.

Of note, all different forms of HGN194 were built using human mAb backbones. There is strong homology between IgG1 and dIgA2 with the corresponding rhesus monkey immunoglobulins. However, RMs only have the Y-shaped IgA version that resembles IgA2 of humans and produce only IgA2-like antibodies [reviewed in (20)]. Only humans and some great apes have evolved to have the IgA1 forms with their wide-open hinges that contain a number of O-linked glycosylation sites. Although rhesus CD89 has been shown to bind both human IgA1 and IgA2 (21), how human IgAs interact with and activate rhesus CD89, or other Fc receptors remains unclear. The human dIgA2 may be able to activate certain immunological pathways that human dIgA1 cannot and assist the low-dose systemic IgG1 to protect the RMs from SHIV challenge completely. Nevertheless, our result showed that mucosal dIgA antibody responses play an important role in protecting against HIV infection. One potential mechanism is immune exclusion (22). The dIgAs in the mucosal lumen reduce or block the virus from passing through the epithelial layer, effectively reducing the challenge dose. Then, the IgG diffused from the circulation will have a high chance of preventing the low-level residual virus that crosses into the tissue from establishing infection or spreading systemically. If a vaccine could induce even weakly protective mucosal dIgA and systemic IgG responses together, there may be a chance for such a vaccine to provide sufficient protection to prevent HIV infection. In vitro neutralization assays with combinations of IgG1 and dIgA1 or dIgA2 revealed no synergy (Figure S1). Given that the HGN194 mAb isoforms have identical epitope specificity, this result for the mAb combinations tested was not surprising. Of note, it does not explain the strong synergy we observed reproducibly in vivo. The mucosal environment of live primates with its specialized anatomical structures, epithelial barriers, mucus proteins, and mucosal secretions will influence the interaction with incoming virus in ways that the TZM-bl assay cannot predict. To study the underlying mechanism(s) for the in-vivo mAb synergy, we are collaborating with Taylor et al. (23) using non-invasive imaging on live animals with positron emission tomography/computerized tomography (PET/CT) scanning.

Regarding result ii), the remarkable synergy between systemically administered IgG1 and topically applied dIgA2 forms of the same mAb we have discovered in SHIV-exposed RMs was confirmed in naïve animals. This suggests that virus-exposed but persistently aviremic and seronegative RMs could be recycled and used for new passive immunization studies in the future. Of note, we had ruled out anti-drug antibody (ADA) responses in the “recycled” RMs used in our earlier study (16) before re-enrollment for an additional passive immunization study. Reusing precious primates is especially important during the recent shortage of naïve RMs due to the COVID-19 pandemic. In fact, we argue that active vaccine studies can also be considered in “recycled” RMs with a history of prior SHIV exposure. To do this, it will be important to examine cell-mediated immunity (CMI) against viral antigens. We have done this before using the animals described in the study by Sholukh et al. (16). All of them had proliferative responses against SIV Gag in the CD4+, CD8+, or both CD4+ and CD8+ T-cell populations after in vitro stimulation with SIV Gag. We found that this assay was the most sensitive to reveal antigen-specific T-cell responses after exposure to live virus (16). In fact, the argument can be made that using RMs with a history of live-virus exposure in vaccine efficacy study is biologically relevant. Most individuals at risk for HIV acquisition through sexual interaction may have had prior exposure to live HIV without becoming infected. The estimated per-sexual intercourse probability of acquiring HIV from an infected source person ranges from 4 for insertive penile-vaginal intercourse to 138 for receptive anal intercourse per 10,000 exposures (24). Using consistently aviremic RMs with a history of exposure to live virus and Gag-specific CMI responses is reminiscent of the highly exposed, persistently seronegative sex workers who also had T-cell reactivity to HIV (25). Thus, one could argue that using virus-exposed but uninfected RMs may be more biologically relevant to real-life situations than using naïve RMs.

In summary, we demonstrated that the remarkable synergy between systemic IgG and mucosal IgA is real, using passive immunization as a rigorous test to show cause-and-effect for the protective role of mucosal antibodies in combination with IgG – data that have significance for active vaccine strategies. To date, mucosal/systemic IgG and mucosal IgA have been generated by HIV gp41 virosomal vaccines given by intramuscular priming followed intranasal boosting (26). As such, our passive immunization data provide a blueprint to develop HIV/AIDS vaccines that mobilize mucosal as well as systemic immune defenses.
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Mast cell activators are a novel class of mucosal vaccine adjuvants. The polymeric compound, Compound 48/80 (C48/80), and cationic peptide, Mastoparan 7 (M7) are mast cell activators that provide adjuvant activity when administered by the nasal route. However, small molecule mast cell activators may be a more cost-efficient adjuvant alternative that is easily synthesized with high purity compared to M7 or C48/80. To identify novel mast cell activating compounds that could be evaluated for mucosal vaccine adjuvant activity, we employed high-throughput screening to assess over 55,000 small molecules for mast cell degranulation activity. Fifteen mast cell activating compounds were down-selected to five compounds based on in vitro immune activation activities including cytokine production and cellular cytotoxicity, synthesis feasibility, and selection for functional diversity. These small molecule mast cell activators were evaluated for in vivo adjuvant activity and induction of protective immunity against West Nile Virus infection in BALB/c mice when combined with West Nile Virus envelope domain III (EDIII) protein in a nasal vaccine. We found that three of the five mast cell activators, ST101036, ST048871, and R529877, evoked high levels of EDIII-specific antibody and conferred comparable levels of protection against WNV challenge. The level of protection provided by these small molecule mast cell activators was comparable to the protection evoked by M7 (67%) but markedly higher than the levels seen with mice immunized with EDIII alone (no adjuvant 33%). Thus, novel small molecule mast cell activators identified by high throughput screening are as efficacious as previously described mast cell activators when used as nasal vaccine adjuvants and represent next-generation mast cell activators for evaluation in mucosal vaccine studies.




Keywords: vaccine adjuvants, nasal vaccine, mast cells, small molecule adjuvants, adjuvant discovery



Introduction

Mast cells represent a target for a new class of mucosal vaccine adjuvants. Localized and controlled mast cell activation may be an effective way to induce potent immune responses to co-administered vaccine antigens. Mast cells are innate granulated cells that contain inflammatory mediators pre-stored in their granules (1). Upon activation, mast cells readily release histamine, prostaglandins, leukotrienes, and cytokines (2, 3) that may enhance innate cell migration to immunological inductive sites, such as the draining lymph node, and initiate a host immune response to co-administered vaccine antigens (4–6). Mast cells also synthesize additional inflammatory mediators, such as leukotriene B4, prostaglandin G2, IL-1, IL-3, and IL-10, within hours of activation (7) that may sustain immune responses to increase the potency of vaccine-induced immunity. One special feature of mast cells is the ability to degranulate and re-granulate (2); thus, providing a constant source of localized inflammation readily available to support adjuvant activity. Mast cells contribute to the adjuvant activity of various adjuvants including surfactin, imiquimod, and CTA1-DD/IgG (8–11) although the role of mast cells in the adjuvant activity of some mast cell activators is controversial (12).

Mast cell activators are potent vaccine adjuvants for mucosal delivery. Nasal immunization with Compound 48/80 (C48/80), a cationic polymeric mast cell activating compound (5, 13, 14), combined with a subunit protein antigen induces potent antigen-specific immune responses in mice and rabbits (14–18). Due to the batch-to-batch variability in mast cell degranulation potency of C48/80 (19) and its polymeric nature, C48/80 may provide inconsistent adjuvant activity leading to unacceptable variability in vaccine-induced immunity in the host. Vaccination with mast cell activating peptides, such as Mastoparan 7 (M7) that are synthesized with high purity, may reduce variability in host immune responses. M7 is a highly active analog (20) of the peptide mastoparan and provides potent adjuvant activity after nasal immunization (21, 22). Nasal immunization with M7 and a cocaine-hapten-conjugate vaccine provided effective adjuvant activity and reduced the effects of cocaine-induced locomotion in mice (22). M7 is also a potent mucosal vaccine adjuvant in mice, rabbits, and non-human primates and enhanced antigen-specific immunity when combined with an HIV immunogen (21). Although M7 is an effective mucosal vaccine adjuvant, small molecule mast cell activators may be an additional mast cell activating adjuvant and provide a cost-efficient vaccine adjuvant that would be suitable for future clinical use.

Previously, our group utilized a drug discovery approach and high-throughput screening (HTS) to identify small molecules selected from commercially available compound libraries with mast cell degranulating activity that may be developed as vaccine adjuvants (23). Over 55,000 compounds were evaluated in mouse MC/9 mast cell degranulation assays. Compounds that induced mast cell degranulation in the primary and confirmatory degranulation assays were identified as hit compounds and progressed through the adjuvant discovery pipeline. In the drug discovery literature, a “hit” may be identified as “…a compound which has the desired activity in a compound screen and whose activity is confirmed upon retesting.” (24). Upon identification of hits, additional studies are performed as part of the hit-to-lead phase to identify molecules that are more potent and selective, and suitable for in vivo studies (24, 25). After identification of compound leads, reiterative medicinal chemistry to improve the desirable properties of the compounds and formulation studies to improve compound delivery is often performed as a part of lead optimization on the way to developing a clinical candidate drug (24, 25). In the current study, 15 hit small molecule mast cell activators were evaluated for in vitro activities in cell types other than mast cells as a part of the hit-to-lead discovery phase. Five lead compounds selected based on diverse in vitro activities, functional diversity, and synthesis feasibility, were evaluated for in vivo adjuvant activity after nasal delivery using the mouse West Nile Virus (WNV) vaccine as a proof-of-concept model. Three small molecule MCAs enhanced systemic WNV-specific T and B cell responses and induced protection against WNV infection similar to M7. Small molecule MCAs identified by HTS demonstrate adjuvant activity after nasal delivery; but, additional studies are required to optimize the lead compounds’ activities in the adjuvant development phase. The results of the current proof-of-concept study support the use of drug discovery and high throughput screening approaches to identify small molecules MCAs as vaccine adjuvants when delivered by the nasal route.



Materials and Methods


Mice

Female BALB/cJ (Jax stock # 000651) and C57BL/6J (Jax stock # 000664) mice (6-8 weeks old) were purchased from the Jackson Laboratory (Bar Harbor, ME). Mice were housed under specific pathogen-free conditions on a twelve-hour light cycle. All experimental procedures were conducted with the approval of Duke University’s Institutional Animal Care and Use Committee.



Mast Cell Activating Compounds

Small molecule mast cell activating compounds were purchased from TimTec (Newark, DE) or synthesized by Duke University’s small molecule synthesis facility (SMSF). All compounds were prepared in high concentration stocks (20-40 mM) using DMSO (Spectrum Chemical, Gardena, CA) as the solvent for in vitro assays and PEG400 (Spectrum Chemical) for in vivo assays. Compound solutions were stored at -20°C until used. The mast cell activating peptide mastoparan 7 (M7; amino acid sequence INLKALAALAKALL-NH2) was synthesized by CPC Scientific (San Jose, CA).



In Vitro Compound-Induced Cytokine and Cytotoxicity

Mouse MC/9 mast cells (cat #CRL-8306), JAWSII dendritic cells (cat #CRL-11904), J774A.1 macrophages (cat #TIB-67), and LA-4 lung epithelial cells (cat #CCL-196) were purchased from ATCC (Manassas, VA) and cultured in media according to the instructions provided by ATCC with any modifications described below. MC/9 media was prepared as previously described with the minor modification that used rat T-stim (Cat# 354115 Corning; Corning NY) as a source of growth factors (26). JAWSII cells were cultured in MEM Alpha Modification (HyClone Cat#SH30265.01) with 20% FBS. J774A.1 (27) and LA-4 cells (28) were cultured in media as previously described by others (27, 28). For cytokine induction, 100 μL of cells were plated in 48-well plates at 5 x106 cells/ml in the presence of the 15 hit mast cell activating compounds or M7 at a final concentration of 100 μM. 100 µM was selected based on others using 20 – 200 µM of mast cell activators when tested for mast cell degranulation activity (29). Cells were incubated at 37°C for 24 hours. Supernatants were collected and measured for cytokine content using a 32-cytokine/chemokine multiplex assay from Millipore (Burlington, MA) according to the manufacturer’s instructions. Compound-induced cytotoxicity was also measured 24-hours after stimulation with the mast cell activating compounds tested at 100 μM. Celltiter96™ MTS (Promega; Madison, WI) was added to the cells and incubated for one hour at 37°C before reading absorbance at 490 nm.



In Vivo Mast Cell Activation

BALB/cJ mice were injected subcutaneously with temperature transponders (BMDS; Seaford, DE) one week before in vivo mast cell activation evaluation. Baseline temperature was recorded for each mouse before exposure to mast cell activators. Mast cell activating compounds were prepared in a 50% PEG400 solution and M7 was prepared in saline. MCA compounds (20 μmoles) or M7 (200 nmoles) were injected into the mouse peritoneal cavity in 100 μL and evaluated for their ability to activate mast cells as monitored by a drop in body temperature secondary to mast cell degranulation. Temperatures were recorded 15, 30, and 45 minutes after compound exposure. Animals were immediately euthanized by CO2 exposure if they displayed a temperature decrease greater than 10°C as a humane endpoint or 45 minutes post-exposure as the experimental endpoint. Change in body temperature was determined by subtracting the baseline temperature from the temperatures recorded 15, 30, and 45 minutes post-exposure.



In Vivo RNA Sequence Analysis

Female C57BL/6J mice (5 mice per group) were nasally instilled with the mast cell activating compounds (200 nmoles), M7 (20 nmoles), MPL (10 μg), or saline in 10 μL. Mice were euthanized six hours post compound exposure. The upper pallet and nasal septum were harvested from each mouse. Harvested tissues were homogenized and total RNA was purified from the homogenized tissues according to the Qiagen® Rneasy kit (Cat.#74106 Hilden, Germany). Total RNA was sequenced utilizing RNA-seq technology performed by BGI® (Cambridge, MA). All genomic analyses used build GRCm38 of the Mus musculus genome. The genome sequence and annotation were downloaded from Ensembl release 98 (30). Analysis was performed using scripts written in the R programming language, Bash, and publicly available software detailed below. Custom Jupyter notebooks, which used the following R and Bioconductor packages: dedexted, DESeq2, EsDb.Mmusculus.v79, foreach, fs, gage, gageData, limma, pathview, pheatmap, plotly, RColorBrewer, Rtse, tidyverse. Basic assessments of sequence data quality were performed using FastQC v0.11.9 (31) and MultiQC v1.9 (32). Raw sequencing reads were trimmed and filtered using fastq-mcf v1.04.807 (33) using the BGISEQ-500 AD1_Long, AD1_Short, AD2_Long, and AD2_Short adapter sequences and their reverse complements (34). Reads were then mapped to the reference genome and read counts were generated using STAR v2.5.4b (35). For quantification of reads mapped to genes, we use the second column of the STAR count output because the libraries were unstranded. Comparative analysis of the resulting count matrices was performed using DESeq2 (36), and the top 20 genes that were under- (negative log-fold change) or over-expressed (positive log-fold change) relative to vehicle only reported for each adjuvant, together with p-values adjusted for multiple comparisons by the Benjamini-Hochberg method (37). Reproducible scripts are maintained under version control at https://gitlab.oit.duke.edu/hy140/staats_adjuvant.



Mouse Immunization to Evaluate Adjuvant Activity

BALB/cJ mice (n=5 mice per group) received three doses of West Nile Virus envelope domain III (EDIII; GenScript Biotech; Piscataway, NJ) alone (15 μg) or combined with M7 (20 nmoles) or MPL (10 μg) as controls, or the mast cell activating compounds (R127655, R529877, ST101036, ST027688, and ST048871; 200 nmoles) on days 0, 7, and 21 by nasal delivery. For mouse WNV infection studies, BALB/cJ mice (n = 9-13 mice per group) were nasally immunized on days 0, 7, 21, and 35. The first vaccine dose contained 15 µg of EDIII and the subsequent doses contained 30 µg of EDIII on days 7 and 21 alone or co-administered with M7, MPL, or the mast cell activators. Because the small molecule MCAs display hydrophobic properties that were not suitable for co-administration with the aqueous antigen solution, we utilized an immunization method that administered the adjuvant dissolved in a 50%PEG400:water formulation in 15 µL 15-minutes before administering the EDIII antigen in saline (15 µL). On day 35, all vaccine groups were immunized with 30 µg of EDIII alone to boost anti-EDIII antibody responses before a lethal WNV infectious challenge.



Mouse West Nile Virus Infection

Mice were anesthetized with isoflurane. West Nile Virus, strain NY99-35262-11 (BEI Resources NR-677) was diluted to 1.6 x105 PFU/mL. Each mouse was injected with 0.1 mL of the virus via the intraperitoneal route. After mice fully recovered from anesthesia, the animals were returned to their home cages and provided water and chow ad libitum. Changes in body weight, temperature, and activity were monitored daily for 14 days after challenge. Animals that displayed a 20% weight loss versus pre-challenge weight or developed hind limb paralysis were humanely euthanized (38). All work with live virus and infected animals was completed in an animal biosafety level (ABSL)-3 suite in the Regional Biocontainment Laboratory (RBL) at Duke University.



Serum Collection for ELISAs

Blood was obtained from immunized mice using the submandibular lancet method. The whole blood was centrifuged for 10 minutes at 4°C. Serum was collected by removing the supernatant from the clotted blood and stored at -20°C until analysis.



ELISA

ELISAs were performed as previously described (20) with modifications indicated below. 384-well black plates (Cat. # 460518 Thermo Scientific; Watham, MA) were coated with WNV EDIII as the coating antigen (2 µg/ml) diluted in carbonate/bicarbonate buffer (CBC, pH 9.5). Serum was diluted two-fold beginning at 1:32 in sample diluent (PBS, 1% BSA, 1% NFDM, 5% goat serum, 0.05% Tween 20, and 0.1% 2-Chloroacetamide). Goat anti-mouse IgG, IgG1, and IgG2a, alkaline phosphatase-conjugated antibodies (Southern Biotech; Birmingham, AL) were diluted 1:8,000 in secondary antibody diluent (PBS, 1% BSA, 5% goat serum, 0.05% Tween 20, and 0.1% 2-Chloroacetamide). The fluorescent Attophos substrate (Promega; Madison, WI) was added to each well and incubated for 15 minutes before reading plates in a BioTek Synergy 2 plate reader using 440/30 nm excitation and 560/40 nm emission filters to detect the light signal produced by the Attophos substrate after enzymatic activation by the alkaline-phosphatase-conjugated detection antibodies. The fluorescent signal was reported as relative light units (RLU). Endpoint titers, defined as the last log2 immune sample dilution with an RLU signal 3-fold greater than a naïve reference sample at the same dilution, were used for statistical analysis. Graphs presented in the figures were prepared using geometric mean titer antilog values.



Splenocyte Antigen Restimulation Cytokine Assay

BALB/cJ mice (5 mice per group) in the immunogenicity study were euthanized three weeks after the final immunization and spleens from each mouse were harvested and processed into single-cell suspensions. Single-cell suspensions were prepared from whole spleens by cutting each spleen into small pieces followed by pressing through a 70 µM filter using the rubber end of a sterile 3 ml syringe plunger. Cells were pelleted by centrifugation and red blood cells were lysed using RBL Lysis Buffer (Cat# R7757 Sigma; St. Louis, MO) according to the manufacturer’s recommendation. Splenocytes were washed twice in RPMI-1640 containing 5% FBS (Cat#25-514 Genesee; San Diego, CA) and 1% penicillin/streptomycin (Cat#15140122 ThermoFisher; Waltham, MA) before counting and plating. Splenocytes were plated in 48-well plates (2.5 x 106 cells/well) and cultured in media alone (39) or media containing EDIII (25 μg/ml) in a total volume of 500 µl for 72 hours at 37°C and 5% CO2. Supernatants were collected and measured for IL-4, IL-5, IL-17, and IFN-γ using the Bioplex Multiplex (Biorad; Hercules, CA) according to the manufacturer’s instructions. EDIII-induced cytokine responses were determined by subtracting the cytokine value from cells cultured in media from the cytokine values measured in cells stimulated with EDIII.



Flow Cytometry to Monitor In Vivo Cellular Infiltration

C57BL/6J mice (5 mice per group) were nasally instilled with one of the five lead mast cell activating compounds (200 nmoles) or M7 (20 nmoles). Twenty-four hours after compound exposure, draining cervical lymph nodes were harvested from mice and digested with a digestion buffer containing 10% collagenase [Cat. #C2674, Sigma (St. Louis, MO)], 1% deoxyribonuclease I [Cat. #04716728001, Roche (Basel, Switzerland)], 10 mM HEPES, and 1.5% FBS in HBSS to make single-cell suspensions. Cells were washed and pre-stained with Live/dead staining solution (Zombie Violet™ Fixable Viability Kit, Biolegend) for 10 minutes at room temperature. After washing, cells were stained with fluorescently labeled antibodies against B220 (clone RA3-6B2), CD11b (clone M1/70), CD11c (clone N418), CD45 (clone 30-F11), CD86 (clone GL01), IA/IE (clone M5/114.15.2), and isotype controls (BioLegend, San Diego, CA) for 30 minutes at 4°C. To examine the expression levels of individual markers, an LSR II flow cytometer (BD; Franklin Lakes, NJ) was utilized to analyze the samples. Data analysis was performed using FlowJo software (Tree Star, Ashland, OR).



Statistical Analyses

GraphPad Prism Version 9 (San Diego, CA) was used to identify statistical differences between groups in each experiment. One-way analysis of variance (ANOVA) determined if mast cell activating compounds or the positive controls statistically enhanced responses in the in vivo mast cell degranulation, in vivo cellular infiltrate, and in vivo immunogenicity assays using the Dunnett’s multiple comparison test compared to the negative controls. In the WNV infection study, one-way ANOVA determined if any adjuvant provided superior adjuvant activity by comparing antibody responses induced by each adjuvant to the other adjuvants using Tukey’s multiple comparison post-test. Survival curves were analyzed using the Gehan-Breslow-Wilcoxon test *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.




Results


Compounds That Activate Mast Cells Also Induce Cytokine Production in Other Cell Types

Fifteen hit small molecule mast cell activators identified from our previous high-throughput screening of commercially available compound libraries to discover small molecules that induce mast cell degranulation (22) were evaluated for acute production of inflammatory mediators from mast cells. Similarly, compounds that induce cytokine and chemokine production in mast cells, may also activate other cells to produce inflammatory mediators to contribute to the adjuvant activity. Therefore, compound-induced cytokine and chemokine responses were evaluated in mouse mast cells (MC/9) and dendritic cells (JAWSII) (Figure 1) to determine the ability of compounds that induce immediate mast cell degranulation to activate other innate immune cells. Mouse mast cells and dendritic cells were stimulated with the 15 hit MCA identified from our primary screen (22) or C48/80, M7, or MPL as positive controls with known vaccine adjuvant activity for 24 hours and monitored for cytokine production using a 32-panel cytokine/chemokine multiplex assay. JAWSII cells were more responsive to MPL than MC/9 cells and MPL enhanced the secretion of several cytokines including IFN-γ (90-fold), IL-1α (49-fold), IL-1β (26-fold), IL-6 (942-fold), and MCSF (96-fold) when compared to levels produced in MC/9 cells. Conversely, C48/80 induced a stronger cytokine response in MC/9 cells than JAWSII cells as indicated by enhanced IL-1α (871-fold), IL-2 (82-fold), LIX (142-fold), and MIP2 (7-fold) production. M7 induced a similar cytokine response in MC/9 cells as C48/80 with enhanced IL-1α (655-fold), IL-2 (51-fold), LIX (92-fold), and MIP2 (5-fold) suggesting known MCA induce similar cytokine responses in mast cells. While MPL induced MC/9 cells to secrete IL-1α (100-fold) and IL-2 (10-fold) it was to a lesser extent than C48/80 or M7. IL-1α was secreted in response to the small molecule MCAs in several cell types including MC/9, JAWSII (Figure 1), macrophages (J774A.1), and lung epithelial cells (LA-4) (Supplementary Tables 1–4). ST026567 (78-fold), ST086136 (208-fold), and ST048871 (117-fold) enhanced IL-1α production in MC/9 cells and ST048871 (78-fold) and ST101036 (34-fold) were the most potent inducers of IL-1α in JAWSII cells. Several small molecule MCAs induced KC responses in MC/9 cells similar to MPL including, L147192, L201863, R127655, ST081379, ST086136, ST099914, and ST101036. However, the MCAs did not induce similar KC responses as MPL in JAWSII cells. Some compounds such as ST027688, ST026567, and ST086136 induce MC/9 cells to enhance secretion of several cytokines whereas other compounds including R529877 and ST045940 do not induce MC/9 cells to secrete any cytokines under the conditions tested described in this study. Conversely, R592877 induces a potent cytokine response in JAWSII cells including GCSF (60-fold), IL-15 (130-fold), IL-6 (62-fold), MIP-1α (1762-fold) and MIP-1β (428-fold), and TNF-α (2071-fold). Similarly, several compounds that induce mast cell activation including, R606278, ST029279, and ST048871 also enhance cytokine secretion in JAWSII cells, suggesting the ability of compounds that activate mast cells to also activate other innate immune cells.




Figure 1 | Small molecule mast cell activators activate mouse innate immune cells. Mouse MC/9 mast cells or JAWSII dendritic cells were incubated in the presence of the small molecule mast cell activators (100 μM) or positive control vaccine adjuvants MPL, C48/80, or M7 for 24 hours. Cell supernatants were analyzed for cytokine production using a mouse 32-plex multiplex assay. Cytokine production was calculated as a fold-increase compared to cells cultured in media without additional stimuli. Data represents the log10 of the fold-increase in cytokine response.





Mast Cell Activating Compounds Exhibit Variable Cytotoxicity in Innate Immune Cells

Cytokine production can be influenced by cell viability. Therefore, we monitored the viability of mouse MC/9 cells and JAWSII cells after exposure to the MCAs for twenty-four hours (Figure 2), which corresponds to the timepoint for cytokine/chemokine analysis (Figure 1). MC/9 cells were more susceptible to cell death than JAWSII cells. MPL did not induce cytotoxic effects in either cell line; however, both C48/80 and M7 reduced cell viability in MC/9 (11% and 37% viable, respectively) and JAWSII (53% and 66% viable, respectively) cells. Compounds R529877 (6% viable), R606278 (2% viable), ST026567 (12.5% viable) ST029248 (5% viable), ST029279 (1.5% viable), ST081379 (2.5% viable) and ST101036 (4% viable) were highly cytotoxic in MC/9 cells. Conversely, ST026567 (30% viable), ST029248 (42% viable) and ST101036 (43.5% viable) were the most cytotoxic compounds in JAWSII cells and reduced cell viability to less than 50%. However, because some compounds display cytotoxicity and enhance cytokine production such as ST026567 and ST029279 in MC/9 cells and ST026567 and ST101036 in JAWSII cells, it is not clear how cell viability influences compound-induced cytokine production. Thus, cytokine production and cellular cytotoxicity may be independent measurements for some mast cell activators that should be considered when selecting small molecule mast cell activators for evaluation as in vivo vaccine adjuvants.




Figure 2 | Small molecule mast cell activators induce unique cytotoxicity profiles in mouse innate immune cells. Mouse MC/9 mast cells or JAWSII dendritic cells were incubated in the presence of the small molecule mast cell activators (100 μM) or positive control vaccine adjuvants MPL, C48/80, or M7 for 24 hours. Cell viability was measured using a colorimetric MTS assay.





Small Molecule MCAs Induce Mast Cell Degranulation In Vivo

The fifteen small molecule MCAs hits were reduced to five lead MCAs for in vivo evaluation. Compounds R127655, R529877, ST027688, ST048871, and ST101036 (Figure 3A) were selected for in vivo evaluation based on their diverse in vitro activities and synthesis feasibility. R127655 is a potent activator of lung epithelial cells and R529877 is a potent dendritic cell activator. ST027688 is a strong MC/9 activator for cytokine production and ST048871 strongly activates MC/9 cells and J774A.1 cells. ST101036 was selected based on its potent MC/9 degranulation activity and its ability to induce cytotoxicity in MC/9, LA-4, J774A.1, and JAWSII cells, similar to C48/80. These five lead compounds were screened for in vivo activity using a mouse model of compound-induced hypothermia. Immediate hypothermia is used as an indicator of mast cell activation because systemic mast cell degranulation often results in anaphylactic symptoms and can be observed by a decrease in body temperature (40). MCAs were dissolved in a vehicle solution containing PEG400 and saline (solvent) before injection into the mouse peritoneal cavity at a dose of 20 μmoles. Core body temperatures for each mouse were measured before injecting the compound and every 15 minutes after injection for 45 minutes (Figure 3B). The solvent alone caused a temperature decrease ranging from -1.3 to -2.2°C over the 45-minute duration of the experiment. R529877 (-2.5°C) did not induce hypothermia different than the vehicle solvent. However, ST027688 (-4.7°C), ST048871 (-5.9°C), and R127655 (-5.5°C) and M7 (-5.2°C) induced hypothermia greater than the solvent 30 minutes after exposure and maintained a hypothermic state at 45 minutes post-exposure. The MCA ST101036 induced the strongest decrease in body temperature 15 minutes after exposure (-4.2°C), which was maintained at 30 (-5.4°C) and 45 minutes (-9.3°C) post-exposure. Four of the five small molecule MCAs induce mast cell activation in vivo, comparable or greater than M7, as determined by compound-induced hypothermia.




Figure 3 | Small molecule mast cell activators induce mast cell activation after intraperitoneal injection. Five mast cell activating compounds (A) (20 μmoles) or M7-NH2 (200 nmoles) were injected in the peritoneal cavity of naïve BALB/c mice (n= 3-12 mice per group) to monitor for mast cell activation via hypothermia secondary to mast cell degranulation (B). Temperatures were recorded before compound exposure and every 15 minutes after exposure for 45 minutes. Change in body temperature was determined by subtracting pre-exposure temperature from the temperatures recorded 15, 30, and 45 minutes after compound injection. One-way ANOVA determined if compounds induced a significant decrease in core body temperature compared to solvent at a: 15 minutes, b: 30 minutes, and c: 45 minutes after exposure. Bars represent the mean + SD.





Small Molecule MCAs Alter NALT Gene Expression After Nasal Immunization

Our previous results with a variety of nasal vaccine adjuvants, including the mast cell activator C48/80, suggests nasal exposure to vaccine adjuvants may activate the innate immune system to produce local cytokine secretion in the nasal cavity within a few hours after delivery (17, 41). We, therefore, evaluated MCA-induced gene expression changes in the nasal-associated lymphoid tissue (NALT) as an unbiased method to evaluate in vivo activity of the small molecule MCA at the site of vaccination. The five lead MCAs, R127655, R529877, ST027688, ST048871, and ST101036, vehicle negative control, or positive control vaccine adjuvants M7 and MPL were administered to mice by the nasal route. Six hours after nasal delivery of compounds, the NALTs were collected for gene expression analysis. The top 20 genes enhanced (Supplementary Table 5) or inhibited (Supplementary Table 6) each MCA or control adjuvants and enhanced or inhibited by multiple adjuvants (Figure 4) were compared to changes in gene expression induced by the vehicle control. All small molecule MCA induced measurable changes in gene expression after nasal delivery to mice. R529877, ST048871, and ST101036 enhance the expression of several genes shared amongst other MCAs, including M7. Ccl3 and cxcl2 are associated with chemotactic immune responses. M7 and ST101036 enhanced ccl3 expression and M7, R592877, ST048871, and ST101036 enhanced cxcl2 expression. M7 and ST101036 both enhance expression of Clec4d [C-type lectin receptor CLECSF8 (CLEC4D)] (42) and Irg1 (Immune-Responsive Gene 1) and thus may be associated with activation of innate immune cells. Osm (oncostatin M) is a gene that regulates cytokine production (43), including IL-6, G-CSF, and GM-CSF, and is enhanced after exposure to ST101036, ST048871, and M7. Although ST027688 and R127655 also enhance gene expression in the NALT, they enhance fewer genes that are shared between other MCAs. R127655 and ST027688 enhance one and two genes, respectively, that are shared with other MCAs, including ppbp (pro-platelet basic protein, R127655), which is the gene encoding for the chemokine cxcl7 (44) and gale (UDP-galactose 4’-epimerase, ST027688), which is an enzyme that catalyzes galactose metabolism (45), and manf (Mesencephalic astrocyte-derived neurotrophic factor, ST027688), which influences macrophages to achieve an anti-inflammatory phenotype (46). We interpret the observation of several genes being enhanced by more than one MCA, including the positive control M7, to indicate that the small molecule MCAs are activating similar pathways after nasal delivery to mice. In contrast to genes that were enhanced by more than one MCA, only one gene, ccl2, was enhanced by MPL and an MCA (ST101036). Although MPL also induced the expression of cxcl10, irf7, and ifit3, these genes were not induced by any of the MCA, suggesting that nasal delivery of MCA activates the innate immune system via a pathway that is largely different from that activated by MPL.




Figure 4 | Small molecule mast cell activators modify gene expression in the NALT after nasal delivery. Lead small molecule mast cell activators, M7 and MPL were nasally administered to C57BL/6 mice (n = 5 mice per group). NALT cells were harvested from each mouse six hours after compound delivery and processed for RNA sequencing. Genes enhanced or inhibited by more than one compound were compared amongst vaccine adjuvants. The Log2 fold-change over vehicle control for each gene is presented.



RNA sequence analysis also identified genes that were inhibited by multiple compounds after nasal delivery of the small molecule MCAs or the controls M7 and MPL (Figure 4). Gene expression inhibited after nasal exposure to the small molecule MCAs and control adjuvants appear to be associated with structural proteins and smell sensory. Bpifb5 and Bpifb9a, which are associated with lipid binding, perception of smell and are bactericidal genes found in olfactory tissues (47), were inhibited by MPL, M7, and ST027688 suggesting these compounds and control adjuvants share common pathways for gene inhibition. Similarly, MPL, M7, and MCAs ST048871, ST027688, and R529877 all inhibited ksr2 (kinase suppressor of Ras 2), which assists with energy regulation (48). R127655 and ST101036 have the least inhibited genes in common with other MCAs and MPL. R127655 and ST101036 only share one inhibited gene, cdh4, and ccdc176, respectively, in common with another MCA or control adjuvant. R529877, ST048871, and ST101036 inhibit Ccdc176 expression and MPL and R127655 inhibit Cdh4 expression. Ccdc176 (49) and Cdh4 (50) are genes involved in maintaining structural integrity including, cilia orientation and cell adhesion. Despite observing unique enhanced gene expression profiles between MPL and the MCA (including M7), which may indicate activation of diverse innate immune pathways; shared inhibited gene expression profiles amongst MPL and the MCA (including M7) suggests nasal delivery of vaccine adjuvants downregulates genes in a more generalized response that is less specific than the mechanisms that lead to enhanced gene expression. Although more studies are needed with additional sample collection time points to fully understand gene expression changes induced by the small molecule MCAs and control adjuvants MPL and M7, our RNA sequencing results combined with cytokine production in mouse mast cells, dendritic cells (Figure 1), macrophages, and lung epithelial cells (Supplementary Tables 2, 3) suggests the small molecule MCAs activate components of the innate immune system.



Small Molecule MCAs Provide Nasal Adjuvant Activity in Mice After Administration With West Nile Virus Subunit Vaccine

Because MCAs possessed in vivo activity in the mast cell activation and RNA sequence expression assays, we next evaluated the five lead MCAs for in vivo adjuvant activity using a mouse model of West Nile virus (WNV) envelope domain III (EDIII) nasal vaccination. BALB/cJ mice received three nasal immunizations with the EDIII antigen (15 µg) alone or combined with one of the five lead MCAs (200 nmole dose) (R127655, R529877, ST027688, ST048871, ST101036), or M7 (20 nmoles) or MPL (10 µg) as positive control adjuvants. Due to the hydrophobic nature of the MCAs, a vehicle control, containing antigen in PEG400 (the diluent used for the MCA) was also included. ST048871 (1: 2.6 x102 GMT) was the only MCA to induce detectable EDIII-specific serum IgG antibodies after two immunizations and M7 (1: 2.4 x103 GMT, p =0.0006) was the only adjuvant that increased EDIII-specific serum IgG after two nasal immunizations when compared to the anti-EDIII IgG response in mice immunized with EDIII alone (Figure 5A). However, after three immunizations, ST101036 (1: 1.2 x103 GMT, p =0.03), ST027688 (1: 2.3 x103 GMT, p = 0.009), ST048871 (1: 9.4 x103 GMT, p = 0.0005), M7 (1: 2.6 x105 GMT, p < 0.001) and MPL (1: 4.7 x103 GMT, p = 0.002) statistically increased EDIII-specific serum IgG when compared to response in mice immunized with EDIII alone (1:16 GMT) (Figure 5B). R529877 (1: 8.9 x102 GMT, p = 0.053), R127655 (1:24 GMT) and EDIII in PEG400 (1:16 GMT) did not induce EDIII-specific IgG responses different from EDIII alone in saline. The MCAs induce a dominant IgG1 antibody response and four of the five MCAs (R529877, ST027688, ST048871, and ST101036) increased EDIII-specific IgG1 compared to mice immunized with EDIII alone. However, only M7 (1: 6.8 x102 GMT, p = 0.0005) and MPL (1: 3.0 x102 GMT, p = 0.009) induced enhanced EDIII-specific IgG2a when compared to mice immunized with EDIII alone (Figure 5C). Our results demonstrate four mast cell activating small molecules, R529877, ST027688, ST048871, and ST101036, provided nasal vaccine adjuvant activity as indicated by their ability to induce elevated EDIII-specific serum IgG responses.




Figure 5 | Small molecule mast cell activators provide nasal adjuvant activity when co-administered with WNV EDIII. Female BALB/c mice (n = 5 mice per group) were nasally immunized with EDIII alone in saline or PEG400 or combined with MCAs, MPL, or M7. Vaccines were administered on days 0, 7, and 21. Serum collected after two immunizations were measured for EDIII-specific IgG (A), while serum collected after three immunizations was measured for EDIII-specific IgG (B), IgG1 (*), and IgG2a (#) (C). EDIII-induced cytokine responses were measured in splenocytes after immunization [statistical indicators for each cytokine; IL-4 (*), IFN-γ (#), and IL-17 (^)] (D). One-way ANOVA was used to determine if adjuvants statistically increased EDIII-specific antibody responses compared to mice immunized with EDIII in saline. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Antibody responses represent the geometric mean titer + geometric SD. Cytokine (pg/ml) responses are presented as mean + SD. The # denotes significant differences in IFN-g responses and ^ denotes significant differences in IL-17 responses. The number of # or ^ denotes the range of the p-value. ##p < 0.01 IFN-g, ###p < 0.001 IFN-g, and ####p < 0.0001 IFN-g. ^^^^p < 0.0001 IL-17.



Antigen-specific splenocyte cytokine responses were monitored to characterize the adjuvant-induced T cell responses in mice nasally-immunized with WNV EDIII +/- MCA, M7, or MPL (Figure 5D). Cytokines monitored were selected based on their association with Th17 (IL-17), Th1 (IFNγ), and Th2 (IL-4, IL-5) responses. IL-17 and IFNγ were the dominant cytokines produced by spleen cells from immunized mice after stimulation with EDIII. MPL induced the strongest IFNγ (7754 pg/ml, p = 0.0004) response compared to mice immunized with EDIII alone. ST048871 was the most potent MCA for IFNγ production (2933 pg/ml, p = 0.02), which was similar to M7 (2840 pg/ml, p = 0.03). R127655, R529877, ST101036, and ST027688 induced similar levels of IFNγ (1367-1802 pg/ml) and were not statistically different than the IFNγ production observed in splenocytes from mice immunized with EDIII alone (300 pg/ml). ST027688 (2580 pg/ml; p = 0.084) induced elevated IL-17 responses; however, MPL (8233 pg/ml, p < 0.0001) was the only adjuvant to increase IL-17 production greater than EDIII alone (165 pg/ml). The amount of IL-4 induced by EDIII was relatively low but R529877 (16.1 pg/ml, p = 0.02), ST101036 (8.2 pg/ml, p = 0.02), M7 (27.2 pg/ml, p = 0.007) and MPL (46 pg/ml, p = 0.0006) statistically enhanced IL-4 responses compared to EDIII alone (undetectable). There were no observable differences in adjuvant-mediated IL-5 responses. MCA small molecules provide nasal adjuvant activity that enhances antigen-specific IL-4 (R529877 and ST101036) and IFNγ (ST048871) responses after nasal immunization.



Small Molecule MCAs Enhance Protective Immunity Against West Nile Virus Infection

After detecting enhanced antigen-specific humoral and cellular immune responses in mice nasally immunized with WNV EDIII combined with four of the five lead MCAs (R529877, ST027688, ST048871, and ST101036) we next determined if any MCA compounds provided nasal vaccine adjuvant activity that protects against WNV infection. BALB/cJ mice (9-13 per group) were immunized on days 0, 7, and 21 with EDIII alone or combined with ST048871, ST027688, R529877, ST101036, M7, or MPL. R127655 was excluded from this study because it did not enhance antigen-specific serum antibody or T cell cytokine responses in previous nasal immunization studies. Because the goal of this experiment is to determine the ability of MCA adjuvants to induce protective immunity against a WNV infection we administered an additional vaccine dose on day 35 that contained EDIII alone to boost EDIII-specific antibody responses before the evaluation of protective immunity. Serum collected after three nasal vaccinations (Day 28) indicated that ST101036 (1:161 GMT, p = 0.12) was the only MCA that did not enhance EDIII-specific IgG compared to the EDIII-specific IgG response observed in mice immunized with EDIII alone (1:16 GMT). ST027688 (1: 3.1 x 103 GMT, p = 0.02) induced EDIII-specific IgG antibodies superior to ST101036 after three doses. M7 (1: 3.3 x 104 GMT) induced EDIII-specific IgG responses that were elevated compared to those induced in mice immunized with EDIII alone (p < 0.0001), or mice immunized with EDIII combined with R529877 (1:1.4 x 103 GMT, p = 0.004), ST101036 (p < 0.0001) or ST048871 (1: 1.2 x 103 GMT, p = 0.003). MPL (1: 1.9 x 105 GMT, p < 0.0001) induced EDIII-specific IgG antibodies that were enhanced compared to all of the small molecule MCAs after three vaccine doses (Figure 6A). The addition of a fourth vaccine dose containing EDIII only boosted EDIII-specific IgG responses in adjuvanted vaccine groups measured on Day 42. All vaccine adjuvants tested enhanced EDIII-specific serum IgG responses when compared to EDIII-specific IgG results observed in mice immunized with EDIII alone (1:16 GMT) after four vaccine doses. ST101036 (1: 1.1 x 103 GMT, p = 0.0001) and ST048871 (1: 1.5 x 104 GMT, p < 0.0001) were the least potent MCAs and enhanced EDIII-specific IgG compared to EDIII alone. R529877 (1: 3.7 x 104 GMT, p = 0.003) and ST027688 (1: 3.7 x 104 GMT, p = 0.003) increased EDIII-specific IgG compared to ST101036. M7 (1: 3.7 x 106 GMT, p< 0.0001) and MPL (1: 2.9 x 107 GMT, p < 0.0001) were the most potent nasal vaccine adjuvants and induced EDIII-specific IgG that was elevated compared to EDIII-specific IgG responses observed in mice immunized with EDIII and the MCA small molecules. Two weeks after the last immunization, immunized mice and unimmunized naïve mice were infected with WNV NY99 and monitored for survival for 14 days (Figure 6B). Thirty percent of naïve mice and 33% of mice immunized with EDIII alone survived WNV exposure. ST027688 was the least effective adjuvant for protecting against WNV as only 42% of ST027688 exposed mice survived WNV exposure. ST101036 (p=0.33) protected 67% of mice exposed to WNV, which is similar to M7 (p=0.033). R529877 (p=0.012) and ST048871 (p=0.072) were the most effective MCA small molecules and protected 75% and 73% of mice, respectively, from WNV. MPL (p= 0.0005) was the only adjuvant to induce 100% protection against morbidity after WNV challenge. Our results demonstrate that small molecule MCAs provide adjuvant activity for nasally-administered vaccines and provide measurable protection against an infectious viral challenge. While the small molecule MCAs did not provide 100% protection against virus-induced morbidity, the results from these in vivo studies represent the first in vivo studies to evaluate the nasal adjuvant activity of small molecule MCA identified from commercially available compound libraries.




Figure 6 | Small molecule mast cell activators provide nasal adjuvant activity when co-administered with WNV EDIII and enhance survival after the WNV challenge. Female BALB/c mice were nasally immunized with EDIII alone (n=12) or combined with R529877 (n=12), ST101036 (n=9), ST048871 (n=11), ST027688 (n=12), M7 (n=12), or MPL (n=13). Vaccines were administered on days 0, 7, and 21 with antigen combined with adjuvant and again on day 35 with antigen only. Serum collected after three and four vaccine doses was measured for EDIII-specific IgG (A). One-way ANOVA with Tukey’s multiple comparisons was used to determine if any vaccine formulation statistically increased EDIII-specific antibody responses compared to the other vaccines tested. The numbers above each bar indicate a statistical increase in antibody response compared to the corresponding vaccine group. Antibody titer bars represent the geometric mean titer + geometric SD. After immunization, mice were infected ***p < 0.001 compared to mice immunized with EDIII alone. with WNV and monitored for survival for 14 days after infection (B).





MCAs M7, ST101036, and R592877 Recruit B220+ Cells to the Draining Cervical Lymph Nodes After Nasal Vaccination

The five lead small molecule MCAs were evaluated for their ability to influence the recruitment of antigen presenting cells into the cervical lymph node because the CLN represents a lymphoid inductive site that drains the upper respiratory tract in mice (51). M7, MCA small molecules, or saline were nasally delivered to mice. Twenty-four hours later, CLNs cells were monitored for CD11c (classical dendritic cells, cDC) and B220 (plasmacytoid dendritic cells (pDC) and B cells) (52, 53) expression by flow cytometry (Figure 7A). A difference in CD11c+ cell populations was not observed after exposure to saline or the vaccine adjuvants (data not shown). However, ST101036 (p =0.006), R529877 (p = 0.005), and M7 (p = 0.0007) increased the percentage of B220+ cells in the CLN compared to saline (Figure 7B). Both ST101036 and R592877 small molecules and the M7 peptide provided adjuvant activity and increased the percentage of B220+ cells in the CLN after nasal delivery. Although the small molecule ST048871 provided effective nasal adjuvant activity (Figure 6), its use as a nasal vaccine adjuvant did not result in an increase in the percentage of B220+ cells in the CLN after nasal delivery. Our results suggest recruitment of B220+ cells may be observed in the CLN after nasal delivery of small molecule MCA but it is not required for nasal adjuvant activity of small molecule MCA.




Figure 7 | Mast cell activators increase B220+ cells in the cervical lymph nodes after nasal exposure. C57BL/6 mice were nasally instilled with saline, M7, ST101036, R127655, R529877, ST027688, or ST048871. After 24 hours, cervical lymph nodes (cLN) were obtained. Single-cell suspension of isolated cLNs was analyzed by flow cytometry (A). One-way ANOVA determined a significant increase compared to saline **p < 0.01, ***p < 0.001. Bars represent the mean + SEM (B).





MCAs Enhance CD86 Expression on Migratory Dendritic Cells in the Draining Cervical Lymph Node After Nasal Vaccination

Although we did not observe an increase in cDCs in the draining CLN after nasal delivery for each small molecule MCA adjuvant, nasally-delivered MCAs adjuvant activity may correlate with enhanced dendritic cell activation, as previously evaluated by our group (54). Therefore, expression of the cell surface costimulatory molecule CD86 was measured on CD11c+ dendritic cells after nasal immunization to determine if the nasal adjuvant activity of small molecule MCA correlated with DC maturation. Mice were nasally administered saline, M7, or the MCA small molecules. Cervical lymph node cells were analyzed for CD86 expression by flow cytometry 24-hours after adjuvant exposure (Figure 8A). We did not observe a difference in CD86 expression in CD11c+ resident dendritic cells (CD11chi IA/IEmid B220-) (Figure 8B); however, differential CD86 expression was observed in CD11c+ migratory dendritic cells (CD11cmid IA/IEhi B220-) (55) (Figure 8C). ST101036 (p = 0.02), R529877 (p = 0.001), ST027688 (p = 0.007), ST048871 (p = 0.005), and M7 (p < 0.0001) enhanced CD86 expression on CD11c+ migratory dendritic cells compared to migratory dendritic cells isolated from mice treated with saline. The MCAs that enhance CD86 expression in migratory DC also have nasal adjuvant activity as determined by their ability to induce elevated antigen-specific serum IgG when co-administered with WNV EDIII (Figure 5). Therefore, MCA nasal vaccine adjuvant activity correlates with increased CD86 expression in CLN migratory DCs.




Figure 8 | Mast cell activators enhance co-stimulatory molecules on dendritic cells in the draining cervical lymph nodes. Mouse resident and migratory dendritic cells in the draining cervical lymph node were monitored for CD86 expression after exposure to 200 nmoles of the mast cell activating compounds (ST101036, R127655, R529877, ST027688, ST048871), M7 (positive control), or saline (negative control). The gating strategy used to identify the cell populations is presented in (A). Resident DCs are characterized as CD11chi and MHCIImid (B) and Migratory DCs are characterized as CD11cmid and MHCIIhi populations (C). Compound-induced CD86 expression is normalized to DCs from mice exposed to saline. One-way ANOVA determined a significant increase compared to saline *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Bars represent the mean + SEM. MFI denotes mean fluorescence intensity.






Discussion

Small molecule mast cell activators evaluated for adjuvant activity after nasal immunization were identified by high throughput screening of commercially available compound libraries based on induction of a mast cell degranulation phenotype (23). Although novel small molecule MCAs adjuvant activity is not as effective as that induced by the toll-like receptor 4 (TLR4) ligand MPL, an accepted vaccine adjuvant, for protective immunity in the WNV challenge model, we believe the adjuvant activity demonstrated with the small molecules after nasal delivery is significant, especially when we acknowledge that the compounds are at the hit-to-lead phase of drug discovery. The compounds tested in our in vivo immunization studies represent the compounds identified from the original small molecule library and additional reiterative medicinal chemistry as part of the lead optimization phase of drug discovery would likely be required to improve the potency of small molecule mast cell activator vaccine adjuvants. For example, the development of potent novel adjuvants from specific small molecules often requires extensive medical chemistry (56–58) and/or novel formulations (59, 60). Thus, the results presented in this manuscript represent small molecule activators in the hit-to-lead phase of drug discovery and additional medicinal chemistry are needed to determine if the small molecule MCA discussed in this manuscript can be developed to provide safe adjuvant activity in vivo and increase vaccine efficacy.

The in vivo activity of adjuvants is influenced by their pharmaceutical formulations. For example, liposomes, nanoemulsions, and micro/nanoparticles are used as vaccine delivery systems and can improve the activity of the adjuvants (61–65). Formulation of a tri-adjuvant containing the TLR3 ligand, poly(I:C), the peptide adjuvant IDR-1002, and the inorganic polymer, polyphosphazene, into a liposome improved antigen-specific serum antibody responses and cytokine secreting cells after nasal immunization compared to the tri-adjuvant in the absence of a liposome (66). Similarly, nasal immunization with a formulation of C48/80 in chitosan nanoparticles increases serum lethal toxin neutralizing antibodies compared to immunization with C48/80 in an aqueous formulation (67). In the present study, vaccine formulations that attempted to combine the small molecule MCAs with the antigen in an aqueous vehicle failed due to the hydrophobicity of the MCA resulting in the MCAs precipitating out of solution. Therefore, effective vaccine delivery required procedures that first delivered the MCAs in a formulation of 50% PEG400:water followed by delivery of the antigen in saline. This split delivery method maintained the MCAs in solution and improved compound delivery. However, the maximal adjuvant activity requires co-delivery of the vaccines antigens and adjuvants (68) and it is likely, the less than optimal adjuvant formulation and vaccination method utilized in this study explains the variability within the host immune responses and reduced protection against WNV infection compared to MPL. Therefore, better formulations that co-delivers MCAs and antigens, such as liposomes, nanoemulsions, or micro/nanoparticles may maximize the adjuvant activity of the MCA small molecules after nasal delivery.

Nasal immunization is an effective method to induce mucosal antibody responses (69) but is also a needle-free method of immunization able to induce potent systemic adaptive immune responses (70). Needle-free methods of immunization may be beneficial for individuals with needle-phobia and increase vaccine compliance (71), benefit mass vaccination campaigns (72), and increase vaccine coverage in developing countries (73, 74). Although West Nile virus infects parenterally and vaccine-induced protection against WNV can be mediated by serum antibodies (75), we utilized the WNV vaccine as a proof-of-concept model to evaluate the ability of small molecule MCA to induce antigen-specific systemic immune responses after needle-free nasal immunization. We also measured mucosal WNV-specific antibody responses because we utilized a mucosal route of immunization to evaluate the adjuvant activity of the MCAs; however, we did not detect any mucosal WNV-specific antibody responses in the vaccinated mice, including mice immunized with MPL (data not shown). The antigen dose used in our vaccine formulations may be too low for induction of antigen-specific mucosal antibodies as the antigen dose is an important driver of mucosal immunity (76). However, we selected a low antigen dose in our vaccine studies to increase the sensitivity of evaluating the adjuvant activity of our MCA small molecules. The antigen dose delivered intranasally in this study is lower than the antigen dose used by others in parenteral WNV vaccine studies (77, 78) and we also reported that nasal immunization may require at least three times more antigen as parenteral immunization to induce a similar immune response (21). The vaccine conditions evaluated in this proof-of-concept study may not be optimal for induction of protective immunity against West Nile Virus; however, this study provides a foundation for further evaluation of mast cell activator small molecules as adjuvants for mucosal delivery. However, additional studies are needed to optimize the mast cell activators in nasal vaccines to enhance systemic immunity to protect against systemic pathogens like WNV and induce mucosal immunity that may be beneficial for pathogens that infect mucosal surfaces such as influenza.

Mast cell activators activated dendritic cells in vitro and in vivo. The small molecule MCA tested in our studies were identified based on their ability to induce mast cell degranulation. However, molecules that activate mast cells may also activate other cell types. We observed enhanced cytokine production, including IL-1, from mouse macrophages, dendritic cells, and lung epithelial cells after exposure to the 15 hit MCAs in the present study, suggesting these compounds can activate cells other than mast cells and IL-1 production from innate cells may contribute to the adjuvant activity of small molecule MCA (17, 39, 70). In a direct comparison between mouse MC/9 mast cells and JAWSII dendritic cells, some compounds induced a stronger cytokine response in JAWSII cells than MC/9 cells, despite being identified based on mast cell degranulation. Dendritic cell activation is a property shared by other known vaccine adjuvants including the TLR ligands MPL and CpG (79). Increased B220+ cell numbers and costimulatory molecule CD86 expression on migratory DCs observed in the draining lymph node after nasal delivery of the small molecule MCAs in this study suggests MCAs activate DCs in vivo. Because increased costimulatory molecules on antigen presenting cells is another mechanism adjuvants may use to exert adjuvant activity MCA small molecules may enhance migratory DCs CD86 to provide adjuvant activity. Thus, future studies are required to investigate the role of mast cell activation vs dendritic cell activation in the mechanism of small molecule adjuvant activity after nasal delivery.

Cytotoxicity is a mechanism by which vaccine adjuvants may provide in vivo activity (80) and the small molecule MCA tested in this manuscript exhibited a range of cytotoxicity in vitro. Although cell death is thought to be an adverse response to a vaccine adjuvant, several vaccine adjuvants induce cell death but maintain appropriate safety for use. Alum is the most widely used vaccine adjuvant and induces cell death, which contributes to its mechanism of action (80). The nanoemulsion vaccine adjuvant W (80)5EC is a potent vaccine adjuvant in mice, rats, and ferrets (81–83), and has been demonstrated safe in humans (84). However, W (80)5EC is cytotoxic in epithelial cells (85), and this cell death is associated with increased cytokine production and dendritic cell activation, which may contribute to its adjuvanticity (86, 87). Vaccine adjuvants that induce localized cytotoxicity may mimic host responses to natural infections. For example, rhinovirus infections induce cytotoxic responses in bronchial epithelial cells and reduce the ability of the epithelial cells to repair themselves (88). Similarly, influenza viral infections commonly induce cell death by a variety of mechanisms including apoptosis, necrosis, and pyroptosis (89, 90), which results in antigen presenting cell activation and recruitment of immune cells with antiviral activities (89). Cytotoxicity may be an initiating event to activate host innate immunity and induce antigen-specific immune responses; thus, compounds with cytotoxic effects should not be excluded from development as vaccine adjuvants.

Small molecule MCAs modified gene expression in the NALT after nasal delivery. RNA sequencing identified several genes enhanced by more than one small molecule MCA, which were also enhanced by M7, suggesting some of the small molecule MCAs may activate host responses using a mechanism similar to that utilized by M7. However, compound R127655 did not share enhanced genes with the other MCAs or M7, suggesting this compound may behave differently than M7 and the other MCAs. Because our RNA sequencing study was performed as a method to evaluate in vivo activity of the MCAs, we only measured gene expression at one time point and in one tissue. Although we only selected one time point to evaluate adjuvant-induced gene expression in our studies, we observed enhanced ccl3 and manf expression after exposure to MCAs, which is confirmed by others who have also reported changes in expression ccl3 and manf in mast cell-mediated events (91). Similarly, our observation of enhanced cxcl10 and irf7 expression after exposure to MPL confirms the activity of MPL described in the literature (92, 93). Because RNA sequencing studies typically monitor gene expression over several time points and in different tissues to identify biomarkers involved in vaccine and adjuvant activities (94); additional studies are required to better utilize gene expression analysis to identify biomarkers that elucidate MCAs adjuvant activity for safety and efficacy.

The results from this study provide the support that MCAs are a new class of vaccine adjuvants for mucosal immunization. Mast cell activating polymeric compounds (5, 13), peptides (21, 22), and now, small molecules have been shown to enhance vaccine-specific immunity after nasal delivery. The hydrophobic nature of small molecules will require optimal formulations or medicinal chemical modifications to maximize compound activity and advance these compounds through the lead optimization phase of drug discovery. Additional studies are required to identify appropriate adjuvant delivery systems, optimize the adjuvant activity of small molecule MCAs and evaluate safety. However, the use of small molecules as nasal vaccine adjuvants may be a cost-effective method to allow for the rapid production of adjuvant compounds to high purity to be used as a needle-free immunization method.



Data Availability Statement

Publicly available datasets were analyzed in this study. This data can be found here: https://doi.org/10.7924/r4h133m7w.



Ethics Statement

The animal study was reviewed and approved by Duke University Institutional Animal Care and Use Committee.



Author Contributions

BJ-W and HC performed the experiments. BJ-W, HC, CC, HY, and JG performed data analysis. BJ-W, HC, SA, and HS designed the experiments. BJ-W and HS wrote the manuscript. All authors reviewed the manuscript and agree to be accountable for the content of the work. All authors contributed to the article and approved the submitted version.



Funding

This work was funded by the National Institute of Allergy and Infectious Diseases (NIAID) Adjuvant Discovery Contract #HHSN272201400054C.



Acknowledgments

Fang Wang assisted with performing the in vitro cytokine and viability assays. The Duke Small Molecule Synthesis Facility (SMSF) synthesized the small molecule mast cell activators for use in the described studies. WNV challenge studies were performed under the management of Dr. Charles McGee and multiplexed immunoassays were performed under the management of Dr. Andrew N. Macintyre under the direction of Dr. Gregory D. Sempowski in the Duke Regional Biocontainment Laboratory, which received partial support for construction from the National Institutes of Health, National Institute of Allergy and Infectious Diseases (UC6-AI058607).



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2021.730346/full#supplementary-material



References

1. Moon, TC, Befus, AD, and Kulka, M. Mast Cell Mediators: Their Differential Release and the Secretory Pathways Involved. Front Immunol (2014) 5:569. doi: 10.3389/fimmu.2014.00569

2. Krystel-Whittemore, M, Dileepan, KN, and Wood, JG. Mast Cell: A Multi-Functional Master Cell. Front Immunol (2015) 6:620. doi: 10.3389/fimmu.2015.00620

3. Mukai, K, Tsai, M, Saito, H, and Galli, SJ. Mast Cells as Sources of Cytokines, Chemokines, and Growth Factors. Immunol Rev (2018) 282(1):121–50. doi: 10.1111/imr.12634

4. McLachlan, JB, Hart, JP, Pizzo, SV, Shelburne, CP, Staats, HF, Gunn, MD, et al. Mast Cell-Derived Tumor Necrosis Factor Induces Hypertrophy of Draining Lymph Nodes During Infection. Nat Immunol (2003) 4(12):1199–205. doi: 10.1038/ni1005

5. McLachlan, JB, Shelburne, CP, Hart, JP, Pizzo, SV, Goyal, R, Brooking-Dixon, R, et al. Mast Cell Activators: A New Class of Highly Effective Vaccine Adjuvants. Nat Med (2008) 14(5):536–41. doi: 10.1038/nm1757

6. Shelburne, CP, Nakano, H, St John, AL, Chan, C, McLachlan, JB, Gunn, MD, et al. Mast Cells Augment Adaptive Immunity by Orchestrating Dendritic Cell Trafficking Through Infected Tissues. Cell Host Microbe (2009) 6(4):331–42. doi: 10.1016/j.chom.2009.09.004

7. Elieh Ali Komi, D, Wöhrl, S, and Bielory, L. Mast Cell Biology at Molecular Level: A Comprehensive Review. Clin Rev Allergy Immunol (2020) 58(3):342–65. doi: 10.1007/s12016-019-08769-2

8. Heib, V, Becker, M, Warger, T, Rechtsteiner, G, Tertilt, C, Klein, M, et al. Mast Cells Are Crucial for Early Inflammation, Migration of Langerhans Cells, and Ctl Responses Following Topical Application of Tlr7 Ligand in Mice. Blood (2007) 110(3):946–53. doi: 10.1182/blood-2006-07-036889

9. Becker, M, Heib, V, Klein, M, Doener, F, Bopp, T, Taube, C, et al. Impaired Mast Cell-Driven Immune Responses in Mice Lacking the Transcription Factor Nfatc2. J Immunol (2009) 182(10):6136–42. doi: 10.4049/jimmunol.0802878

10. Fang, Y, Larsson, L, Mattsson, J, Lycke, N, and Xiang, Z. Mast Cells Contribute to the Mucosal Adjuvant Effect of Cta1-Dd After Igg-Complex Formation. J Immunol (2010) 185(5):2935–41. doi: 10.4049/jimmunol.1000589

11. Yoshino, N, Takeshita, R, Kawamura, H, Sasaki, Y, Kagabu, M, Sugiyama, T, et al. Mast Cells Partially Contribute to Mucosal Adjuvanticity of Surfactin in Mice. Immun Inflammation Dis (2018) 6(1):117–27. doi: 10.1002/iid3.204

12. Schubert, N, Lisenko, K, Auerbach, C, Weitzmann, A, Ghouse, SM, Muhandes, L, et al. Unimpaired Responses to Vaccination With Protein Antigen Plus Adjuvant in Mice With Kit-Independent Mast Cell Deficiency. Front Immunol (2018) 9:1870. doi: 10.3389/fimmu.2018.01870

13. Zheng, M, Liu, F, Shen, Y, Wang, S, Xu, W, Fang, F, et al. Cross-Protection Against Influenza Virus Infection by Intranasal Administration of Nucleoprotein-Based Vaccine With Compound 48/80 Adjuvant. Hum Vaccin Immunother (2015) 11(2):397–406. doi: 10.4161/21645515.2014.995056

14. Zeng, L, Liu, Y, Wang, H, Liao, P, Song, Z, Gao, S, et al. Compound 48/80 Acts as a Potent Mucosal Adjuvant for Vaccination Against Streptococcus Pneumoniae Infection in Young Mice. Vaccine (2015) 33(8):1008–16. doi: 10.1016/j.vaccine.2015.01.013

15. Staats, HF, Fielhauer, JR, Thompson, AL, Tripp, AA, Sobel, AE, Maddaloni, M, et al. Mucosal Targeting of a Bont/a Subunit Vaccine Adjuvanted With a Mast Cell Activator Enhances Induction of Bont/a Neutralizing Antibodies in Rabbits. PloS One (2011) 6(1):e16532. doi: 10.1371/journal.pone.0016532

16. Wang, SH, Kirwan, SM, Abraham, SN, Staats, HF, and Hickey, AJ. Stable Dry Powder Formulation for Nasal Delivery of Anthrax Vaccine. J Pharm Sci (2012) 101(1):31–47. doi: 10.1002/jps.22742

17. Gwinn, WM, Johnson, BT, Kirwan, SM, Sobel, AE, Abraham, SN, Gunn, MD, et al. A Comparison of Non-Toxin Vaccine Adjuvants for Their Ability to Enhance the Immunogenicity of Nasally-Administered Anthrax Recombinant Protective Antigen. Vaccine (2013) 31(11):1480–9. doi: 10.1016/j.vaccine.2013.01.012

18. Xu, L, Bao, L, Li, F, Lv, Q, Yuan, J, Xu, Y, et al. Intranasal Immunization of Mice With Inactivated Virus and Mast Cell Activator C48/80 Elicits Protective Immunity Against Influenza H1 But Not H5. Immunol Invest (2014) 43(3):224–35. doi: 10.3109/08820139.2013.859155

19. Koibuchi, Y, Ichikawa, A, Nakagawa, M, and Tomita, K. Histamine Release Induced From Mast Cells by Active Components of Compound 48/80. Eur J Pharmacol (1985) 115(2-3):163–70. doi: 10.1016/0014-2999(85)90687-9

20. Higashijima, T, Burnier, J, and Ross, EM. Regulation of Gi and Go by Mastoparan, Related Amphiphilic Peptides, and Hydrophobic Amines. Mechanism and Structural Determinants of Activity. J Biol Chem (1990) 265(24):14176–86. doi: 10.1016/S0021-9258(18)77284-0

21. Jones, DI, Pollara, JJ, Johnson-Weaver, BT, LaBranche, CC, Montefiori, DC, Pickup, DJ, et al. Optimized Mucosal Modified Vaccinia Virus Ankara Prime/Soluble Gp120 Boost Hiv Vaccination Regimen Induces Antibody Responses Similar to Those of an Intramuscular Regimen. J Virol (2019) 93(14). doi: 10.1128/jvi.00475-19

22. St John, AL, Choi, HW, Walker, QD, Blough, B, Kuhn, CM, Abraham, SN, et al. Novel Mucosal Adjuvant, Mastoparan-7, Improves Cocaine Vaccine Efficacy. NPJ Vaccines (2020) 5:12. doi: 10.1038/s41541-020-0161-1

23. Choi, HW, Chan, C, Shterev, ID, Lynch, HE, Robinette, TJ, Johnson-Weaver, BT, et al. Identification of Novel Mast Cell Activators Using Cell-Based High-Throughput Screening. SLAS Discov (2019) 24(6):628–40. doi: 10.1177/2472555219834699

24. Hughes, JP, Rees, S, Kalindjian, SB, and Philpott, KL. Principles of Early Drug Discovery. Br J Pharmacol (2011) 162(6):1239–49. doi: 10.1111/j.1476-5381.2010.01127.x

25. Ohlmeyer, M, and Zhou, MM. Integration of Small-Molecule Discovery in Academic Biomedical Research. Mt Sinai J Med (2010) 77(4):350–7. doi: 10.1002/msj.20197

26. Santos, CO, Costa, SF, Souza, FS, Mendes, JMF, de Pinheiro, CGM, Moreira, DRM, et al. Blocking Il-10 Signaling With Soluble Il-10 Receptor Restores in Vitro Specific Lymphoproliferative Response in Dogs With Leishmaniasis Caused by Leishmania Infantum. PloS One (2021) 16(1):e0239171. doi: 10.1371/journal.pone.0239171

27. Balcazar, N, Betancur, LI, Muñoz, DL, Cabrera, FJ, Castaño, A, Echeverri, LF, et al. Ursolic Acid Lactone Obtained From Eucalyptus Tereticornis Increases Glucose Uptake and Reduces Inflammatory Activity and Intracellular Neutral Fat: An in Vitro Study. Molecules (2021) 26(8):1–17. doi: 10.3390/molecules26082282

28. van Haasteren, J, Munis, AM, Gill, DR, and Hyde, SC. Genome-Wide Integration Site Detection Using Cas9 Enriched Amplification-Free Long-Range Sequencing. Nucleic Acids Res (2021) 49(3):e16. doi: 10.1093/nar/gkaa1152

29. McNeil, BD, Pundir, P, Meeker, S, Han, L, Undem, BJ, Kulka, M, et al. Identification of a Mast-Cell-Specific Receptor Crucial for Pseudo-Allergic Drug Reactions. Nature (2015) 519(7542):237–41. doi: 10.1038/nature14022

30. Kersey, PJ, Allen, JE, Armean, I, Boddu, S, Bolt, BJ, Carvalho-Silva, D, et al. Ensembl Genomes 2016: More Genomes, More Complexity. Nucleic Acids Res (2016) 44(D1):D574–80. doi: 10.1093/nar/gkv1209

31. Ryan, O, Shapiro, RS, Kurat, CF, Mayhew, D, Baryshnikova, A, Chin, B, et al. Global Gene Deletion Analysis Exploring Yeast Filamentous Growth. Science (2012) 337(6100):1353–6. doi: 10.1126/science.1224339

32. Ewels, P, Magnusson, M, Lundin, S, and Käller, M. Multiqc: Summarize Analysis Results for Multiple Tools and Samples in a Single Report. Bioinformatics (2016) 32(19):3047–8. doi: 10.1093/bioinformatics/btw354

33. Aronesty, E. Comparison of Sequencing Utility Programs. Open Bioinform J (2013) 7:1–8. doi: 10.2174/1875036201307010001

34. Mak, SST, Gopalakrishnan, S, Carøe, C, Geng, C, Liu, S, Sinding, MS, et al. Comparative Performance of the Bgiseq-500 Vs Illumina Hiseq2500 Sequencing Platforms for Palaeogenomic Sequencing. Gigascience (2017) 6(8):1–13. doi: 10.1093/gigascience/gix049

35. Dobin, A, Davis, CA, Schlesinger, F, Drenkow, J, Zaleski, C, Jha, S, et al. Star: Ultrafast Universal Rna-Seq Aligner. Bioinformatics (2013) 29(1):15–21. doi: 10.1093/bioinformatics/bts635

36. Love, MI, Huber, W, and Anders, S. Moderated Estimation of Fold Change and Dispersion for Rna-Seq Data With Deseq2. Genome Biol (2014) 15(12):550. doi: 10.1186/s13059-014-0550-8

37. Benjamini, Y, and Hochberg, Y. Controlling the False Discovery Rate: A Practical and Powerful Approach to Multiple Testing. J R Stat Soc Ser B Stat Methodol (1995) 57(1):289–300. doi: 10.1111/j.2517-6161.1995.tb02031.x

38. Vet, LJ, Setoh, YX, Amarilla, AA, Habarugira, G, Suen, WW, Newton, ND, et al. Protective Efficacy of a Chimeric Insect-Specific Flavivirus Vaccine Against West Nile Virus. Vaccines (Basel) (2020) 8(2):1–14. doi: 10.3390/vaccines8020258

39. Staats, HF, and Ennis, FA Jr. Il-1 Is an Effective Adjuvant for Mucosal and Systemic Immune Responses When Coadministered With Protein Immunogens. J Immunol (1999) 162(10):6141–7.

40. Nautiyal, KM, McKellar, H, Silverman, AJ, and Silver, R. Mast Cells Are Necessary for the Hypothermic Response to Lps-Induced Sepsis. Am J Physiol Regul Integr Comp Physiol (2009) 296(3):R595–602. doi: 10.1152/ajpregu.90888.2008

41. Thompson, AL, Johnson, BT, Sempowski, GD, Gunn, MD, Hou, B, DeFranco, AL, et al. Maximal Adjuvant Activity of Nasally Delivered Il-1alpha Requires Adjuvant-Responsive Cd11c(+) Cells and Does Not Correlate With Adjuvant-Induced in Vivo Cytokine Production. J Immunol (2012) 188(6):2834–46. doi: 10.4049/jimmunol.1100254

42. Wilson, GJ, Marakalala, MJ, Hoving, JC, van Laarhoven, A, Drummond, RA, Kerscher, B, et al. The C-Type Lectin Receptor Clecsf8/Clec4d Is a Key Component of Anti-Mycobacterial Immunity. Cell Host Microbe (2015) 17(2):252–9. doi: 10.1016/j.chom.2015.01.004

43. Larrea, E, Aldabe, R, Gonzalez, I, Segura, V, Sarobe, P, Echeverria, I, et al. Oncostatin M Enhances the Antiviral Effects of Type I Interferon and Activates Immunostimulatory Functions in Liver Epithelial Cells. J Virol (2009) 83(7):3298–311. doi: 10.1128/jvi.02167-08

44. Cheng, Y, Ma, XL, Wei, YQ, and Wei, XW. Potential Roles and Targeted Therapy of the Cxcls/Cxcr2 Axis in Cancer and Inflammatory Diseases. Biochim Biophys Acta Rev Cancer (2019) 1871(2):289–312. doi: 10.1016/j.bbcan.2019.01.005

45. Schulz, JM, Ross, KL, Malmstrom, K, Krieger, M, and Fridovich-Keil, JL. Mediators of Galactose Sensitivity in Udp-Galactose 4'-Epimerase-Impaired Mammalian Cells. J Biol Chem (2005) 280(14):13493–502. doi: 10.1074/jbc.M414045200

46. Kim, Y, Park, SJ, and Chen, YM. Mesencephalic Astrocyte-Derived Neurotrophic Factor (Manf), a New Player in Endoplasmic Reticulum Diseases: Structure, Biology, and Therapeutic Roles. Transl Res (2017) 188:1–9. doi: 10.1016/j.trsl.2017.06.010

47. Kuntová, B, Stopková, R, and Stopka, P. Transcriptomic and Proteomic Profiling Revealed High Proportions of Odorant Binding and Antimicrobial Defense Proteins in Olfactory Tissues of the House Mouse. Front Genet (2018) 9:26. doi: 10.3389/fgene.2018.00026

48. Pearce, LR, Atanassova, N, Banton, MC, Bottomley, B, van der Klaauw, AA, Revelli, JP, et al. Ksr2 Mutations Are Associated With Obesity, Insulin Resistance, and Impaired Cellular Fuel Oxidation. Cell (2013) 155(4):765–77. doi: 10.1016/j.cell.2013.09.058

49. Chien, YH, Werner, ME, Stubbs, J, Joens, MS, Li, J, Chien, S, et al. Bbof1 Is Required to Maintain Cilia Orientation. Development (2013) 140(16):3468–77. doi: 10.1242/dev.096727

50. Kitagawa, M, Natori, M, Murase, S, Hirano, S, Taketani, S, and Suzuki, ST. Mutation Analysis of Cadherin-4 Reveals Amino Acid Residues of Ec1 Important for the Structure and Function. Biochem Biophys Res Commun (2000) 271(2):358–63. doi: 10.1006/bbrc.2000.2636

51. Randall, TD Chapter 4 - Structure, Organization, and Development of the Mucosal Immune System of the Respiratory Tract. In:  J Mestecky, W Strober, MW Russell, BL Kelsall, H Cheroutre, and BN Lambrecht, editors. Mucosal Immunology, 4th ed.Boston: Academic Press (2015). p. 43–61

52. Merad, M, Sathe, P, Helft, J, Miller, J, and Mortha, A The Dendritic Cell Lineage: Ontogeny and Function of Dendritic Cells and Their Subsets in the Steady State and the Inflamed Setting. Annu Rev Immunol (2013) 31:563–604. doi: 10.1146/annurev-immunol-020711-074950

53. Ma, JK, Platt, MY, Eastham-Anderson, J, Shin, JS, and Mellman, I Mhc Class Ii Distribution in Dendritic Cells and B Cells Is Determined by Ubiquitin Chain Length. Proc Natl Acad Sci USA (2012) 109(23):8820–7. doi: 10.1073/pnas.1202977109

54. Staats, HF, Bradney, CP, Gwinn, WM, Jackson, SS, Sempowski, GD, Liao, H-X, et al Cytokine Requirements for Induction of Systemic and Mucosal Ctl After Nasal Immunization. J Immunol (2001) 167:5386–94. doi: 10.4049/jimmunol.167.9.5386

55. Salomon, B, Cohen, JL, Masurier, C, and Klatzmann, D Three Populations of Mouse Lymph Node Dendritic Cells With Different Origins and Dynamics. J Immunol (1998) 160(2):708–17.

56. Shukla, NM, Malladi, SS, Day, V, and David, SA Preliminary Evaluation of a 3h Imidazoquinoline Library as Dual Tlr7/Tlr8 Antagonists. Bioorg Med Chem (2011) 19(12):3801–11. doi: 10.1016/j.bmc.2011.04.052

57. Shukla, NM, Salunke, DB, Balakrishna, R, Mutz, CA, Malladi, SS, and David, SA. Potent Adjuvanticity of a Pure Tlr7-Agonistic Imidazoquinoline Dendrimer. PloS One (2012) 7(8):e43612. doi: 10.1371/journal.pone.0043612

58. Beesu, M, Salyer, AC, Brush, MJ, Trautman, KL, Hill, JK, and David, SA. Identification of High-Potency Human Tlr8 and Dual Tlr7/Tlr8 Agonists in Pyrimidine-2,4-Diamines. J Med Chem (2017) 60(5):2084–98. doi: 10.1021/acs.jmedchem.6b01860

59. Van Herck, S, Deswarte, K, Nuhn, L, Zhong, Z, Portela Catani, JP, Li, Y, et al. Lymph-Node-Targeted Immune Activation by Engineered Block Copolymer Amphiphiles-Tlr7/8 Agonist Conjugates. J Am Chem Soc (2018) 140(43):14300–7. doi: 10.1021/jacs.8b08595

60. Yoo, E, Salyer, ACD, Brush, MJH, Li, Y, Trautman, KL, Shukla, NM, et al. Hyaluronic Acid Conjugates of Tlr7/8 Agonists for Targeted Delivery to Secondary Lymphoid Tissue. Bioconjug Chem (2018) 29(8):2741–54. doi: 10.1021/acs.bioconjchem.8b00386

61. O'Hagan, DT, and Singh, M. Microparticles as Vaccine Adjuvants and Delivery Systems. Expert Rev Vaccines (2003) 2(2):269–83. doi: 10.1586/14760584.2.2.269

62. Singh, M, Chakrapani, A, and O'Hagan, D. Nanoparticles and Microparticles as Vaccine-Delivery Systems. Expert Rev Vaccines (2007) 6(5):797–808. doi: 10.1586/14760584.6.5.797

63. Saroja, C, Lakshmi, P, and Bhaskaran, S. Recent Trends in Vaccine Delivery Systems: A Review. Int J Pharm Investig (2011) 1(2):64–74. doi: 10.4103/2230-973x.82384

64. Schwendener, RA. Liposomes as Vaccine Delivery Systems: A Review of the Recent Advances. Ther Adv Vaccines (2014) 2(6):159–82. doi: 10.1177/2051013614541440

65. Lodaya, RN, Brito, LA, Wu, TYH, Miller, AT, Otten, GR, Singh, M, et al. Stable Nanoemulsions for the Delivery of Small Molecule Immune Potentiators. J Pharm Sci (2018) 107(9):2310–4. doi: 10.1016/j.xphs.2018.05.012

66. Wasan, EK, Syeda, J, Strom, S, Cawthray, J, Hancock, RE, Wasan, KM, et al. A Lipidic Delivery System of a Triple Vaccine Adjuvant Enhances Mucosal Immunity Following Nasal Administration in Mice. Vaccine (2019) 37(11):1503–15. doi: 10.1016/j.vaccine.2019.01.058

67. Bento, D, Staats, HF, Goncalves, T, and Borges, O. Development of a Novel Adjuvanted Nasal Vaccine: C48/80 Associated With Chitosan Nanoparticles as a Path to Enhance Mucosal Immunity. Eur J Pharm Biopharm (2015) 93:149–64. doi: 10.1016/j.ejpb.2015.03.024

68. Lycke, N, and Holmgren, J. Strong Adjuvant Properties of Cholera Toxin on Gut Mucosal Immune Responses to Orally Presented Antigens. Immunology (1986) 59(2):301–8.

69. Holmgren, J, and Czerkinsky, C. Mucosal Immunity and Vaccines. Nat Med (2005) 11(4 Suppl):S45–53. doi: 10.1038/nm1213

70. Gwinn, WM, Kirwan, SM, Wang, SH, Ashcraft, KA, Sparks, NL, Doil, CR, et al. Effective Induction of Protective Systemic Immunity With Nasally Administered Vaccines Adjuvanted With Il-1. Vaccine (2010) 28(42):6901–14. doi: 10.1016/j.vaccine.2010.08.006

71. Love, AS, and Love, RJ. Considering Needle Phobia Among Adult Patients During Mass Covid-19 Vaccinations. J Prim Care Community Health (2021) 12:21501327211007393. doi: 10.1177/21501327211007393

72. Burgess, TH, Murray, CK, Bavaro, MF, Landrum, ML, O'Bryan, TA, Rosas, JG, et al. Self-Administration of Intranasal Influenza Vaccine: Immunogenicity and Volunteer Acceptance. Vaccine (2015) 33(32):3894–9. doi: 10.1016/j.vaccine.2015.06.061

73. Levine, MM. "Ideal" Vaccines for Resource Poor Settings. Vaccine (2011) 29(Suppl 4):D116–25. doi: 10.1016/j.vaccine.2011.11.090

74. Levine, MM. Can Needle-Free Administration of Vaccines Become the Norm in Global Immunization? Nat Med (2003) 9(1):99. doi: 10.1038/nm0103-99

75. Bai, F, Thompson, EA, Vig, PJS, and Leis, AA. Current Understanding of West Nile Virus Clinical Manifestations, Immune Responses, Neuroinvasion, and Immunotherapeutic Implications. Pathogens (2019) 8(4):1–21. doi: 10.3390/pathogens8040193

76. Boyaka, PN, Tafaro, A, Fischer, R, Leppla, SH, Fujihashi, K, and McGhee, JR. Effective Mucosal Immunity to Anthrax: Neutralizing Antibodies and Th Cell Responses Following Nasal Immunization With Protective Antigen. J Immunol (2003) 170(11):5636–43. doi: 10.4049/jimmunol.170.11.5636

77. Chu, J-HJ, Chiang, C-CS, and Ng, M-L. Immunization of Flavivirus West Nile Recombinant Envelope Domain Iii Protein Induced Specific Immune Response and Protection Against West Nile Virus Infection. J Immunol (2007) 178(5):2699–705. doi: 10.4049/jimmunol.178.5.2699

78. Lai, H, Paul, AM, Sun, H, He, J, Yang, M, Bai, F, et al. A Plant-Produced Vaccine Protects Mice Against Lethal West Nile Virus Infection Without Enhancing Zika or Dengue Virus Infectivity. Vaccine (2018) 36(14):1846–52. doi: 10.1016/j.vaccine.2018.02.073

79. Awate, S, Babiuk, LA, and Mutwiri, G. Mechanisms of Action of Adjuvants. Front Immunol (2013) 4:114. doi: 10.3389/fimmu.2013.00114

80. Marichal, T, Ohata, K, Bedoret, D, Mesnil, C, Sabatel, C, Kobiyama, K, et al. DNA Released From Dying Host Cells Mediates Aluminum Adjuvant Activity. Nat Med (2011) 17(8):996–1002. doi: 10.1038/nm.2403

81. Hamouda, T, Chepurnov, A, Mank, N, Knowlton, J, Chepurnova, T, Myc, A, et al. Efficacy, Immunogenicity and Stability of a Novel Intranasal Nanoemulsion-Adjuvanted Influenza Vaccine in a Murine Model. Hum Vaccin (2010) 6(7):585–94. doi: 10.4161/hv.6.7.11818

82. O'Konek, JJ, Makidon, PE, Landers, JJ, Cao, Z, Malinczak, CA, Pannu, J, et al. Intranasal Nanoemulsion-Based Inactivated Respiratory Syncytial Virus Vaccines Protect Against Viral Challenge in Cotton Rats. Hum Vaccin Immunother (2015) 11(12):2904–12. doi: 10.1080/21645515.2015.1075680

83. Hamouda, T, Sutcliffe, JA, Ciotti, S, and Baker, JR Jr. Intranasal Immunization of Ferrets With Commercial Trivalent Influenza Vaccines Formulated in a Nanoemulsion-Based Adjuvant. Clin Vaccine Immunol (2011) 18(7):1167–75. doi: 10.1128/cvi.00035-11

84. Stanberry, LR, Simon, JK, Johnson, C, Robinson, PL, Morry, J, Flack, MR, et al. Safety and Immunogenicity of a Novel Nanoemulsion Mucosal Adjuvant W805ec Combined With Approved Seasonal Influenza Antigens. Vaccine (2012) 30(2):307–16. doi: 10.1016/j.vaccine.2011.10.094

85. Orzechowska, BU, Kukowska-Latallo, JF, Coulter, AD, Szabo, Z, Gamian, A, and Myc, A. Nanoemulsion-Based Mucosal Adjuvant Induces Apoptosis in Human Epithelial Cells. Vaccine (2015) 33(19):2289–96. doi: 10.1016/j.vaccine.2015.03.002

86. Myc, A, Kukowska-Latallo, JF, Smith, DM, Passmore, C, Pham, T, Wong, P, et al. Nanoemulsion Nasal Adjuvant W(8)(0)5ec Induces Dendritic Cell Engulfment of Antigen-Primed Epithelial Cells. Vaccine (2013) 31(7):1072–9. doi: 10.1016/j.vaccine.2012.12.033

87. Makidon, PE, Belyakov, IM, Blanco, LP, Janczak, KW, Landers, J, Bielinska, AU, et al. Nanoemulsion Mucosal Adjuvant Uniquely Activates Cytokine Production by Nasal Ciliated Epithelium and Induces Dendritic Cell Trafficking. Eur J Immunol (2012) 42(8):2073–86. doi: 10.1002/eji.201142346

88. Bossios, A, Psarras, S, Gourgiotis, D, Skevaki, CL, Constantopoulos, AG, Saxoni-Papageorgiou, P, et al. Rhinovirus Infection Induces Cytotoxicity and Delays Wound Healing in Bronchial Epithelial Cells. Respir Res (2005) 6(1):114. doi: 10.1186/1465-9921-6-114

89. Atkin-Smith, GK, Duan, M, Chen, W, and Poon, IKH. The Induction and Consequences of Influenza a Virus-Induced Cell Death. Cell Death Dis (2018) 9(10):1002. doi: 10.1038/s41419-018-1035-6

90. Laghlali, G, Lawlor, KE, and Tate, MD. Die Another Way: Interplay Between Influenza a Virus, Inflammation and Cell Death. Viruses (2020) 12(4):1–23. doi: 10.3390/v12040401

91. Hamey, FK, Lau, WWY, Kucinski, I, Wang, X, Diamanti, E, Wilson, NK, et al. Single-Cell Molecular Profiling Provides a High-Resolution Map of Basophil and Mast Cell Development. Allergy (2021) 76(6):1731–42. doi: 10.1111/all.14633

92. Lampe, AT, Puniya, BL, Pannier, AK, Helikar, T, and Brown, DM. Combined Tlr4 and Tlr9 Agonists Induce Distinct Phenotypic Changes in Innate Immunity in Vitro and in Vivo. Cell Immunol (2020) 355:104149. doi: 10.1016/j.cellimm.2020.104149

93. García-González, PA, Schinnerling, K, Sepúlveda-Gutiérrez, A, Maggi, J, Mehdi, AM, Nel, HJ, et al. Dexamethasone and Monophosphoryl Lipid a Induce a Distinctive Profile on Monocyte-Derived Dendritic Cells Through Transcriptional Modulation of Genes Associated With Essential Processes of the Immune Response. Front Immunol (2017) 8:1350. doi: 10.3389/fimmu.2017.01350

94. McKay, PF, Cizmeci, D, Aldon, Y, Maertzdorf, J, Weiner, J, Kaufmann, SH, et al. Identification of Potential Biomarkers of Vaccine Inflammation in Mice. Elife (2019) 8:1–23. doi: 10.7554/eLife.46149




Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Johnson-Weaver, Choi, Yang, Granek, Chan, Abraham and Staats. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




ORIGINAL RESEARCH

published: 16 September 2021

doi: 10.3389/fimmu.2021.729189

[image: image2]


A Combination Adjuvant for the Induction of Potent Antiviral Immune Responses for a Recombinant SARS-CoV-2 Protein Vaccine


Sonia Jangra 1,2†, Jeffrey J. Landers 3,4,5†, Raveen Rathnasinghe 1,2,6, Jessica J. O’Konek 3,4,5, Katarzyna W. Janczak 3,4,5, Marilia Cascalho 7,8, Andrew A. Kennedy 3, Andrew W. Tai 3,7,9, James R. Baker Jr. 3,4,5, Michael Schotsaert 1,2* and Pamela T. Wong 3,4,5*


1 Department of Microbiology, Icahn School of Medicine at Mount Sinai New York, NY, United States, 2 Global Health and Emerging Pathogens Institute, Icahn School of Medicine at Mount Sinai, New York, NY, United States, 3 Department of Internal Medicine, University of Michigan Medical School, Ann Arbor, MI, United States, 4 Michigan Nanotechnology Institute for Medicine and Biological Sciences, University of Michigan Medical School, Ann Arbor, MI, United States, 5 Mary H. Weiser Food Allergy Center, University of Michigan Medical School, Ann Arbor, MI, United States, 6 Graduate School of Biomedical Sciences, Icahn School of Medicine at Mount Sinai, New York, NY, United States, 7 Department of Microbiology and Immunology, University of Michigan Medical School, Ann Arbor, MI, United States, 8 Department of Surgery, University of Michigan Medical School, Ann Arbor, MI, United States, 9 Medicine Service, VA Ann Arbor Healthcare System, Ann Arbor, MI, United States




Edited by: 

Pam Kozlowski, Louisiana State University, United States

Reviewed by: 

Herman Staats, Duke University, United States

Courtney Woolsey, University of Texas Medical Branch at Galveston, United States

*Correspondence: 

Michael Schotsaert
 Michael.Schotsaert@mssm.edu 

Pamela T. Wong
 ptw@umich.edu

†These authors have contributed equally to this work and share first authorship

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


Received: 22 June 2021

Accepted: 30 August 2021

Published: 16 September 2021

Citation:
Jangra S, Landers JJ, Rathnasinghe R, O’Konek JJ, Janczak KW, Cascalho M, Kennedy AA, Tai AW, Baker JR, Schotsaert M and Wong PT (2021) A Combination Adjuvant for the Induction of Potent Antiviral Immune Responses for a Recombinant SARS-CoV-2 Protein Vaccine. Front. Immunol. 12:729189. doi: 10.3389/fimmu.2021.729189



Several SARS-CoV-2 vaccines have received EUAs, but many issues remain unresolved, including duration of conferred immunity and breadth of cross-protection. Adjuvants that enhance and shape adaptive immune responses that confer broad protection against SARS-CoV-2 variants will be pivotal for long-term protection as drift variants continue to emerge. We developed an intranasal, rationally designed adjuvant integrating a nanoemulsion (NE) that activates TLRs and NLRP3 with an RNA agonist of RIG-I (IVT DI). The combination adjuvant with spike protein antigen elicited robust responses to SARS-CoV-2 in mice, with markedly enhanced TH1-biased cellular responses and high virus-neutralizing antibody titers towards both homologous SARS-CoV-2 and a variant harboring the N501Y mutation shared by B1.1.7, B.1.351 and P.1 variants. Furthermore, passive transfer of vaccination-induced antibodies protected naive mice against heterologous viral challenge. NE/IVT DI enables mucosal vaccination, and has the potential to improve the immune profile of a variety of SARS-CoV-2 vaccine candidates to provide effective cross-protection against future drift variants.
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Introduction

The rapid spread of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has had a devastating impact on human health, with >210 million global cases of infection, and >4.4 million fatalities resulting in the past year and a half since the start of the pandemic (1). Several vaccines have received emergency use authorizations (EUAs) or are in late stage clinical testing (2–4). However, many issues remain with these first-generation vaccines, such as the duration and breadth of conferred immunity, whether vaccine induced immunity prevents transmission, and efficacy in cohorts with traditionally low response rates to vaccination such as the elderly and immunocompromised. The emergence of variants with higher transmissibility, increased virulence, and the potential for escape from current vaccines have instigated a new surge of infections, making it clear that successful control of the pandemic and mitigation of future outbreaks requires vaccines which provide not only robust and long-lasting protection, but also confer broad immunity towards current and future drift variants (5, 6).

Multiple studies have confirmed that the potency of neutralizing antibodies (NAbs) induced by several of the vaccines currently deployed or in development (mRNA, adenovirus vectored, subunit) are impacted by different degrees to the current variants of concern (i.e. B.1.1.7, B.1.351, P.1, B.1.617.2) (7–10). This reduction is especially prominent with the B.1.351 variant, which contains the N501Y mutation shared by the B.1.1.7 and P.1 variants, and two additional mutations (K417N, E484K) in the spike receptor binding domain (RBD) (11). We and others have shown that the E484K substitution alone, significantly reduces the neutralization capacity of human convalescent and post-vaccination sera, which may leave people that have low NAb titers against current strains unprotected against newly emerging variants (11–14). Therefore, improved strategies to induce higher titers of higher quality broadly neutralizing antibodies are needed as new variants continue to emerge. While NAbs directed towards the SARS-CoV-2 spike (S) protein are an important component of protective immunity, cellular immunity also plays a vital role in protection, especially in preventing severe disease and providing long-lasting immunity (15–17). CD8+ T cell depletion partially abrogated protection from reinfection in NHPs (17). Further, NAbs alone did not predict disease severity in COVID-19 patients, whereas both the presence of SARS-CoV-2 S-specific CD4+ and CD8+ T cells were significantly associated with less severe disease (15, 18–20). Importantly, T cell epitopes are generally less susceptible to antigenic drift compared to antibody epitopes. Thus, a coordinated adaptive immune response composed of both robust NAbs and long-lasting CD4+ and CD8+ T cells is essential for strong protection and will be critical to a successful vaccination strategy for broad protection against COVID-19.

Here, we demonstrate a rationally designed combination mucosal [intranasal (IN)] adjuvant that enhances the quality of the immune response to SARS-CoV-2 induced by an S protein subunit antigen. Adjuvants can facilitate induction of high levels of NAbs and robust protective T cell responses and help promote more durable immune memory. Furthermore, rational adjuvant design allows for shaping or skewing of vaccine responses towards effective, broader and more potent immunity against drifted viruses. Viruses that induce long-lasting immunity through natural infection typically stimulate strong innate immune responses through the activation of Toll-, RIG-I-, and NOD-like receptors (TLRs, RLRs, NLRs). However, SARS-CoV-2 and –CoV infections induce muted innate responses due to several immune-evasion tactics, including avoidance of RLR recognition and direct inhibition of RIG-I and downstream effector molecules, resulting in weaker induction of key cytokines including type-I interferons (IFN-Is) and poor activation of IFN-I associated pathways (21–23). As IFN-Is are master activators of the antiviral defense program and are essential to priming adaptive T cell responses and shaping effector and memory T cell pools, this weak innate response likely contributes to the large variability in magnitude and duration of immune responses observed in infected patients (24). TLR signaling also drives T cell responses and affinity maturation of antiviral antibodies. As induction of appropriate innate responses is crucial for promoting durable, and quantitatively and qualitatively improved adaptive responses, we designed a combination adjuvant containing agonists for all three key innate receptor classes involved in SARS-CoV-2 immunity. The combined adjuvant integrates a nanoemulsion-based adjuvant (NE) that activates TLRs and NLRP3 with an RNA agonist of RIG-I (IVT DI). NE has established Phase I clinical safety as an IN adjuvant for influenza vaccines and is currently being tested in another human study (25–27). NE is composed of an oil-in-water emulsion of soybean oil, a nonionic (Tween80) and cationic (cetylpyridinium chloride) surfactant, and ethanol (28, 29). NE-based immunity is both mucosal and systemic and has a pronounced TH1/TH17 bias, including an increase in antigen specific CD4+ and CD8+T cells (29–35). Its activity is mediated at least in part through TLR2 and 4 activation, as well as through induction of immunogenic apoptosis which leads indirectly to NLRP3 activation (30, 35). As an IN adjuvant, NE imparts robust protective immunity to viruses such as influenza virus, HSV-2, and RSV, without inducing clinical or histopathological signs of immune potentiation. IVT DI is an in vitro transcribed RNA consisting of the full-length (546nt) copy-back defective interfering RNA of Sendai virus strain Cantell (36, 37). The hairpin structure of IVT DI, along with its dsRNA panhandle and 5’ triphosphate, make it a potent and selective RIG-I agonist, and thus, a strong inducer of IFN-Is and interferon-stimulated genes (ISGs).

We have previously shown that combining NE and IVT DI (NE/IVT) synergistically enhances protective immune responses towards influenza virus when administered IN, leading to improved antibody responses (with shortened kinetics, increased avidity, and viral neutralization) and broadened cross-subtype recognition, and induced a robust antigen specific cellular response with markedly magnified TH1 bias (38). In these current studies, we immunized animals using this two-component adjuvant with the recombinant SARS-CoV-2 S1 subunit-a primary target for NAbs as it contains the RBD, which binds to the ACE2 receptor on target cells along with epitopes outside the RBD shown to be important to neutralization. We demonstrate that adjuvanting S1 with NE/IVT, markedly improves the magnitude and quality of the antibody responses towards both a homologous SARS-CoV-2 virus and a divergent mouse-adapted variant (MA-CoV2) harboring the N501Y substitution in the S protein found in the B.1.1.7, B.1.351, and P.1 variants. Passive transfer of vaccine-induced antibodies conferred robust protection against challenge with the heterologous SARS-CoV-2 variant, and resulted in sterilizing immunity in naïve mice. Moreover, robust antigen-specific cellular immune responses with a magnified TH1 bias along with a TH17 response were induced with NE/IVT. The combined adjuvant is compatible with both whole virus and recombinant protein antigens and thus provides a flexible platform that can improve the immune profile of several current and future SARS-CoV-2 vaccine candidates, and enable their use through the IN route, providing benefits unique to mucosal immunization.



Materials and Methods


Adjuvants and Antigen

NE was produced by emulsification of cetylpyridinium chloride (CPC) and Tween 80 surfactants, ethanol (200 proof), super refined soybean oil (Croda) and purified water using a high speed homogenizer as previously described (29). CPC and Tween80 were mixed at a 1:6 (w/w) ratio, and homogeneity of particle size (d=450-550 nm) and charge (zeta potential=50-55mV) were confirmed. Stability was assessed over several months. Sequence and synthesis methods for IVT DI RNA have previously been reported in detail (36). Briefly, SeV DI RNA from SeV-infected A549 cells was amplified using a 5’ primer with the T7 promoter and a 3’ primer with the hepatitis delta virus genomic ribozyme site followed by the T7 terminator. The resultant DNA was cloned into a pUC19 plasmid and in vitro transcribed using a HiScribe T7 High Yield RNA synthesis kit (New England Biolabs). After DNAseI digestion and clean-up with a TURBO DNA-free kit (Thermo-Fisher), IVT DI was purified using an RNeasy purification kit (Qiagen). The absence of endotoxin was verified by limulus amoebocyte lysate assay. Recombinant SARS-CoV-2 spike protein S1 subunit [Wuhan-Hu-1 (Val16-Arg685) (accession YP_009724390.1)] with a C-terminal His tag was purchased from Sino Biological. Recombinant SARS-CoV-2 receptor binding domain RBD (also derived from Wuhan-Hu-1) with a C-terminal His tag was produced by the University of Michigan Center for Structural Biology.



Cell Lines

Vero E6 cells (ATCC) were maintained in MEM supplemented with 10% heat inactivated fetal bovine serum (HI FBS). HEK293T cells expressing hACE2 (293T-hACE2) were obtained from BEI resources and maintained in HEK293T medium: DMEM containing 4 mM L-glutamine, 4500 mg/L L-glucose, 1 mM sodium pyruvate and 1500 mg/L sodium bicarbonate, supplemented with 10% HI FBS as previously described (39).



Viruses

WT SARS-CoV-2: SARS-CoV-2 clinical isolate USA-WA1/2020 (BEI resources; NR-52281), referred to as the WT virus herein, was propagated by culture in Vero E6 cells as previously described (40). MA SARS-CoV-2: Mouse-adapted SARS-CoV-2 was obtained by serial passage of the USA-WA1/2020 clinical isolate in mice of different backgrounds over eleven passages, as well as on mACE2 expressing Vero E6 cells as previously described (41). Briefly, the virus was passaged every two days via IN inoculation with lung homogenate derived supernatants from infected mice. All viral stocks were analyzed by deep sequencing to verify integrity of the original viral genome. All work with SARS-CoV-2 and MA SARS-CoV-2 viruses was performed in a certified BSL3 facility in accordance with institutional safety and biosecurity procedures.



Lentivirus Pseudotyped Virus

Cloning of expression constructs: For generation of spike protein pseudotyped lentivirus (Lenti-CoV2), a codon optimized SARS-CoV-2 spike protein (accession #QHD43416.1) construct was obtained from Sino Biologicals. All cloning and lentivirus production was performed by the University of Michigan Vector Core. The SARS-CoV-2 spike with 19 amino acids deleted (SΔ19) was generated by PCR amplifying the region of spike containing amino acids 738 to 1254 from the full-length SARS-CoV-2 spike construct using following primers; Spike BsrGI Gib Fwd 5’-GACCAAGACCTCTGTGGACTGTACAATGTATATCTGTGGAGAC and Spike Δ19 XbaI Rev 5’-GCCCGAATTCGGCGGCCGCTCTAGAGTTCAACAACAGGAGCCACAGGAAC. The product was cloned into a pCMV3 vector digested at the BsrGI/XhoI sites. Resulting clones were verified by Sanger sequencing. The resulting clone was designated pCMV3-SΔ19. For the generation of a lentiviral vector containing SARS-CoV2–SpikeΔ19, the pCMV3-SΔ19 insert was initially digested with KpnI and blunt polished using Phusion Taq polymerase followed by a DNA cleanup using the Monarch PCR cleanup kit (NEB) and a second digest was done using NotI. The released fragment was then ligated into a pLentiLox-RSV-CMV-Puro vector. Correct insertion was verified by Sanger sequencing. The resulting clone was designated pSARsCoV2Δ19AA.

To prepare Lenti-CoV-2 pseudovirus expressing the SARS-CoV-2 S protein, lentivirus packaging vectors psPAX2 (35 μg), and coronavirus truncated spike envelope pSARsCoV2Δ19AA (35 μg) were co-transfected with 70 μg of pGF1-CMV proviral plasmid using standard PEI precipitation methods. PEI precipitation was performed by incubating the plasmids with 420 μg PEI (molecular weight 25,000, Polysciences, Inc) in 10 mL Opti-MEM (Life technologies) at room temp for 20 m, before adding to fresh 90 mL of DMEM media supplemented with 10% FBS-1XGlutamax-100U/mL Penn/Strep. This DNA/PEI containing media was then distributed equally to 5-T150 flasks (Falcon) containing 293T cells. Supernatants were collected and pooled after 72 h, filtered through a 0.45 μm GP Express filter flask (Millipore), pelleted by centrifugation at 13,000 rpm on a Beckman Avanti J-E centrifuge at 4°C for 4 h, and resuspended at 100X the original concentration (~1×107 TU/ml) in DMEM. Harvested lentivirus was stored at -80°C.



Animals

All animal procedures were approved by the Institutional Animal Care and Use Committees (IACUC) at the University of Michigan and Icahn School of Medicine at Mt. Sinai and were carried out in accordance with these guidelines. 6-8-wk-old female C57Bl/6 mice (Jackson Laboratory) were housed in specific pathogen-free conditions. Mice were acclimated for 2 wks prior to initiation. For challenge studies, mice were transferred to ABSL3 facilities 2 d prior to serum transfer and subsequent viral challenge.



Immunization

For intranasal (IN) immunization, mice were anesthetized under isoflurane using an IMPAC6 precision vaporizer and given 12 μL total (6 μL/nare) of each vaccination mixture. Each group received a total of three immunizations of the same formulations at 4-wk intervals. 15 μg of S1 was administered with either PBS, 20% NE (w/v), or 20% NE with 0.5 μg of IVT DI in PBS. Sera were obtained by saphenous vein bleeding 2 and 4wks after each immunization, and by cardiac puncture at the end of the experiment at week 10. Bronchial alveolar lavage (BAL) was obtained by lung lavage with 0.8 mL PBS containing protease inhibitors. Spleens and cervical lymph nodes were harvested, processed to single-cell suspensions, and cultured for antigen recall response assessment as previously described (38).



ELISA

Immunograde 96-well ELISA plates (Midsci) were coated with 100 ng S1 in 50 μL PBS per well overnight at 4°C, and then blocked in 200 μL of 5% non-fat dry milk/PBS for 1 h at 37°C. Serum samples from immunized mice were serially diluted in PBS/0.1% BSA starting at either a dilution of 1:50 or 1:100. Blocking buffer was removed, and diluted sera were added to the wells and incubated for 2 h at 37°C followed by overnight incubation at 4°C. Plates were washed three times with PBST (0.05% Tween20), and alkaline phosphatase conjugated secondary antibodies diluted in PBS/0.1% BSA were added (goat-anti-mouse IgG, IgG1, IgG2b, or IgG2c Jackson Immuno Research Laboratories). Plates were incubated at 37°C for 1h, washed with PBST, and then developed at RT by addition of 100 μL of p-nitrophenyl phosphate (pNPP) substrate (Sigma-Aldrich) per well. Absorbance was measured at 405 nm on a microplate spectrophotometer. Titers were calculated against naïve sera, using a cutoff value defined by the sum of the average absorbance at the lowest dilution and two times the standard deviation.



Pseudovirus Microneutralization Assays

9x103 293T-hACE2 cells were seeded overnight on white clear bottom 96-well tissue culture plates in HEK293T medium. To titer the virus, the Lenti-Cov2 stock was serially diluted in HEK293T medium with 8 μg/mL polybrene (Sigma-Aldrich), and incubated for 1h at 37°C to mimic assay conditions for MNT. Diluted virus was then added to the 293T-hACE2 cells and incubated at 37°C for 4 h. The media was then replaced with fresh HEK293T medium without polybrene and incubated for an additional 72 h at 37°C. Infection medium was removed and replaced with 20 μL of BrightGlo luminescence reagent using an injection luminometer. Cells were incubated with the BrightGlo reagent for 2 m while mixing on a shaker, after which the emitted luminescence was measured over an integration time of 1 s. For microneutralization assays, 293T-hACE2 cells were seeded overnight. Serum samples from immunized mice were serially diluted by a factor of two, starting at a dilution of 1:50 in HEK293T medium with 8 μg/mL polybrene (Sigma-Aldrich). 50 μL of diluted sera was added to 50 μL of lenti-CoV2 in the same media at a concentration of virus predetermined by titration described above to give a luminescence reading of ≥20,000 RLU/well above background in infected cells. Serum and virus were incubated for 1h at 37°C, and then added to 293T-hACE2 cells for incubation at 37°C for 4 h. Infection medium was removed and replaced with fresh HEK293T medium without polybrene and incubated for an additional 72 h at 37°C. Luminescence was measured as above with BrightGlo reagent. Neutralization titers were determined as the dilution at which the luminescence remained below the luminescence of the (virus only control-uninfected control)/2.



Microneutralization Assays

MNT assays with WT SARS-CoV-2 (2019-nCoV/USA-WA1/2020) and the mouse adapted (MA-SARS-CoV-2) variant was performed in a BSL3 facility as previously described (41). Briefly, 2x104 Vero E6 cells were seeded per well in a 96-well tissue culture plate overnight. Serum samples were heat-inactivated for 30 m at 56°C and serially diluted by a factor of 3, starting at dilutions of 1:10 or 1:20 in infection medium (DMEM, 2% FBS, 1x non-essential amino acids). Diluted serum samples were incubated with 450xTCID50 of each virus which (~40 PFU) for 1 h at 37°C. Growth medium was removed from the Vero E6 cells, and the virus/serum mixture was added to the cells. Plates were incubated at 37°C for 48 h, fixed in 4% formaldehyde, washed with PBS and blocked in PBST (0.1% Tween 20) for 1 h at RT. Cells were permeabilized with 0.1% TritonX100, washed and incubated with anti-SARS-CoV-2-nucleoprotein and anti-SARS-CoV-2-Spike monoclonal antibodies, mixed at a 1:1 ratio, for 1.5 h at RT. After another wash, cells were incubated with HRP-conjugated goat-anti-mouse IgG secondary antibody for 1h at RT. Cells were washed, and plates were developed by incubation with 50 μL tetramethyl benzidine until a visible blue color appeared, after which the reaction was quenched by addition of 50 μL 1M H2SO4. Absorbance was measured at 450nm and percentage inhibition (reduction of infection) was calculated against virus only infected controls. The 50% inhibitory dilution (IC50) values were calculated for each sample. Samples with no neutralization activity were designated as having a titer of 100. Anti-mouse SARS-CoV-2-nucleoprotein and anti-mouse SARS-CoV-2-spike antibodies were obtained from the Center for Therapeutic Antibody Development at the Icahn School of Medicine at Mount Sinai.



Antigen Recall Response

T cell antigen recall response was assessed in cell isolates from the spleen and cLN of immunized mice 2 wks after the final immunization (week 10). Methods for splenocyte and cLN lymphocyte preparation were previously described (38). For antigen recall, isolated cells were plated at a density of 8x105cells/well and stimulated with 5 μg per well of recombinant S1 (Wuhan-Hu-1) in T cell media (DMEM, 5% FBS, 2 mM L-glutamine, 1% NEAA, 1 mM sodium pyruvate, 10 mM MOPS, 50 μM 2-mercaptoethanol, 100 IU penicillin, and 100 μg/mL streptomycin), in a total volume of 200 μL per well. Cells were stimulated for 72h at 37°C, and secreted cytokines (IFN-γ, IL-2, IL-4, IL-5, IL-6, IL-17A, TNF-α, and IP-10) were measured relative to unstimulated cells in supernatants using a Milliplex MAP Magnetic Mouse Cytokine/Chemokine multiplex immunoassay (EMD Millipore).



Acute Cytokine Response

To evaluate the acute cytokine response, recombinant SARS-CoV-2 RBD was used as a model antigen. Mice were immunized IN as described above with 10 μg of RBD administered with either PBS, 20% NE (w/v), or 20% NE with 0.5 μg of IVT DI in PBS. Acute response markers were measured in immunized mice 6 and 12 h post-initial immunization to determine whether the formulations induced reactogenicity. For each group, mice were bled either at 6 or 12 h and the amounts of IFNγ, IL6, IL12p70, and TNFα in the sera were measured using a Procartaplex multiplex immunoassay (ThermoFisher) according to the manufacturer’s protocol.



Passive Transfer and Challenge

Serum samples were pooled from mice in each immunization group collected after the second boost immunization (wk 10), and 150 μL of the pooled serum was passively transferred into naïve mice through the intraperitoneal route 2 h prior to challenge intranasally under mild ketamine/xylazine sedation with 104 PFU of MA-SARS-CoV-2 in 30 μL. Body weight changes were recorded every 24h, and mice were sacrificed at 3 d.p.i. Lungs were harvested and homogenate prepared for virus titration by plaque assay as previously described (41).



Avidity

To measure antibody avidity of serum IgG in immunized mice, ELISAs were performed as described above against S1 modified by an additional chaotrope elution step after the overnight incubation of serum on the ELISA plate as previously described (38). Briefly, after the serum incubation and washes with PBST, 100 μL of PBS, or 0.5 M NaSCN, or 1.5 M NaSCN in PBS at pH 6 was added to each well and incubated at RT for 15 min. The plates were washed three times with PBST, and the ELISA proceeded to development as described above by addition of alkaline phosphatase conjugated goat-anti-mouse IgG.



Statistical Analysis

Statistical analyses for acute cytokine production, antibody titers, viral neutralization titers, post-challenge lung pfus, and T cell recall responses was performed with GraphPad Prism 9 (GraphPad Software). Comparisons between treatment groups were performed by two-tailed Mann-Whitney U test.




Results


Safety and Acute Response Evaluation

Extensive characterization of the NE adjuvant has been performed in multiple animal models as well as in humans, each demonstrating optimal safety profiles with minimal adverse inflammatory effects through either intramuscular (IM) or IN routes (34, 42–44). However, to examine whether multivalent stimulation of TLRs, NLRs, and RIG-I with the combined NE/IVT leads to over-activation of inflammatory responses, we evaluated the acute phase cytokine response by measuring levels of representative cytokines (IL-6, TNF-α, IL12p70, and IFN-γ) in the serum at 6 and 12 h post-immunization using recombinant SARS-CoV-2 RBD (derived from the Wuhan-Hu-1 isolate of SARS-CoV-2) as a model antigen. Mice were immunized IN with 10 μg of RBD alone, or combined with NE (20% w/v) or NE/IVT (20% NE/0.5 μg IVT DI)—adjuvant doses used in all subsequent studies—in a total volume of 12 μL per mouse. Minimal or no acute inflammatory cytokines were detectable at these time points, with only IL-6 being modestly elevated in the NE/RBD (mean 34.4 pg/mL) and NE/IVT/RBD (mean 74.7 pg/mL) groups, as compared to the RBD only group (mean 11.6 pg/mL) (Figure 1A). No significant TNF-α, IL12p70, or IFN-γ were detectable (Figures 1B–D). These results are consistent with the safety profile of the NE alone, supporting a lack of systemic toxicity with the combined adjuvant. These results are also consistent with the lack of significant changes in body temperature or weight in NE/IVT immunized mice in our previous studies with influenza virus antigens (data not shown).




Figure 1 | Acute phase cytokine response after immunization with NE and NE/IVT. Acute cytokines were assessed in the serum upon by measuring (A) IL-6, (B) TNF-α, (C) IL12p70, and (D) IFN-γ by multiplex immunoassay at 6 and 12 h post-IN immunization with 10 μg of RBD only, or with 20% NE, or 20% NE/0.5 μg IVT DI.





Characterization of the Humoral Response Induced by Immunization With SARS-CoV-2 S1

The impact of NE/IVT on the humoral response was assessed using recombinant SARS-CoV-2 S1 subunit as the antigen for immunization. The S1 contains the RBD which forms the necessary interactions with the human ACE2 receptor (hACE2) required for viral entry. We selected S1 for these initial studies rather than the RBD itself, as while the majority of key neutralizing epitopes map to the RBD, epitopes outside the RBD, particularly those proximal to it have also been found to contribute to neutralization. Moreover, full S1 provides additional antigenic sites outside of the RBD less prone to selective pressure and may thus impart improved crossvariant immunity. The S1 subunit (Val16-Arg685) (accession YP_009724390.1) used for immunization was derived from the Wuhan-Hu-1 isolate of SARS-CoV-2. Mice were immunized IN with 15 μg of S1 alone (S1 only) or with 20% NE (NE/S1), or 20% NE/0.5 μg IVT DI (NE/IVT/S1) according to a prime/boost/boost schedule at a four-week interval. Serum S1-specific total IgG titers were measured two weeks after each immunization (Figure 2). Two weeks after the first immunization, low overall titers of IgM were induced (Supplemental Figure S3A) and antigen-specific IgG was not detectable in the S1 only group or in the majority of animals immunized with the adjuvants: NE/S1 and NE/IVT/S1 (Figure 2A). Each adjuvanted group had a single high responder with S1-specific IgG titers of 1:100, and 1:6250 for the NE/S1 and NE/IVT/S1 groups, respectively, already suggesting the potential for an improved synergistic effect in early antibody titers with the combined adjuvant upon further optimization of antigen dose. S1-specific IgG increased significantly in both adjuvanted groups after the second immunization, resulting in comparable geomean IgG titers (GMTs) in the range of ~105 for the NE/S1 and NE/IVT/S1 groups, respectively (Figure 2B), which were further enhanced by the third immunization to titers of ~106 (Figure 2C). In contrast, the S1 only group showed minimal IgG even after the second immunization, and reached only a titer of 1:200 after the third immunization. Similar titers of serum S1-specific IgA was also observed for both the NE/S1 and NE/IVT/S1 groups after the first boost immunization (Supplemental Figure S3B). Serum IgA titers were further increased by the second boost immunization, with slightly higher IgA observed for the NE/S1 group compared to the NE/IVT/S1 group after the third immunization (Supplemental Figure S3C).




Figure 2 | Serum S1-specific IgG titers induced by immunization with NE and NE/IVT and comparison of antibody avidity. Serum S1-specific IgG measured in mice immunized IN with 15 μg S1 alone, or with 20% NE/0.5 μg IVT DI. S1-specific IgG was measured 2 weeks after each immunization at (A) 2 wks post-initial immunization (prime), (B) 6 wks post-initial immunization (prime/boost), and (C) 10 wks post-initial immunization (prime/boost/boost). (*p < 0.05, **p < 0.01 by Mann-Whitney U test). (D) Antibody avidity for S1-specific IgG measured by NaSCN elution for a 1:1,250 dilution of serum for the 6 wk and 10 wk sera. The control group (ctrl) consisted of untreated mice shown as mean ± SEM (n=5/grp).



As we have previously shown that NE/IVT significantly enhances the avidity of antigen-specific IgG from mice immunized with whole inactivated influenza virus compared to the NE alone, we next examined whether the combined adjuvant also improved the avidity of the induced S1-specific antibodies by NaSCN chaotrope elution (Figure 2D) (38). The NE/S1 and NE/IVT/S1 groups displayed identical antibody avidity for S1 after two immunizations (wk 6), which was significantly enhanced in both groups after the third immunization (wk 10). Both NE and NE/IVT induced exceptionally high affinity antibodies after three immunizations, with 95-100% of the S1-specific IgG remaining bound even upon elution with a high (1.5M) concentration of NaSCN at the highest dilution of serum tested (1:1,250). Such strong avidity was significantly greater than that of the antibodies evaluated from human convalescent sera, which had only 20-60% of the S1 antibodies remaining bound under a less stringent elution condition of 1 M NaSCN (45).

To compare the IgG subclass distributions induced by NE and NE/IVT, the relative titers of IgG1, IgG2b, and IgG2c were measured for the wk 10 sera (Figure 3). Subclass analysis suggests that a balanced TH1/TH2 profile was elicited for both the NE and NE/IVT adjuvants, as has been observed in previous studies with other antigens (33, 38, 46, 47). Equivalent titers of IgG1 were induced by both NE and NE/IVT with GMTs of 5.7x105 and 4.1x105, respectively (Figure 3A). High titers of TH1 associated subclasses were also observed for both adjuvants. S1-specific IgG2b GMTs of 3.0x105 and 8.2x104 (Figure 3B), and IgG2c GMTs of 3.1x104 and 1.0x103 were observed for NE and NE/IVT adjuvanted groups, respectively (Figure 3C). Interestingly, IgG2 subclasses were slightly reduced by the presence of IVT DI. Importantly, this balanced TH1/TH2 profile in combination with the cytokine data presented below suggest that these adjuvants avoid the strongly TH2-biased immune responses that have previously been linked to vaccine associated enhanced respiratory disease (VAERD) in SARS-CoV and RSV vaccine candidates adjuvanted with alum (48–52).




Figure 3 | Serum S1-specific IgG subclass distributions induced by immunization. Levels of (A) IgG1, (B) IgG2b, and (C) IgG2c were measured in mice immunized IN with 15 μg S1 alone, or with 20% NE, or 20% NE/0.5 μg IVT DI after the last boost immunization, 10 wks post-initial immunization. (*p < 0.05, **p < 0.01 by Mann-Whitney U test).



To examine the functionality of the induced antibodies, viral neutralization was assessed using virus stock prepared from the clinical isolate, 2019-nCoV/USA-WA1/2020, which we classify as “WT” SARS-CoV-2 (Figures 4A, B). WT SARS-CoV-2 shares a high degree of homology with the Wuhan-Hu-1 isolate from which the S1 subunit used for immunization was derived. To examine the ability of the antibodies from the immunized mice to neutralize a variant with mutations in the S protein, we repeated the neutralization assay with our mouse-adapted SARS-CoV-2 virus (MA-SARS-CoV-2). The MA-virus was generated by serial passaging the WT virus isolate first in the lungs of immune compromised and then in immune competent mice of different backgrounds to optimize mouse virulence, as previously described (41). As the WT virus is unable to use the endogenously expressed mouse ACE2 receptor (mACE2) for entry, productive infection of the murine respiratory tract is inefficient. Serial passaging selected for adaptive mutations which allowed the virus to optimally bind and use mACE2 for productive infection. The MA-SARS-CoV-2 S protein contains two amino acid (aa) mutations compared to the WT virus from which it was derived, including N501Y and H655Y, and a four aa insertion within the S1 subunit (41). The N501Y substitution has previously been reported by other groups in an independent mouse adaptation of SARS-CoV-2, and is thus likely to be important for increasing affinity to the mACE2 receptor. Importantly, the N501Y mutation is shared by most of the recently identified variants of concern, B1.1.7, B.135.1, and P.1, among others, and plays an important role in the increased human to human transmissibility observed for these variants by increasing the affinity of the S protein for the hACE2 receptor (7). In addition to the changes in the S protein, the MA-virus also contains three other mutations relative to the Wuhan-Hu-1 isolate: S194T in the nucleoprotein, T7I in the M protein, and L84S in ORF8. The L84S mutation is however present in the USA-WA1/2020 strain and is most likely not due to mouse adaptation. As both WT and MA viruses require the use of BSL-3 containment facilities, to facilitate future vaccine candidate screening, a luciferase-based pseudotyped virus assay was validated. A lentivirus pseudotyped virus expressing the SARS-CoV-2 S protein from the same variant from which the S1 subunit used for immunization was derived (Wuhan-Hu-1), was constructed (Lenti-CoV2), carrying genes for firefly luciferase as described in the Methods section. The Lenti-CoV2 S protein contains aa’s 738-1254 of the full-length S protein which has a terminal 19 aa deletion removing an ER retention signal. This deletion has been shown to facilitate generation of spike pseudotyped lentivirus (53).




Figure 4 | Virus neutralization titers to homologous and heterologous SARS-CoV-2 following immunization. Neutralizing antibody titers in serum from mice receiving two (wk 6) or three (wk 10) immunizations were determined using microneutralization assays against the WT SARS-CoV-2 (2019-nCoV/USA-WA1/2020), pseudotyped lentivirus expressing the WT SARS-CoV-2 spike protein (Lenti-CoV2), and MA-SARS-CoV-2. Viral neutralization was plotted as percentage inhibition of viral infection in Vero E6 cells (for WT virus and MA-virus) relative to virus only (no serum) positive controls versus the inverse serum dilution. The titer at which 50% inhibition of infection was achieved (IC50) was determined for the (A, B) WT virus and the (D, E) MA virus. (C) The results were confirmed for the same week 10 serum samples using the Lenti-CoV2 pseudovirus expressing firefly luciferase with HEK-293T cells expressing hACE2. Microneutralization titers using the Lenti-CoV2 were determined by detecting viral infection by measuring luminescence (*p < 0.05, **p < 0.01 by Mann-Whitney U test). Pretreatment (pre) sera were obtained from the same set of mice before immunizations.



Microneutralization assays using the WT-SARS-CoV-2 with sera from mice immunized with S1 alone revealed low or undetectable NAb titers, similar to naïve mice after three immunizations (Figures 4A, B). In contrast, mice immunized with NE/S1 showed viral neutralization titers (IC50 GMT 50;range 5-353) after the second immunization (wk 6), which were further increased by two orders of magnitude (IC50 GMT 2.6x103;range 0.4-6.8x103) after the third immunization (wk 10). The combined adjuvant enhanced neutralization titers compared to the NE alone. Sera from mice immunized with NE/IVT/S1 showed increased IC50 values approximately an order of magnitude higher than the NE/S1 group, giving an IC50 GMT of 340 (range 52 to 3.5x103) and IC50 GMT of 8.6x103 (range 4.3x103-3x104) after the second and third immunizations, respectively. Interestingly, this enhancement in virus neutralization was observed with the combined adjuvant, even though there were no differences observed in either the total IgG titers or IgG avidity between the NE/S1 group and the NE/IVT/S1 group at either time point. Notably, sera from NE/IVT/S1immunized mice after the last immunization reached a maximum of ~100% viral neutralization and maintained this level of neutralization even down to serum dilutions often reported as the IC50 for a large proportion of human convalescent sera and for antibodies induced by some lead vaccine candidates in humans and in mice (54–56). While it is difficult to directly extrapolate results, as neutralization assays still need to be standardized for SARS-CoV-2, these results support induction of high-quality antibodies with the combined adjuvant.

Neutralization titers were confirmed using the Lenti-CoV2 pseudotyped virus in a luciferase based assay with 293T-hACE2 cells (Figure 4C). Microneutralization titers (MNTs) determined by measuring reduction in luminescence (viral infection) with the pseudovirus at week 10 showed almost exact correlation with the traditional microneutralization assay with the WT virus. No NAbs were detectable with this method for the S1 only group, and a similar degree of enhancement in the MNT (~an order of magnitude increase) was observed for the combined adjuvant compared to the NE alone, as was seen in the traditional microneutralization assay.

We next evaluated cross-variant neutralization using the MA-SARS-CoV-2 virus. While slightly reduced compared to titers for WT-SARS-CoV-2 and Lenti-CoV2, high cross-variant neutralization titers were still observed when the sera from NE/IVT/S1 immunized mice were tested against MA-SARS-CoV-2 (Figures 4D, E). There appeared to be a larger reduction in the ability of sera from NE/S1 immunized mice to cross-neutralize the MA-virus, as compared to the NE/IVT/S1 immunized mice. After two immunizations, the difference in enhancement in MNTs in sera from NE/IVT/S1 immunized mice (IC50 GMT 150; range 34-405) compared to NE alone (IC50 GMT 16;range 2.2-360) was greater than the difference observed between the groups with the WT virus due to the larger drop in the ability of the sera from the NE/S1 group to neutralize the MA-virus. However, after the third immunization, differences between the NE and NE/IVT groups became similar to the differences observed with the WT virus, as the MNTs of both groups increased (IC50 GMT 1.2x103; range 420 to 1.9x103 for NE/S1), (IC50 GMT 1.6x103; range 608 to 3.7x103 for NE/IVT/S1). These results further suggest that the combined adjuvant provides the advantage of strengthening the quality of the antibody response, providing a protective advantage against divergent variants with fewer immunizations.



Passive Transfer and Challenge

NAb titers required for protection against SARS-CoV-2 have yet to be determined. However, studies in NHPs suggest that low titers (1:50) administered prior to challenge are enough to impart partial protection from a low dose viral challenge, whereas titers of 1:500 conferred full protection to the homologous virus (17). To determine whether the antibodies raised against the S1 of Wuhan-Hu-1 could protect against heterologous challenge with MA-SARS-CoV-2, week 10 sera from immunized mice were pooled and passively transferred into naïve mice intraperitoneally before challenge IN with 104 PFU virus. While the MA-virus causes mortality and morbidity in aged mice, young C57Bl/6 mice do not lose body weight in this challenge model, as was the case in this study (Figure 5A) (41). None of the mice receiving serum from immunized animals displayed changes in body weight or increased illness, which also suggests an absence of antibody dependent enhancement (ADE) of disease. Lungs from challenged mice were harvested at 3 d.p.i. for measurement of viral titers in homogenate by plaque assay (Figure 5B). Mice receiving transferred sera from NE/S1 and NE/IVT/S1 groups showed complete sterilizing protection against challenge, with no detectable virus in the lungs. Given the high NAb titers present in both the single and combined adjuvant groups at week 10, it is not surprising that challenge with this moderate viral dose shows no differences between the groups. In contrast, only a slight reduction in viral titers was found for two out of three mice receiving sera from the S1 only immunized mice as compared to the group receiving no serum (PBS control), and one animal in the S1 only group had no viral titers after challenge. We repeated the passive transfer for the PBS control and S1 groups, but this time, virus titers were determined in the whole lung in the repeated challenge. High titers of virus are observed in all of the mice receiving the S1 only sera when whole lung is considered, and again a slight reduction (~10-fold) is observed when compared to whole lung homogenate of mice receiving no serum. This is consistent with the presence of low levels of NAbs in the S1 serum. We are aware of the limitations of this particular MA-SARS-CoV-2 model, as it represents only mild disease in young mice, and repeating the studies with a high dose viral challenge in aged mice would provide greater distinction between the NE and NE/IVT DI groups.




Figure 5 | Protection offered by passive transfer of serum from vaccinated mice against heterologous challenge with MA-SARS-CoV-2. Naïve C57Bl/6 mice (n=3-4/group) each received 150 μL of pooled serum through the intraperitoneal route from donor mice given three IN immunizations of S1, NE/S1, or NE/IVT/S1. 2 h after serum transfer, mice were challenged IN with 104 PFU of MA-SARS-CoV-2. (A) Body weight loss was measured over three days, and at 3 dpi (B) lung virus titers were determined in homogenate from one lobe of the isolated lungs by plaque assay (solid symbols). Passive transfer/challenge was repeated for the PBS control and S1 sera for verification, and virus titers were measured in whole lung in the replicated experiment (open square symbols). (*p < 0.05 by Mann-Whitney U test assessed for half lung data points).





Antigen-Specific Cellular Response Profile

Antigen-specific T-cell recall responses were then assessed in splenocytes (Figure 6) and cells isolated from the draining lymph node [cervical lymph node (cLN)] (Figure 7) of the immunized mice two weeks after the last immunization (wk 10). Splenocytes and cLN were stimulated with S1 for 72 h, and cytokine secretion was measured. NE/IVT/S1 administered IN, induced a heavily magnified TH1 biased response particularly in the cLN as compared to NE/S1. IFN-γ production in the NE/IVT group was increased by an average of 6-fold and by as high as 60-fold, in the spleen, and increased an average of 10-fold and by as high as 230-fold in the cLN as compared to the NE group (Figures 6A, 7A). IL-2 production in the NE/IVT group was also increased by an average of 2-fold and by as high as 8-fold in the spleen, and increased by an average of 5-fold and by as high as 28-fold in the cLN as compared to the NE group (Figures 6B, 7B). Additionally, IP-10 and TNF-α were both also enhanced in the spleen and cLN as compared to the NE group (Figures 6C, D and 7C, D). This magnification of TH1 associated cytokines and TNF-α is significant, as co-production of IFN-γ, IL-2, and TNF-α on polyfunctional antigen-specific T-cells has been shown to be the strongest criteria for predicting vaccine-elicited T-cell mediated protection against viral infection (57, 58). Upon analysis of TH2 associated cytokines, no significant IL-4 induction was observed in any of the treatment groups, and only minimal levels of IL-13 were observed with NE or NE/IVT that were equivalent to that induced by the antigen alone (Figures 6G, I, 7G, I). NE/IVT immunized mice showed slightly higher levels of IL-5 in splenocytes compared to NE alone, however, levels were low overall, being well below that induced by the S1 alone (Figure 6H). Immunization with NE or NE/IVT actually appeared to reduce the amount of IL-5 and IL-13 induced by the S1 alone (NE/IVT IL-5 was ~5-10-fold lower than the S1 group). While IL-5 was higher in the cLN, a similar pattern applied in which NE and NE/IVT had similar or reduced levels of IL-5 relative to S1 alone (Figure 7H). When IL-5 production after immunization through the IM route with Addavax (MF59) was compared, markedly higher levels of IL-5 (>3,000 pg/mL) were produced in the spleen and cLN upon antigen recall evaluation than with the NE or NE/IVT IN (Supplemental Figure S1).




Figure 6 | Antigen recall response assessed in splenocytes from immunized animals. Splenocytes isolated from mice immunized IN with S1 alone, or with NE, or NE/IVT after the final boost immunization (10 weeks post-initial immunization) were stimulated ex vivo with 5 μg of recombinant S1 for 72 h, and levels of secreted cytokines (A) IFNγ, (B) IL2, (C) IP10, (D) TNFα, (E) IL6, (F) IL17A, (G) IL4, (H) IL5, (I) IL13 were measured in the supernatant relative to unstimulated cells by multiplex immunoassay. An unvaccinated control was included for comparison. (n = 5/grp; *p < 0.05, **p < 0.01 by Mann-Whitney U test).






Figure 7 | Antigen recall response assessed in the draining lymph nodes (cervical LN). Lymphocytes isolated from the cLNs of mice immunized IN with S1 alone, or with NE, or NE/IVT after the final boost immunization (10 weeks post-initial immunization) were stimulated ex vivo with 5 μg of recombinant S1 for 72h, and levels of secreted cytokines (A) IFNγ, (B) IL2, (C) IP10, (D) TNFα, (E) IL6, (F) IL17A, (G) IL4, (H) IL5, (I) IL13 were measured in the supernatant relative to unstimulated cells by multiplex immunoassay. An unvaccinated control was included for comparison. (n = 5/grp; *p < 0.05, **p < 0.01 by Mann-Whitney U test).



In addition to the TH1 response, a pronounced TH17 response as indicated by IL-17A production was also induced by the NE and enhanced significantly by the NE/IVT in the spleen and the cLN (Figures 6F, 7F). NE/IVT enhanced IL-17A an average of ~10-fold in the spleen, and ~7-fold in the cLN relative to the NE group. We previously observed a similar cytokine response profile including magnified TH1 and TH17 responses upon immunization of mice with NE/IVT and inactivated influenza virus. Induction of a TH17 response is unique to the mucosal route of immunization with NE, and is a critical component of NE-mediated protective immunity through the IN route.




Discussion

In these studies, we demonstrate the unique efficacy of an intranasal SARS-CoV-2 vaccine containing a rationally designed adjuvant with agonists for all three innate receptor classes important for activating the antiviral response during natural infection. We previously demonstrated that the combination of NE with IVT DI results in an adjuvant that induces synergistic innate responses beyond an additive effect of the individual adjuvants through crosstalk between multivalently activated innate pathways, as well as by NE facilitation of IVT DI cellular uptake. This leads to markedly enhanced production of IFN-Is and improved protective adaptive responses against influenza virus (38). SARS-CoV-2 activates a dampened innate response characterized by poor IFN-Is induction which leads to highly variable immune responses. In light of the increasing number of variants emerging showing signs of reduced susceptibility to infection- and vaccine-induced immunity, and increasing evidence demonstrating non-sterilizing immunity in the vaccinated, improved strategies to induce effective immune responses which are both potent and broad will be necessary as the virus evolves. Using the NE/IVT adjuvant to provide a more robust and qualitatively appropriate innate cytokine environment strengthened and improved the quality of induced humoral and cellular immune responses to SARS-CoV-2.

Immunization of mice with NE/IVT and S1 resulted in high titers of high avidity antigen-specific IgG after two immunizations, which was further enhanced after an additional boost. NE and NE/IVT elicited high and comparable levels of IgG1 and nearly equivalent IgG2b. For both groups, IgG1 and IgG2b titers were similar, indicating a balanced TH1/TH2 profile in terms of subclasses. Interestingly, NE/IVT elicited lower IgG2c and slightly reduced IgG2b compared to NE. This is distinct from what we observed in previous studies using NE/IVT with whole inactivated influenza virus, in which the presence of IVT DI (and other RIG-I agonists) enhanced induction of IgG2 subclasses relative to NE alone. These differences may be due to dissimilarities in immune response upon immunization with a whole inactivated virus which contains additional PAMPs, versus a purified protein. Future work will compare the immune responses induced with NE/IVT and inactivated SARS-CoV-2. While the roles of ADCC and ADCP in SARS-CoV-2 immunity are yet unclear, the prevalence of antigen specific IgG2b and 2c is promising for these modes of antibody-mediated immunity.

By designing more effective adjuvants, immune responses directed towards less immunogenic epitopes that are more highly conserved between divergent variants can potentially be better achieved. While NE alone and NE/IVT both yielded similar overall serum antibody titers with similar avidity to S1, the combined NE/IVT adjuvant provided the advantage of inducing higher NAb titers to homologous SARS-CoV-2. Furthermore, NE/IVT induced antibodies with broader cross-neutralizing capabilities than those generated with NE alone, more effectively neutralizing MA-SARS-CoV-2 which harbors N501Y and H655Y substitutions and a 4aa insertion in S1, supporting the improved quality of the humoral response with the multivalent adjuvant. This advantage was particularly prominent after two immunizations in which minimal cross-neutralization was observed for the single NE adjuvant group, but effective neutralization of MA-CoV-2 was observed upon inclusion of the IVT DI in the combination adjuvant group. Further antigen dose optimization will likely allow reduction in the number of immunizations needed with the NE/IVT to achieve both robust and broad protective antibody responses. Interestingly, in our prior studies comparing IN NE and NE/IVT with whole inactivated influenza virus, a larger enhancement in total IgG titers was observed with the combined adjuvant (104-fold) as compared to what we observed with S1 in the current study (38). These results may suggest that the S1 dose used in these studies was high, thus masking any enhancement in total induced IgG titers between NE and NE/IVT that otherwise would be more apparent at a suboptimal antigen dose, or that the presence of additional PAMPs in the inactivated virus antigen provided additional synergistic benefit with the NE/IVT. Future studies will evaluate the effects of antigen dose de-escalation as well as characterize the induced immune responses towards inactivated SARS-CoV-2 with these adjuvants.

Passive transfer of antibodies induced after three immunizations with NE and NE/IVT imparted sterilizing immunity in naïve mice against heterologous challenge with MA-SARS-CoV-2. Passive transfer studies performed in NHPs suggest only low NAb titers are necessary for protection against homologous challenge (17). As the amount of serum transferred was small (150 μl/mouse), it is likely that with such high NAb titers, the number of vaccinations required for instilling sterilizing immunity can be reduced to two or even one with NE/IVT, as we have reported for IM SARS-CoV-2 vaccination in mice with a TLR7/8 agonist as adjuvant which induced significantly lower NAb titers (59). The ability of NE/IVT to improve cross-variant protection induced with just the S1 subunit, particularly towards a variant with the N501Y mutation shared by several of the highly transmissible variants of concern, supports its potential for improving the breadth of protection of current vaccine candidates. Furthermore, as NE/IVT is compatible with both recombinant protein-based antigens and whole inactivated viruses, utilizing the adjuvant with strategically designed antigens (ex. chimeric antigens) and/or heterologous prime-boost antigen regimens as has been done for influenza vaccines could better hone responses towards regions which are more highly conserved between drift variants (60, 61).

The importance of cellular immunity in complete protection against SARS-CoV-2 has become clear, with strong correlations found between disease severity and the presence of CD4+ and CD8+ T cell responses. Memory CD8+ T cells, especially tissue resident memory T cells (TRM’s) have been shown to be essential to viral clearance of SARS-CoV (62–65). Moreover, CD8+ T cells were longer lived in SARS-CoV convalescent patients than CD4+T and B cells, providing protection in their absence (66). The quality and durability of neutralizing antibody responses and B cell memory depend tightly upon CD4+ T cell help, and CD4+ T cells are involved in a wide spectrum of activities critical to antiviral immunity (67). NE/IVT markedly enhanced cellular immune responses relative to the NE alone, polarizing responses towards a strong TH1 bias, with significantly magnified IFN-γ, and increased IL-2, IP-10 and TNF-α production upon antigen recall in the spleen and cLN. In contrast, TH2 associated cytokines, IL-4, IL-5, and IL-13 were not increased compared to immunization with S1 alone. VAERD reported for some SARS-CoV vaccine candidates was primarily attributed to poor antibody quality in the context of adjuvant (alum) enhanced TH2 immunopathology. In these cases, accentuated IL-4, IL-5, and IL-13 production in vaccinated animals upon viral exposure resulted in potentiation of airway inflammation, hyperresponsiveness, and lung dysfunction, particularly in aged animals (49, 50). Thus, inclusion of IVT DI in the combined NE/IVT adjuvant not only significantly improves the magnitude of the induced antigen specific T cell response but plays a key role in polarizing it towards a profile tailored to antiviral immunity. NE/IVT induces a cytokine environment heavily favoring TH1 responses with potent T cell activation and high-quality antibody responses, which provides an optimal profile for avoiding VAERD and ADE. While future studies comparing these responses to those induced by other IN adjuvants would be informative, we have previously compared the immune responses induced by NE/IVT through the IN route to those induced by Addavax (an emulsion-based adjuvant comparable to the currently licensed adjuvant, MF59) through the IN route towards influenza virus antigens. Addavax induced 104-fold lower total IgG than the NE/IVT and minimal or undetectable TH1/TH17 cellular responses after two immunizations through this route. We have also compared the humoral responses (IgM, IgG, IgA) elicited by immunization with IN NE/IVT with RBD compared to IM Addavax with RBD, which demonstrated induction of higher IgG titers with NE/IVT at an earlier time point (after two immunizations) than IM Addavax (Supplemental Figure S4). These results point to an advantage of the NE/IVT which drives robust IgG responses in the context of strong TH1/TH17 cellular immunity over this currently licensed IM adjuvant which drives highly TH2 polarized responses (Supplemental Figures S1) (38).

Induction of a TH17 response is unique and specific to the mucosal route of NE immunization, and is an important component of NE-mediated protective immunity. While the role of TH17 responses in SARS-CoV-2 immunity is not clear, TH17 responses promote effective immunity to several respiratory viruses, including influenza virus, in which it enhances viral clearance and survival (68, 69). It is likely that inducing IL-17A early, in the context of an appropriate cytokine milieu, will be important for driving protective immunity to SARS-CoV-2. TH17 lineage CD4+ T cells drive mucosal immunity which is especially important for respiratory viruses as it can prevent transmission and viral dissemination to the lung. Indeed, NE and NE/IVT induced significant antigen-specific IgA in the bronchial alveolar lavage (BAL) of immunized animals (Supplemental Figure S2). TH17 CD4+ T cells are also critical for development of TRM’s residing in the lung mucosa, which are critical elements of local immunity to SARS-CoV-2, functioning early before circulating effector and central memory cells are recruited (70, 71). While IL-17A has been associated with lung pathology in certain situations, this is primarily observed in the context of high TH2 cytokines, whereas pathological inflammatory effects of IL-17A are prevented by IL10 (72). While IL10 was not measured in the current study, our previous work with other antigens including SARS-CoV-2 RBD (data not shown) and influenza virus among others, have demonstrated significant enhancement of IL10 with NE and NE/IVT (30, 38, 73, 74). As NE and NE/IVT do not induce high levels of TH2 cytokines, while enhancing TH1 cytokines and IL-10, this T-cell activation profile will likely lead to enhanced viral clearance without detrimental inflammation, as we have observed in our prior influenza virus challenge studies. IL-17A induced by NE vaccination improved protection to RSV without increased lung pathology or eosinophilia upon challenge in mouse and cotton rat models, further supporting this (75).

A major challenge in IN vaccination is to balance safety with robust immunogenicity. While current clinical development of IN SARS-CoV-2 vaccines has focused primarily on delivering viral vectored spike protein or live-attenuated virus, development of effective IN adjuvants for subunit and inactivated virus vaccines will likely be critical for overcoming barriers such as pre-existing immunity. As of now, the number of adjuvanted IN vaccines in preclinical development for SARS-CoV-2 is limited. An IN alum adjuvanted RBD based vaccine demonstrated induction of neutralizing antibody responses in mice, however no significant T-cell response was induced (76). Another candidate consisting of a STING agonist encapsulated in liposomes has shown promise with SARS-CoV-2 full-length S protein in safely inducing systemic, mucosal, and cellular immunity (77). While direct quantitative comparisons of this adjuvant with NE/IVT cannot be made due to differences in methodologies (i.e. mouse strain, antigen, assays used, potential differences in delivery volumes (potentially delivering to the lung at higher volumes), number of immunizations), future studies directly comparing NE/IVT with this adjuvant will be highly valuable.

The most potent IN adjuvants are those derived from bacterial toxins, such as enterotoxins (E. coli heat-labile toxin (LT), cholera toxin (CT)). However, these, along with some of their detoxified versions have demonstrated safety issues, including accumulation in the olfactory nerve/bulb and induction of autoimmunity, resulting in cases of neurotoxicity and precluding their use in humans (78). Modified versions of bacterially derived products with enhanced safety profiles have also demonstrated efficacy as IN adjuvants, such as LTA1 (LT without the B subunit) and monophosphoryl lipid A (MPL). To date, their efficacy with SARS-CoV-2 antigens have yet to be determined. Direct quantitative comparisons of these IN adjuvants with NE/IVT are difficult to make due to differences in delivery volumes and differences in antigens. However, comparing the responses induced to whole inactivated influenza virus through the IN route with LTA1 or MPL to NE/IVT suggests that LTA1 and MPL induce lower or comparable systemic immune responses along with mucosal IgA in mice (79, 80). However, while LTA1 also induced a TH1/TH17 polarized cellular response, it is markedly reduced in magnitude as compared to NE/IVT (79). Thus, NE/IVT potentially induces a more robust cellular response in addition to having an optimal safety profile. Finally, besides toxicity concerns, an additional barrier in IN vaccine development is the poor uptake of antigens through this route. An advantage of the NE and NE/IVT over these other mucosal adjuvants is that NE and NE/IVT also serve as effective antigen carriers in addition to their immunostimulatory activity, improving the retention time and facilitating thedelivery and cellular uptake of oligonucleotideand protein-based antigens (28, 29, 38). Further comparisons of NE/IVT with adjuvants that are currently being developed for intranasal use, including flagellin, detoxified cholera toxin, polyI:C and unmethylated CpG, will not only allow comparison of efficacy and safety between intranasal adjuvants, but also shed light on the importance of different PRR triggering mechanisms for the induction of protective immune responses through intranasal vaccinations (81).

Together, our data clearly demonstrate that NE/IVT offers important advantages as a mucosal adjuvant, inducing responses unique to this route, such as a TH17 response which promotes mucosal immunity. While IgA levels induced to S1 were not as high as those induced with whole inactivated influenza virus in previous studies, and by NE alone with other antigens, further antigen dose optimization will likely improve these responses (29–35, 38). Future work dissecting the individual and combined contributions of NAbs, T cells, and mucosal immunity induced by the combined adjuvant to protection will provide important information as more is learned about natural immunity to SARS-CoV-2 infection. We have demonstrated in our passive transfer model that NAbs alone can provide substantial protection from infection with a heterologous virus, yielding sterilizing immunity in the lung upon challenge. However, durability of protection to more divergent variants and sterilizing immunity in the upper airways will most likely require the presence of the robust T cell responses and mucosal antibodies induced by the combined NE/IVT adjuvant.

The COVID-19 pandemic is a quickly evolving landscape, with much still being learned regarding the correlates of protection to SARS-CoV-2. Together, our data demonstrate that a combined adjuvant approach offers a promising strategy for promoting both robust and broader antibody and T cell responses to improve protection against SARS-CoV-2. Furthermore, the ability to use NE/IVT DI through the IN route offers the advantages of inducing mucosal immunity in the respiratory tract, the natural route of viral entry. This formulation is amenable to needle-free administration, and is inexpensive and rapidly scalable, making it ideal for mass vaccinations. As NE/IVT DI is compatible with both whole viral antigens and recombinant antigens, it thus provides a flexible platform that has the potential to improve the immune profiles of multiple vaccine candidates currently in development for SARS-CoV-2.



Data Availability Statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding authors.



Ethics Statement

The animal studies were reviewed and approved by the Institutional Animal Care and Use Committees (IACUC) at the University of Michigan and Icahn School of Medicine at Mt. Sinai and were carried out in accordance with these guidelines.



Author Contributions

SJ, JL, JB, MS, and PW conceived and conceptualized the work and strategy. SJ, JL, RR, JO’K, KJ, MS, and PW performed in vitro and in vivo experiments and analyzed and interpreted data. MC, AK, and AT developed reagents and protocols for and performed neutralization studies with the Lenti-CoV2. SJ, JL, MS, and PW wrote the manuscript. All authors supported the review of the manuscript. All authors contributed to the article and approved the submitted version.



Funding

This research was partly funded by CRIP (Center for Research for Influenza Pathogenesis), a NIAID supported Center of Excellence for Influenza Research and Surveillance (CEIRS, contract # HHSN272201400008C), by supplements to NIAID grant U01AI124297 and by Collaborative Influenza Vaccine Innovation Centers (CIVIC) contract 75N93019C00051.



Acknowledgments

We thank the U of M vector core and Dr. Tom Lanigan for producing the lentivirus pseudovirus and for providing technical input on assays. The authors gratefully thank Adolfo García-Sastre and Raffael Nachbagauer at the Icahn School of Medicine at Mount Sinai, New York, NY for support, use of laboratory infrastructure and helpful discussions. We also thank Richard Cadagan for excellent technical assistance and Randy Albrecht for BSL3 support.



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2021.729189/full#supplementary-material



References

1. Johns Hopkins University & Medicine. Coronavirus Resource Center (2021). Available at: https://coronavirus.jhu.edu/map.html (Accessed August 25, 2021).

2. Thanh Le, T, Andreadakis, Z, Kumar, A, Gómez Román, R, Tollefsen, S, Saville, M, et al. The COVID-19 Vaccine Development Landscape. Nat Rev Drug Discov (2020) 19:305–6. doi: 10.1038/d41573-020-00073-5

3. O'Callaghan, KP, Blatz, AM, and Offit, PA. Developing a SARS-CoV-2 Vaccine at Warp Speed. JAMA (2020) 324:437–8. doi: 10.1001/jama.2020.12190

4. Corey, L, Mascola, JR, Fauci, AS, and Collins, FS. A Strategic Approach to COVID-19 Vaccine R&D. Science (2020) 368:948–50. doi: 10.1126/science.abc5312

5. Mascola, JR, Graham, BS, and Fauci, AS. SARS-CoV-2 Viral Variants—Tackling a Moving Target. JAMA (2021) 325:1261–2. doi: 10.1001/jama.2021.2088

6. Tegally, H, Wilkinson, E, Giovanetti, M, Iranzadeh, A, Fonseca, V, Giandhari, J, et al. Emergence and Rapid Spread of a New Severe Acute Respiratory Syndrome-Related Coronavirus 2 (SARS-CoV-2) Lineage With Multiple Spike Mutations in South Africa. (2020) 2020.12.21.20248640. doi: 10.1101/2020.12.21.20248640

7. Supasa, P, Zhou, D, Dejnirattisai, W, Liu, C, Mentzer, AJ, Ginn, HM, et al. Reduced Neutralization of SARS-CoV-2 B.1.1.7 Variant by Convalescent and Vaccine Sera. Cell (2021) 184:2201–11.e7. doi: 10.1016/j.cell.2021.02.033

8. Edara, VV, Norwood, C, Floyd, K, Lai, L, Davis-Gardner, ME, Hudson, WH, et al. Reduced Binding and Neutralization of Infection- and Vaccine-Induced Antibodies to the B.1.351 (South African) SARS-CoV-2 Variant. bioRxiv (2021) 02.20.432046. doi: 10.1101/2021.02.20.432046

9. Wang, P, Casner, RG, Nair, MS, Wang, M, Yu, J, Cerutti, G, et al. Increased Resistance of SARS-CoV-2 Variant P.1 to Antibody Neutralization. Cell Host Microbe (2021) 29:747–51.e4. doi: 10.1016/j.chom.2021.04.007

10. Bian, L, Gao, F, Zhang, J, He, Q, Mao, Q, Xu, M, et al. Effects of SARS-CoV-2 Variants on Vaccine Efficacy and Response Strategies. Expert Rev Vaccines (2021) 20:365–73. doi: 10.1080/14760584.2021.1903879

11. Jangra, S, Ye, C, Rathnasinghe, R, Stadlbauer, D, Krammer, F, Simon, V, et al. SARS-CoV-2 Spike E484K Mutation Reduces Antibody Neutralisation. Lancet Microbe (2021) 2:e283–e4. doi: 10.1016/s2666-5247(21)00068-9

12. David, H, Pengfei, W, Lihong, L, Sho, I, Yang, L, Yicheng, G, et al. Increased Resistance of SARS-CoV-2 Variants B.1.351 and B.1.1.7 to Antibody Neutralization. Nat Portfolio (2021) 155394. doi: 10.21203/rs.3.rs-155394/v1

13. Johnson & Johnson. Johnson & Johnson Announces Single-Shot Janssen COVID-19 Vaccine Candidate Met Primary Endpoints in Interim Analysis of its Phase 3 ENSEMBLE Trial (2021). Available at: https://www.jnj.com/johnson-johnson-announces-single-shot-janssen-covid-19-vaccine-candidate-met-primary-endpoints-in-interim-analysis-of-its-phase-3-ensemble-trial (Accessed February 14, 2021).

14. Novavax. Novavax COVID-19 Vaccine Demonstrates 89.3% Efficacy in UK Phase 3 Trial (2021). Available at: https://ir.novavax.com/news-releases/news-release-details/novavax-covid-19-vaccine-demonstrates-893-efficacy-uk-phase-3 (Accessed February 14, 2021).

15. Rydyznski Moderbacher, C, Ramirez, SI, Dan, JM, Grifoni, A, Hastie, KM, Weiskopf, D, et al. Antigen-Specific Adaptive Immunity to SARS-CoV-2 in Acute COVID-19 and Associations With Age and Disease Severity. Cell (2020) 183:996–1012.e19. doi: 10.1016/j.cell.2020.09.038

16. Vabret, N, Britton, GJ, Gruber, C, Hegde, S, Kim, J, Kuksin, M, et al. Immunology of COVID-19: Current State of the Science. Immunity (2020) 52:910–41. doi: 10.1016/j.immuni.2020.05.002

17. McMahan, K, Yu, J, Mercado, NB, Loos, C, Tostanoski, LH, Chandrashekar, A, et al. Correlates of Protection Against SARS-CoV-2 in Rhesus Macaques. Nature (2021) 590:630–4. doi: 10.1038/s41586-020-03041-6

18. Okba, NMA, Müller, MA, Li, W, Wang, C, GeurtsvanKessel, CH, Corman, VM, et al. Severe Acute Respiratory Syndrome Coronavirus 2-Specific Antibody Responses in Coronavirus Disease Patients. Emerg Infect Dis (2020) 26:1478–88. doi: 10.3201/eid2607.200841

19. Sette, A, and Crotty, S. Adaptive Immunity to SARS-CoV-2 and COVID-19. Cell (2021) 184:861–80. doi: 10.1016/j.cell.2021.01.007

20. Grifoni, A, Sidney, J, Zhang, Y, Scheuermann, RH, Peters, B, and Sette, A. A Sequence Homology and Bioinformatic Approach Can Predict Candidate Targets for Immune Responses to SARS-CoV-2. Cell Host Microbe (2020) 27:671–80.e2. doi: 10.1016/j.chom.2020.03.002

21. Leroux-Roels, G. Prepandemic H5N1 Influenza Vaccine Adjuvanted With AS03: A Review of the Pre-Clinical and Clinical Data. Expert Opin Biol Ther (2009) 9:1057–71. doi: 10.1517/14712590903066695

22. Blanco-Melo, D, Nilsson-Payant, BE, Liu, WC, Uhl, S, Hoagland, D, Moller, R, et al. Imbalanced Host Response to SARS-CoV-2 Drives Development of COVID-19. Cell (2020) 181:1036–45 e9. doi: 10.1016/j.cell.2020.04.026

23. Park, A, and Iwasaki, A. Type I and Type III Interferons - Induction, Signaling, Evasion, and Application to Combat COVID-19. Cell Host Microbe (2020) 27:870–8. doi: 10.1016/j.chom.2020.05.008

24. Perry, AK, Chen, G, Zheng, D, Tang, H, and Cheng, G. The Host Type I Interferon Response to Viral and Bacterial Infections. Cell Res (2005) 15:407–22. doi: 10.1038/sj.cr.7290309

25. Stanberry, LR, Simon, JK, Johnson, C, Robinson, PL, Morry, J, Flack, MR, et al. Safety and Immunogenicity of a Novel Nanoemulsion Mucosal Adjuvant W805EC Combined With Approved Seasonal Influenza Antigens. Vaccine (2012) 30:307–16. doi: 10.1016/j.vaccine.2011.10.094

26.Safety and Immunogenicity Study of Inactivated Nasal Influenza Vaccine NB-1008 Administered by Sprayer. ClinicalTrialsgov Identifier: NCT01354379.

27.A Safety and Immunogenicity of Intranasal Nanoemulsion Adjuvanted Recombinant Anthrax Vaccine in Healthy Adults (IN NE-rPA). ClinicalTrialsgov Identifier: NCT04148118.

28. Wong, PT, Wang, SH, Ciotti, S, Makidon, PE, Smith, DM, Fan, Y, et al. Formulation and Characterization of Nanoemulsion Intranasal Adjuvants: Effects of Surfactant Composition on Mucoadhesion and Immunogenicity. Mol Pharm (2014) 11:531–44. doi: 10.1021/mp4005029

29. Wong, PT, Leroueil, PR, Smith, DM, Ciotti, S, Bielinska, AU, Janczak, KW, et al. Formulation, High Throughput In Vitro Screening and In Vivo Functional Characterization of Nanoemulsion-Based Intranasal Vaccine Adjuvants. PloS One (2015) 10:e0126120. doi: 10.1371/journal.pone.0126120

30. Bielinska, AU, Makidon, PE, Janczak, KW, Blanco, LP, Swanson, B, Smith, DM, et al. Distinct Pathways of Humoral and Cellular Immunity Induced With the Mucosal Administration of a Nanoemulsion Adjuvant. J Immunol (2014) 192:2722–33. doi: 10.4049/jimmunol.1301424

31. Bielinska, AU, Chepurnov, AA, Landers, JJ, Janczak, KW, Chepurnova, TS, Luker, GD, et al. A Novel, Killed-Virus Nasal Vaccinia Virus Vaccine. Clin Vaccine Immunol (2008) 15:348–58. doi: 10.1128/cvi.00440-07

32. Bielinska, AU, Janczak, KW, Landers, JJ, Makidon, P, Sower, LE, Peterson, JW, et al. Mucosal Immunization With a Novel Nanoemulsion-Based Recombinant Anthrax Protective Antigen Vaccine Protects Against Bacillus Anthracis Spore Challenge. Infect Immun (2007) 75:4020–9. doi: 10.1128/iai.00070-07

33. Bielinska, AU, Janczak, KW, Landers, JJ, Markovitz, DM, Montefiori, DC, and Baker, JR Jr. Nasal Immunization With a Recombinant HIV Gp120 and Nanoemulsion Adjuvant Produces Th1 Polarized Responses and Neutralizing Antibodies to Primary HIV Type 1 Isolates. AIDS Res Hum Retroviruses (2008) 24:271–81. doi: 10.1089/aid.2007.0148

34. Makidon, PE, Belyakov, IM, Blanco, LP, Janczak, KW, Landers, J, Bielinska, AU, et al. Nanoemulsion Mucosal Adjuvant Uniquely Activates Cytokine Production by Nasal Ciliated Epithelium and Induces Dendritic Cell Trafficking. Eur J Immunol (2012) 42:2073–86. doi: 10.1002/eji.201142346

35. Myc, A, Kukowska-Latallo, JF, Smith, DM, Passmore, C, Pham, T, Wong, P, et al. Nanoemulsion Nasal Adjuvant W(8)(0)5EC Induces Dendritic Cell Engulfment of Antigen-Primed Epithelial Cells. Vaccine (2013) 31:1072–9. doi: 10.1016/j.vaccine.2012.12.033

36. Martinez-Gil, L, Goff, PH, Hai, R, Garcia-Sastre, A, Shaw, ML, and Palese, P. A Sendai Virus-Derived RNA Agonist of RIG-I as a Virus Vaccine Adjuvant. J Virol (2013) 87:1290–300. doi: 10.1128/JVI.02338-12

37. Patel, JR, Jain, A, Chou, YY, Baum, A, Ha, T, and Garcia-Sastre, A. ATPase-Driven Oligomerization of RIG-I on RNA Allows Optimal Activation of Type-I Interferon. EMBO Rep (2013) 14:780–7. doi: 10.1038/embor.2013.102

38. Wong, PT, Goff, PH, Sun, RJ, Ruge, MJ, Ermler, ME, Sebring, A, et al. Combined Intranasal Nanoemulsion and RIG-I Activating RNA Adjuvants Enhance Mucosal, Humoral, and Cellular Immunity to Influenza Virus. Mol Pharm (2021) 18:679–98. doi: 10.1021/acs.molpharmaceut.0c00315

39. Crawford, KHD, Eguia, R, Dingens, AS, Loes, AN, Malone, KD, Wolf, CR, et al. Protocol and Reagents for Pseudotyping Lentiviral Particles With SARS-CoV-2 Spike Protein for Neutralization Assays. Viruses (2020) 12:513–28. doi: 10.3390/v12050513

40. Rathnasinghe, R, Strohmeier, S, Amanat, F, Gillespie, VL, Krammer, F, García-Sastre, A, et al. Comparison of Transgenic and Adenovirus Hace2 Mouse Models for SARS-CoV-2 Infection. Emerg Microbes Infect (2020) 9:2433–45. doi: 10.1080/22221751.2020.1838955

41. Rathnasinghe, R, Jangra, S, Cupic, A, Martínez-Romero, C, Mulder, LCF, Kehrer, T, et al. The N501Y Mutation in SARS-CoV-2 Spike Leads to Morbidity in Obese and Aged Mice and Is Neutralized by Convalescent and Post-Vaccination Human Sera. medRxiv (2021) 01.19.21249592. doi: 10.1101/2021.01.19.21249592

42. Wang, SH, Chen, J, Smith, D, Cao, Z, Acosta, H, Fan, Y, et al. A Novel Combination of Intramuscular Vaccine Adjuvants, Nanoemulsion and CpG Produces an Effective Immune Response Against Influenza A Virus. Vaccine (2020) 38:3537–44. doi: 10.1016/j.vaccine.2020.03.026

43. Wang, SH, Smith, D, Cao, Z, Chen, J, Acosta, H, Chichester, JA, et al. Recombinant H5 Hemagglutinin Adjuvanted With Nanoemulsion Protects Ferrets Against Pathogenic Avian Influenza Virus Challenge. Vaccine (2019) 37:1591–600. doi: 10.1016/j.vaccine.2019.02.002

44. O'Konek, JJ, Makidon, PE, Landers, JJ, Cao, Z, Malinczak, CA, Pannu, J, et al. Intranasal Nanoemulsion-Based Inactivated Respiratory Syncytial Virus Vaccines Protect Against Viral Challenge in Cotton Rats. Hum Vaccin Immunother (2015) 11:2904–12. doi: 10.1080/21645515.2015.1075680

45. Zhang, J, Wu, Q, Liu, Z, Wang, Q, Wu, J, Hu, Y, et al. Spike-Specific Circulating T Follicular Helper Cell and Cross-Neutralizing Antibody Responses in COVID-19-Convalescent Individuals. Nat Microbiol (2021) 6:51–8. doi: 10.1038/s41564-020-00824-5

46. Bielinska, AU, Gerber, M, Blanco, LP, Makidon, PE, Janczak, KW, Beer, M, et al. Induction of Th17 Cellular Immunity With a Novel Nanoemulsion Adjuvant. Crit Rev Immunol (2010) 30:189–99. doi: 10.1615/critrevimmunol.v30.i2.60.

47. Passmore, C, Makidon, PE, O'Konek, JJ, Zahn, JA, Pannu, J, Hamouda, T, et al. Intranasal Immunization With W 80 5EC Adjuvanted Recombinant RSV rF-Ptn Enhances Clearance of Respiratory Syncytial Virus in a Mouse Model. Hum Vaccin Immunother (2014) 10:615–22. doi: 10.4161/hv.27383

48. Graham, BS, Henderson, GS, Tang, YW, Lu, X, Neuzil, KM, and Colley, DG. Priming Immunization Determines T Helper Cytokine mRNA Expression Patterns in Lungs of Mice Challenged With Respiratory Syncytial Virus. J Immunol (1993) 151:2032–40.

49. Bolles, M, Deming, D, Long, K, Agnihothram, S, Whitmore, A, Ferris, M, et al. A Double-Inactivated Severe Acute Respiratory Syndrome Coronavirus Vaccine Provides Incomplete Protection in Mice and Induces Increased Eosinophilic Proinflammatory Pulmonary Response Upon Challenge. J Virol (2011) 85:12201–15. doi: 10.1128/JVI.06048-11

50. Honda-Okubo, Y, Barnard, D, Ong, CH, Peng, BH, Tseng, CT, and Petrovsky, N. Severe Acute Respiratory Syndrome-Associated Coronavirus Vaccines Formulated With Delta Inulin Adjuvants Provide Enhanced Protection While Ameliorating Lung Eosinophilic Immunopathology. J Virol (2015) 89:2995–3007. doi: 10.1128/JVI.02980-14

51. Kim, HW, Canchola, JG, Brandt, CD, Pyles, G, Chanock, RM, Jensen, K, et al. Respiratory Syncytial Virus Disease in Infants Despite Prior Administration of Antigenic Inactivated Vaccine. Am J Epidemiol (1969) 89:422–34. doi: 10.1093/oxfordjournals.aje.a120955

52. Connors, M, Giese, NA, Kulkarni, AB, Firestone, CY, Morse, HC 3rd, and Murphy, BR. Enhanced Pulmonary Histopathology Induced by Respiratory Syncytial Virus (RSV) Challenge of Formalin-Inactivated RSV-Immunized BALB/c Mice Is Abrogated by Depletion of Interleukin-4 (IL-4) and IL-10. J Virol (1994) 68:5321–5. doi: 10.1128/JVI.68.8.5321-5325.1994

53. Ou, X, Liu, Y, Lei, X, Li, P, Mi, D, Ren, L, et al. Characterization of Spike Glycoprotein of SARS-CoV-2 on Virus Entry and Its Immune Cross-Reactivity With SARS-CoV. Nat Commun (2020) 11:1620. doi: 10.1038/s41467-020-15562-9

54. Dan, JM, Mateus, J, Kato, Y, Hastie, KM, Yu, ED, Faliti, CE, et al. Immunological Memory to SARS-CoV-2 Assessed for Up to 8 Months After Infection. Science (2021) 371:eabf4063. doi: 10.1126/science.abf4063

55. Sahin, U, Muik, A, Vogler, I, Derhovanessian, E, Kranz, LM, Vormehr, M, et al. BNT162b2 Induces SARS-CoV-2-Neutralising Antibodies and T Cells in Humans. medRxiv (2020) 2020.12.09.20245175. doi: 10.1101/2020.12.09.20245175

56. Corbett, KS, Edwards, DK, Leist, SR, Abiona, OM, Boyoglu-Barnum, S, Gillespie, RA, et al. SARS-CoV-2 mRNA Vaccine Design Enabled by Prototype Pathogen Preparedness. Nature (2020) 586:567–71. doi: 10.1038/s41586-020-2622-0

57. Coffman, RL, Sher, A, and Seder, RA. Vaccine Adjuvants: Putting Innate Immunity to Work. Immunity (2010) 33:492–503. doi: 10.1016/j.immuni.2010.10.002

58. Seder, RA, Darrah, PA, and Roederer, M. T-Cell Quality in Memory and Protection: Implications for Vaccine Design. Nat Rev Immunol (2008) 8:247–58. doi: 10.1038/nri2274

59. Jangra, S, De Vrieze, J, Choi, A, Rathnasinghe, R, Laghlali, G, Uvyn, A, et al. Sterilizing Immunity Against SARS-CoV-2 Infection in Mice by a Single-Shot and Lipid Amphiphile Imidazoquinoline TLR7/8 Agonist-Adjuvanted Recombinant Spike Protein Vaccine*. Angew Chem Int Ed Engl (2021) 60:9467–73. doi: 10.1002/anie.202015362

60. Goff, PH, Eggink, D, Seibert, CW, Hai, R, Martinez-Gil, L, Krammer, F, et al. Adjuvants and Immunization Strategies to Induce Influenza Virus Hemagglutinin Stalk Antibodies. PloS One (2013) 8:e79194. doi: 10.1371/journal.pone.0079194

61. Nachbagauer, R, Feser, J, Naficy, A, Bernstein, DI, Guptill, J, Walter, EB, et al. A Chimeric Hemagglutinin-Based Universal Influenza Virus Vaccine Approach Induces Broad and Long-Lasting Immunity in a Randomized, Placebo-Controlled Phase I Trial. Nat Med (2021) 27:106–14. doi: 10.1038/s41591-020-1118-7

62. Channappanavar, R, Fett, C, Zhao, J, Meyerholz, DK, and Perlman, S. Virus-Specific Memory CD8 T Cells Provide Substantial Protection From Lethal Severe Acute Respiratory Syndrome Coronavirus Infection. J Virol (2014) 88:11034–44. doi: 10.1128/JVI.01505-14

63. Hogan, RJ, Usherwood, EJ, Zhong, W, Roberts, AA, Dutton, RW, Harmsen, AG, et al. Activated Antigen-Specific CD8+ T Cells Persist in the Lungs Following Recovery From Respiratory Virus Infections. J Immunol (2001) 166:1813–22. doi: 10.4049/jimmunol.166.3.1813

64. Slutter, B, Pewe, LL, Kaech, SM, and Harty, JT. Lung Airway-Surveilling CXCR3(hi) Memory CD8(+) T Cells are Critical for Protection Against Influenza A Virus. Immunity (2013) 39:939–48. doi: 10.1016/j.immuni.2013.09.013

65. Wu, T, Hu, Y, Lee, YT, Bouchard, KR, Benechet, A, Khanna, K, et al. Lung-Resident Memory CD8 T Cells (TRM) are Indispensable for Optimal Cross-Protection Against Pulmonary Virus Infection. J Leukoc Biol (2014) 95:215–24. doi: 10.1189/jlb.0313180

66. Zhao, J, Zhao, J, Mangalam, AK, Channappanavar, R, Fett, C, Meyerholz, DK, et al. Airway Memory CD4(+) T Cells Mediate Protective Immunity Against Emerging Respiratory Coronaviruses. Immunity (2016) 44:1379–91. doi: 10.1016/j.immuni.2016.05.006

67. Crotty, S. T Follicular Helper Cell Biology: A Decade of Discovery and Diseases. Immunity (2019) 50:1132–48. doi: 10.1016/j.immuni.2019.04.011

68. Dubin, PJ, and Kolls, JK. Th17 Cytokines and Mucosal Immunity. Immunol Rev (2008) 226:160–71. doi: 10.1111/j.1600-065X.2008.00703.x

69. Christensen, D, Mortensen, R, Rosenkrands, I, Dietrich, J, and Andersen, P. Vaccine-Induced Th17 Cells are Established as Resident Memory Cells in the Lung and Promote Local IgA Responses. Mucosal Immunol (2017) 10:260–70. doi: 10.1038/mi.2016.28

70. Son, YM, Cheon, IS, Wu, Y, Li, C, Wang, Z, Gao, X, et al. Tissue-Resident CD4(+) T Helper Cells Assist the Development of Protective Respiratory B and CD8(+) T Cell Memory Responses. Sci Immunol (2021) 6:eabb6852. doi: 10.1126/sciimmunol.abb6852

71. Gauttier, V, Morello, A, Girault, I, Mary, C, Belarif, L, Desselle, A, et al. Tissue-Resident Memory CD8 T-Cell Responses Elicited by a Single Injection of a Multi-Target COVID-19 Vaccine. bioRxiv (2020) 2020.08.14.240093. doi: 10.1101/2020.08.14.240093

72. Xu, S, and Cao, X. Interleukin-17 and its Expanding Biological Functions. Cell Mol Immunol (2010) 7:164–74. doi: 10.1038/cmi.2010.21

73. Farazuddin, M, Landers, JJ, Janczak, KW, Lindsey, HK, Finkelman, FD, Baker, JR Jr., et al. Mucosal Nanoemulsion Allergy Vaccine Suppresses Alarmin Expression and Induces Bystander Suppression of Reactivity to Multiple Food Allergens. Front Immunol (2021) 12:599296. doi: 10.3389/fimmu.2021.599296

74. Bielinska, AU, O'Konek, JJ, Janczak, KW, and Baker, JR Jr. Immunomodulation of TH2 Biased Immunity With Mucosal Administration of Nanoemulsion Adjuvant. Vaccine (2016) 34:4017–24. doi: 10.1016/j.vaccine.2016.06.043

75. Lindell, DM, Morris, SB, White, MP, Kallal, LE, Lundy, PK, Hamouda, T, et al. A Novel Inactivated Intranasal Respiratory Syncytial Virus Vaccine Promotes Viral Clearance Without Th2 Associated Vaccine-Enhanced Disease. PloS One (2011) 6:e21823. doi: 10.1371/journal.pone.0021823

76. Du, Y, Xu, Y, Feng, J, Hu, L, Zhang, Y, Zhang, B, et al. Intranasal Administration of a Recombinant RBD Vaccine Induced Protective Immunity Against SARS-CoV-2 in Mouse. Vaccine (2021) 39:2280–7. doi: 10.1016/j.vaccine.2021.03.006

77. An, X, Martinez-Paniagua, M, Rezvan, A, Fathi, M, Singh, S, Biswas, S, et al. Single-Dose Intranasal Vaccination Elicits Systemic and Mucosal Immunity Against SARS-CoV-2. bioRxiv (2020) 07.23.212357. doi: 10.1101/2020.07.23.212357

78. Couch, RB. Nasal Vaccination, Escherichia Coli Enterotoxin, and Bell's Palsy. N Engl J Med (2004) 350:860–1. doi: 10.1056/NEJMp048006

79. Valli, E, Harriett, AJ, Nowakowska, MK, Baudier, RL, Provosty, WB, McSween, Z, et al. LTA1 is a Safe, Intranasal Enterotoxin-Based Adjuvant That Improves Vaccine Protection Against Influenza in Young, Old and B-Cell-Depleted (μmt) Mice. Sci Rep (2019) 9:15128. doi: 10.1038/s41598-019-51356-w

80. Baldridge, JR, Yorgensen, Y, Ward, JR, and Ulrich, JT. Monophosphoryl Lipid A Enhances Mucosal and Systemic Immunity to Vaccine Antigens Following Intranasal Administration. Vaccine (2000) 18:2416–25. doi: 10.1016/s0264-410x(99)00572-1

81. Takaki, H, Ichimiya, S, Matsumoto, M, and Seya, T. Mucosal Immune Response in Nasal-Associated Lymphoid Tissue Upon Intranasal Administration by Adjuvants. J Innate Immun (2018) 10:515–21. doi: 10.1159/000489405




Conflict of Interest: The authors declare the following competing interests: SJ, MS, JB, and PW are inventors of the NE/IVT adjuvant in this research, and a patent application has been submitted for this technology.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Jangra, Landers, Rathnasinghe, O’Konek, Janczak, Cascalho, Kennedy, Tai, Baker, Schotsaert and Wong. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




ORIGINAL RESEARCH

published: 14 October 2021

doi: 10.3389/fimmu.2021.753371

[image: image2]


Antibody-Mediated Targeting of Antigens to Intestinal Aminopeptidase N Elicits Gut IgA Responses in Pigs


Hans Van der Weken 1†, Raquel Sanz Garcia 1†, Niek N. Sanders 2, Eric Cox 1‡ and Bert Devriendt 1*‡


1 Laboratory of Immunology, Faculty of Veterinary Medicine, Ghent University, Ghent, Belgium, 2 Laboratory of Gene therapy, Faculty of Veterinary Medicine, Ghent University, Ghent, Belgium




Edited by: 

Pam Kozlowski, Louisiana State University, United States

Reviewed by: 

Maxim Rosario, Johns Hopkins Medicine, United States; 

Srijayaprakash Babu Uppada, University of Alabama, United States

*Correspondence: 

Bert Devriendt
 b.devriendt@ugent.be


†These authors share first authorship


‡These authors share senior authorship


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


Received: 04 August 2021

Accepted: 21 September 2021

Published: 14 October 2021

Citation:
Van der Weken H, Sanz Garcia R, Sanders NN, Cox E and Devriendt B (2021) Antibody-Mediated Targeting of Antigens to Intestinal Aminopeptidase N Elicits Gut IgA Responses in Pigs. Front. Immunol. 12:753371. doi: 10.3389/fimmu.2021.753371



Many pathogens enter the host via the gut, causing disease in animals and humans. A robust intestinal immune response is necessary to protect the host from these gut pathogens. Despite being best suited for eliciting intestinal immunity, oral vaccination remains a challenge due to the gastrointestinal environment, a poor uptake of vaccine antigens by the intestinal epithelium and the tolerogenic environment pervading the gut. To improve uptake, efforts have focused on targeting antigens towards the gut mucosa. An interesting target is aminopeptidase N (APN), a conserved membrane protein present on small intestinal epithelial cells shown to mediate epithelial transcytosis. Here, we aimed to further optimize this oral vaccination strategy in a large animal model. Porcine APN-specific monoclonal antibodies were generated and the most promising candidate in terms of epithelial transcytosis was selected to generate antibody fusion constructs, comprising a murine IgG1 or porcine IgA backbone and a low immunogenic antigen: the F18-fimbriated E. coli tip adhesin FedF. Upon oral delivery of these recombinant antibodies in piglets, both mucosal and systemic immune responses were elicited. The presence of the FedF antigen however appeared to reduce these immune responses. Further analysis showed that F18 fimbriae were able to disrupt the antigen presenting capacity of intestinal antigen presenting cells, implying potential tolerogenic effects of FedF. Altogether, these findings show that targeted delivery of molecules to epithelial aminopeptidase N results in their transcytosis and delivery to the gut immune systems. The results provide a solid foundation for the development of oral subunit vaccines to protect against gut pathogens.
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Introduction

Most pathogens invade the host at the mucosal surfaces, such as the gut. Frontline protection against these enteropathogens requires robust intestinal immune responses at the site of infection, more specific pathogen-specific secretory immunoglobulin A (SIgA) (1). In contrast to systemic administration, delivery of vaccines to the intestinal mucosa can elicit protective SIgA responses at both local and distal mucosal sites as well as systemic immunity (1–3). Oral vaccines have many advantages: they avoid the use of needles, which reduces the need for trained personnel and the risk of transmitting blood borne diseases. They also increase patient compliance and often do not require refrigerated storage, resulting in easier transport and delivery to remote places (2, 4). Current oral vaccines consist of either inactivated or live-attenuated organisms which pose several risks, such as severe inflammatory reactions, uncontrolled replication, the possibility of reversion to virulence or the risk of infection in immunocompromised patients. Thus, the development of new vaccination strategies has shifted to the use of safer subunit vaccines. Nevertheless, oral vaccination and the induction of robust protective immune responses faces many hurdles. Vaccine antigens not only need to survive the gastric pH and degradation by proteolytic enzymes in the gastrointestinal tract, they also must reach the gut-associated lymphoid tissue. However, the small intestinal epithelial barrier restricts uptake of macromolecules, leading to a poor uptake of vaccines at the intestinal surfaces. In addition, without proper activation and correct dosing, tolerance is induced rather than protective immunity (1). To overcome these challenges in oral vaccination, current efforts are focused on different encapsulation strategies to preserve antigen stability in the gut, novel mucosal adjuvants to surmount tolerance or targeting antigens to intestinal cell populations to enhance vaccine uptake (5). For instance, the glycoprotein-2 (GP2) protein is specifically expressed on the apical side of mature M cells and can recognize the bacterial FimH, a component of type I pili on the bacterial outer membrane. Uptake of FimH+ bacteria by M-cells via GP2 was able to initiate mucosal immune responses in mice (6). An alternative strategy would be to target vaccine antigens towards enterocytes, since these cells are more abundant than M cells in the small intestinal epithelium (1, 7). For example, targeting receptors involved in transcytosis such as the neonatal Fc-receptor (FcRn) enabled the uptake of antigen-bound IgG Fc-fragments (8, 9). Another interesting target is aminopeptidase N (APN; CD13). In enterocytes, this membrane glycoprotein is involved in digestive processes by removing N-terminal amino acids from peptides (10). APN is also expressed on specific subsets of dendritic cells in humans, pigs and mice, which play a central role in the induction of adaptive immune responses (11–13). Our previous research identified APN as a receptor for F4 fimbriae and was shown to be involved in the epithelial transcytosis of these fimbriae. Interestingly, oral administration of purified F4 fimbriae to piglets triggered protective SIgA responses (14). Moreover, delivery of antigens and microparticles to aminopeptidase N by different antibody formats facilitated their uptake by the small intestinal epithelium and elicited strong immune responses in piglets upon oral administration (15–18).

Here, we aimed to further optimize this oral vaccine strategy by specifically targeting a clinically relevant antigen towards APN using monoclonal antibody constructs. To this end, we generated several APN-specific monoclonal antibodies and characterized their interaction with APN. From these monoclonal antibodies (mAbs), we selected the best performing candidate and generated different fusion constructs with a mouse IgG1 or pig IgA backbone. These constructs were genetically linked with the FedF tip adhesin from F18 fimbriated E. coli, which is a clinically relevant but low immunogenic antigen and evaluated their ability to trigger immune responses in piglets upon oral administration (17, 19).



Materials and Methods


Generation of Monoclonal Antibodies

Immunizations with porcine kidney APN (Sigma) and hybridoma generation were carried out by Monash University. Mother clones were subcloned and 6 different clones were selected and further expanded. Secreted antibodies were subsequently purified from the culture supernatant by protein G affinity chromatography (GE healthcare). Monoclonal antibody isotypes were determined using the mouse IgG isotyping ELISA kit (Iso-2, Sigma).

A vector coding for the α-APN-mIgG1-FedF fusion antibody was generated by Genscript. Briefly, the heavy chain of an APN-specific mouse monoclonal antibody (clone IMM013) was fused to the tip adhesin FedF15-165 of F18 fimbriae (PDB entry: 4B4P) using a (G4S)3-flexible linker and cloned into MCS2 of the pVITRO1-neo-mcs vector using CloneEZ® seamless cloning technology. Then, the light chain of the same clone (IMM013) was cloned into MCS1 of the same vector to get the final α-APN-mIgG1-FedF expression vector. After stable transfection into CHO cells, the best producing clones were selected by serial dilution and further expanded. Secreted antibodies were purified from cell culture supernatant using protein A affinity chromatography (GE Healthcare).

The chimeric α-APN-pIgA-FedF and pIgA-FedF control construct were generated as described previously, using the variable regions of the IMM013 clone and the porcine constant light (AAA03520.1) and porcine IgA heavy (AAA65943.1) chains (20). The pIgA-FedF control construct was derived from the IMM013 clone, but contained a single mutation (G100D; MUT7) in the CDR3H region, resulting in loss of binding towards APN (Figures S1B, C). Secreted antibody was purified using ammonium sulphate precipitation between 40 and 46% saturation and dialyzed against PBS.



Affinity Measurements

Affinity measurements were performed using bio-layer interferometry (BLI; Octet RED96). Here, 10 µg/ml of the ligand (biotinylated porcine APN; 1:3 ratio) was first bound on a high precision streptavidin (SAX) biosensor soaked in PBS, followed by the addition of the analyte (mAbs) at 100 nM in PBS + 0.2% Tween-20 + 1% BSA (PBST+BSA). Analyzed data was fitted with a 1:1 local full fit.



APN-Specific Binding Assays

Binding of mAbs towards purified APN was performed with ELISA as described (18). Binding of mAbs towards membrane-bound APN on BHK-APN cells was analyzed by flow cytometry (Cytoflex, Beckman Coulter) as described (18), with slight modifications. Cells were incubated with mAbs (10 µg/ml) and detected with a fluorescein isothiocyanate (FITC)-conjugated sheep α-mouse IgG (whole molecule) F(ab’)2 fragment (1:100 dilution) (Merck, F2883). Isotype control mouse IgG1 and IgG2a antibodies (in-house) were used as controls.



Porcine Small Intestinal Explants

Tissue explants from porcine ileum were obtained as described (17). Antibodies (40 µg) were added to the explants for 30 minutes at 37°C and 5% CO2. Upon this incubation period, the explants were washed with PBS, placed in methocel, snap frozen in liquid nitrogen and stored at -80°C until use.



Gut Ligated Loop Experiments

In total, six female, 5-week-old piglets were used to assess the uptake of α-APN-mIgG1 (clone IMM013) in gut ligated loops as described (21). Three of these animals were used in a preliminary study to locate the mesenteric lymph nodes draining each area of the gut and to study the kinetics of the uptake in the gut ligated loops after different incubation times. Briefly, following anesthesia and laparotomy, the jejunum was localized and three 3 cm loops with 20 cm intervals between each loop were made avoiding Peyer’s patches. Blood supply was assured by placing the ligatures between the mesenteric arcades. For the location of the draining MLN, 5% Evans Blue was injected subserosally between the ligatures of each loop of the small intestine. One milligram of fluorescently labelled (DyLight TM 755, Thermo Fisher Scientific) α-APN mAb (clone IMM013) or an IgG1 isotype control (in house; clone 19C9) (22) were diluted in 3 ml PBS and injected in the lumen of the loops. A loop injected with 3 ml PBS was used as a negative control. Upon injection, each loop was returned to the abdominal cavity and the abdomen was closed. After a 5h incubation, the animals were euthanized with an overdose of sodium pentobarbital 20% (60 mg/2.5kg; Kela) and tissue samples were collected. Loops and draining MLN were imaged using an IVIS Lumina II fluorescent imaging system. Tissues were kept on ice protected from light until imaging. Following, tissue samples were embedded in 2% Methocel® MC (Fluka), snap frozen in liquid nitrogen and stored at -80°C until use.



Immunohistochemistry

For the endocytosis experiments using the BHK-APN cell line, cells (1.0 x 105 cells/well in 1 ml culture medium) were seeded in 24-well plates on top of a sterile cover slip and incubated until a monolayer was formed. Cells were washed twice with ice-cold PBS and stored on ice before the α-APN-mIgG1 (40 µg/ml) was added. After 60 min incubation at 4°C, cells were washed 3 times with ice-cold PBS + 1% FCS and incubated for 30 min at 37°C, 5% CO2 in warm culture medium. Before or after incubation at 37°C, cells were washed twice with ice-cold PBS and fixated for 10 min with 500 µl 4% paraformaldehyde. Next, presence of the antibody on the cell membrane was detected with an AF568-conjugated α-mouse IgG(H+L) (2 µg/ml; Invitrogen, A-11004) for 30 min at room temperature (RT). After three washes with PBS + 1% FCS, cells were permeabilized with 250 µl 0.2% Triton-X100 for 2 min and washed 3 times with PBS + 1% FCS. Intracellular α-APN-mIgG1 was then detected using a FITC-conjugated sheep α-mouse IgG F(ab’)2 fragment (1:100 dilution; Merck, F2883) for 1h at RT. The nucleus was counterstained with Hoechst (10 µg/ml) for 2 min. After three washes, the cover slip was mounted on a microscope slide in mounting solution (Dabco).

For staining of tissue sections, cryosections (10 µm) were cut with a cryotome (Leica CM3050 S), placed on APES-coated glass slides and fixated in aceton for 10 minutes at -20°C. Tissue sections were then washed with 50 mM ammonium chloride (pH 8.0) for 30 min followed by a short PBS wash. Next, tissue sections were blocked with PBS + 10% sheep serum or goat serum for 30 minutes in a humid cell at 37°C. To assess binding of the different mAbs, sections were incubated for 1h at 37°C with these mAbs (10 µg/ml). After incubation, a secondary FITC-conjugated sheep α-mouse IgG F(ab’)2 fragment (1:100 dilution; Merck, F2883) was added for 1h at 37°C. For staining and the α-APN-mIgG1 uptake experiment with explant tissue, a rabbit pAb to wide-spectrum cytokeratin (1:100 dilution; Abcam, ab9377) was added for 1h at 37°C, followed by a secondary FITC-conjugated sheep α-mouse IgG F(ab’)2 fragment (1:100 dilution; Merck, F2883) and a Texas Red-conjugated goat α-rabbit IgG(H+L) (1:100 dilution, Invitrogen). To stain immune cells, mAbs to MHC-II (clone MSA3, IgG2a, 15 ug/ml, in house), CD11R1 (biotinylated, clone MIL4, IgG1, 15 ug/ml, Bio-Rad) and CD172a (biotinylated, clone 74-22-15a, IgG1, 10 ug/ml, in house) were added and incubated for 1h at 37°C, followed by another incubation for 1 h at 37°C with FITC-conjugated sheep α-mouse IgG2a (Invitrogen, Catalog #31634, 1/100 dilution) or streptavidin-Texas Red (Invitrogen, S872, 1/50 dilution).

Slides were washed with PBS between each step, counterstained with Hoechst (10 µg/ml) for 2 min and mounted on a microscope slide in mounting solution (Dabco). Images of explants were taken with a confocal microscope (Leica). Other images were taken with a fluorescent microscope (Leica). Images were analyzed and processed using Fiji.



Animals and Immunization Procedures

Twenty-five conventionally reared piglets (Belgian Landrace x Pietrain) from a Belgian farm were weaned at 3 weeks and transported to our facilities. These animals were screened to be mouse IgG1, cholera toxin and F18 fimbriae seronegative. Piglets receiving the FedF constructs were also screened to be F18 receptor positive using FUT1 genotyping (23). The piglets were housed in isolation units and treated with colistin (Colivet quick pump ®, 6,4mg/kg bodyweight) for 5 days before the start of the experiment. Animals were randomly divided in five groups of 5 animals: 1) a mouse IgG1 (mIgG1) isotype control mAb (clone 19C9), 2) an APN-targeted mouse IgG1 mAb (α-APN-mIgG1), 3) an α-APN-mIgG1-FedF fusion construct and 4) the α-APN-pIgA-FedF or 5) pIgA-FedF chimeric mouse-porcine IgA fusion constructs. The piglets were orally immunized on three consecutive days followed by a booster immunization 14 days post primary immunization (dppi). All immunizations were adjuvanted with 50 µg cholera toxin (Merck, C8052). The gastric pH was neutralized by administration of Omeprazole (20 mg) 24 hours before each immunization and animals were deprived of feed and water 3 hours before the immunizations. Animals were immunized by oral administration with a syringe with 1 mg mIgG1 isotype control or α-APN-mIgG1 and 1.2 mg α-APN-mIgG1-FedF, α-APN-pIgA-FedF or pIgA-FedF in 10 ml PBS to account for equimolar ratios. Blood was collected at 0, 9, 14, 21 and 28 dppi to analyze serum antibody responses by ELISA and assess the presence of antigen-specific IgA+ antibody secreting cells (ASC) in the peripheral blood mononuclear cell (PBMC) population. At 28 dppi animals were euthanized by intravenous injection of sodium pentobarbital 20% (60mg/2.5kg; Kela) and upon exsanguination intestinal tissues were collected.

For the isolation of intestinal antigen presenting cells, 3 to 4 conventionally reared piglets (Belgian Landrace x Pietrain) from a Belgian farm were euthanized by intravenous injection of sodium pentobarbital 20% (60mg/2.5kg; Kela) and upon exsanguination small intestinal jejunal tissue was collected.



Antigen-Specific Serum Antibody Responses

Blood was taken from the jugular vein into a gel and clot activator tube (Vacutest, Kima). After 1h incubation at RT, tubes were centrifuged and serum was collected, inactivated at 56°C for 30 minutes and kaolin treated. Serum samples were stored at -20°C until use. Maxisorp microtiter plates (96-well, Life Technologies) were coated with mouse IgG1 monoclonal antibody (19C9 or IMM013, 6 µg/ml) or FedF (in house, 5 µg/ml) in PBS for 2h at 37°C. FedF was purified as described previously (17). Upon overnight blocking at 4°C in PBS supplemented with 0.2% Tween80 and 3% BSA, the serially diluted serum samples were added in dilution buffer (PBS + 0.2% Tween20 + 3% BSA) to the wells. Upon incubation for 1 h at 37°C, plates were washed and incubated for 1 h at 37°C with HRP-conjugated mouse α-pig IgG (1/1000; MabTech; Nacka Strand, Sweden) or IgA (1/10000; Bethyl; Montgomery, Texas, U.S). Following 3 washes, ABTS was added and the optical density was measured at 405 nm after 60 min incubation at 37°C using a spectrophotometer (Tecan SpectraFluor). Serum was serially diluted starting at 1/30 for IgG1 and IMM013 responses and 1/10 for FedF serum responses. Titer values were obtained by calculating the non-linear regression curve and using a cut off value 0.2.



Antigen-Specific Antibody Secreting Cells in the Intestinal Tissues

Mononuclear cells (MCs) were isolated from blood (PBMC), mesenteric lymph nodes (MLN), jejunal Peyer’s Patches (JPP), jejunal lamina propria (JLP), ileal Peyer’s Patches (IPP) and ileal lamina propria (ILP) and processed as described (24, 25). The obtained cell suspensions were filtered through a 70 µm cell strainer and the MCs were isolated by density gradient centrifugation on Lymphoprep (Alere Technologies, Oslo, Norway) for 25 minutes at 800g and 18°C. Isolated MCs were resuspended at 2.5x106 cells/ml (PBMC and MLN) or 5x106 cells/ml (other tissues) in CTL-Test™ B-medium (Cellular Technology Limited, Cleveland, USA). MultiScreen filter plates (96-well format, MAIPA4510, Millipore) were activated with 70% ethanol for 30 seconds, washed twice with ultrapure (UP) water and coated overnight at 4°C with 10 µg/ml mouse IgG1 (in house) or 10 µg/ml FedF. Upon washing, the plates were incubated for 2h at 37°C with CTL-test B medium. Mononuclear cells (5x105 cells/well) from each tissue were added to the wells and incubated for 18h at 37°C, 5% CO2 in a humidified atmosphere. Cells were then removed by intensive washing with PBS containing 0.1% Tween20. Upon washing, HRP-conjugated α-pig IgG (1/1000; MabTech) or IgA (1/10000; Bethyl) was added in assay buffer (PBS containing 0.1% Tween20 and 0.1% BSA) and incubated for 1 hour at RT. Finally, 3,3′,5,5′-Tetramethylbenzidine (TMB) substrate for membranes (Sigma) was added to the wells after three washes. The reaction was stopped by intensive washing with UP water and the plates were allowed to dry overnight at 4°C. Images were taken using an immunospot reader (Luminoskan) and spots were counted manually.



ETEC Virulence Factors

F4 and F18 fimbriae were purified from the F4+ ETEC strain IMM01 (0147:F4ac+, LT+STa+STb+) and the F18+ VTEC reference strain F107/86 (O139:K12:H1, F18ab+, SLT-IIv+), respectively, as previously described (24, 26). Briefly, bacteria were grown in tryptone soya broth (TSB; Oxoid Hampshire, UK) for 18h at 37°C and 85 rpm. Subsequently, the fimbriae were isolated from the bacteria by mechanical shearing. After ammonium sulphate precipitation, the fimbrial proteins were dialysed, filtrated and stored at -20°C. The protein concentration of the purified ETEC virulence factors was determined with a BCA assay and the purity was assessed by SDS-PAGE and coomassie staining.



Isolation of Intestinal Antigen-Presenting Cells

Monomorphonuclear cells (MCs) were isolated from the jejunal lamina propria (LP) as described above. APCs were further enriched from the MC fraction by immunomagnetic cell separation (MACS; Miltenyi Biotec, Bergisch Gladbach, Germany). LPMCs were labelled with an anti-MHCII mAb (clone MSA3, IgG2a) and goat anti-mouse IgG microbeads (Miltenyi Biotec). MHCII+ cells were retained within a LS column (Miltenyi Biotec) placed in a magnetic field. After washing, the cells were flushed out and stained with anti-SIRPα-DyLight649 (clone 74-12-15, IgG1; DyLight649 conjugation kit, ThermoScientific) and anti-CD16-FITC (IgG1; AbD Serotec, UK). SytoxBlue (1 mM; Invitrogen) was used to stain dead cells according to the manufacturer’s instructions. MHCII+SIRPα+CD16hi (CD16hi) and MHCII+SIRPα+CD16+ (CD16+) LPMCs were FACS purified (FACS AriaIII; BD Biosciences, Erembodegem, Belgium). Post-sort analysis revealed a >95% purity of both populations. Sorted cells were stained with anti-human CD68 mAb (IgG2b; eBioscience, Y1/82A) and anti-mouse IgG2b-AF594 (Invitrogen, A21145). Nuclei were counterstained with Hoechst (10 µg/ml). Cells were imaged with a fluorescent microscope.



T-Cell Presentation Assay

The enriched CD16hi and CD16+ LP APCs were cultured in round-bottomed 96-well plates at 1.0 x 104 cells/well in DMEM (Gibco) supplemented with 10% FCS, 1% P/S and 20 µg/ml gentamycin. The cells were stimulated for 24h with 1 μg purified F4 fimbriae or F18 fimbriae at 37°C in a humidified atmosphere at 5% CO2. Stimulated CD16hi and CD16+ cells were washed and subsequently cocultured with CD6+ T-cells to analyze their allogeneic T-cell stimulatory capacity as previously described (27). Briefly, PBMCs were purified from heparinized blood samples from an unrelated pig by lymphoprep density gradient centrifugation. CD6+ T-lymphocytes were further enriched from the PBMC cell fraction with immunomagnetic cell sorting (MACS system) and anti-CD6 mAbs (28). Next, 1.0 x 105 CD6+ T-cells were added to the stimulated intestinal APC populations in DMEM supplemented with 10% FCS, P/S and 20 µg/ml gentamycin (proliferation medium). APCs and CD6+ T-cells alone were used as a control for background proliferation, while ConA-stimulated T-cells (5 µg/ml, Sigma) were used a positive control. After 5 days, the cocultures were pulse-labeled with 1 µCi/well [3H]methyl-thymidine (Amersham ICN, Bucks, UK) for another 18h. Cells were harvested onto glass fiber filters (Perkin-Elmer, Life Science, Brussels, Belgium) and the [3H]methyl-thymidine incorporation was measured using a β-scintillation counter (Perkin-Elmer). The stimulation index was calculated by dividing the mean counts per minute (cpm) of the stimulated conditions by the mean cpm of mock-stimulated iAPCs-CD6+ T-cell co-cultures.



Data Analysis

The data were analyzed using GraphPad Prism software version 7. Differences in the frequency of ASCs between different groups were analyzed using the Kruskal-Wallis test. Serum responses between groups and between days were analyzed using a Two-way ANOVA with repeated measures. Differences in T-cell proliferation were assessed via One-way ANOVA, with LSD post-hoc analysis. Homogeneity of variances was assessed with Levene’s test. Multiple comparisons were corrected using the Two-stage linear step-up procedure of Benjamini, Krieger and Yekutieli. Differences were considered significant when the adjusted p-value <.05.




Results


Characterization of APN-Specific Monoclonal Antibodies

Using standard techniques, 6 hybridoma clones were obtained and further characterized. Although these clones recognized APN in an initial screening, upon their purification clone H2F2 failed to recognize porcine APN in ELISA. Clone H2B8 showed the strongest binding, while IMM013 showed the weakest binding, with optical density (O.D.) values barely above the detection limit (Figure 1A). Next, flow cytometry analysis was performed using an APN-expressing cell line (BHK-APN). Surprisingly, all monoclonal antibodies showed a similar binding profile as compared to ELISA, except for IMM013 (Figure 1B). While the latter was barely detectable in ELISA, it showed the best binding to membrane bound APN, indicating that purified kidney APN might differ from membrane-bound APN in epitope accessibility. As clone H2F2 also did not bind to BHK-APN cells, it was excluded from further analyses. The affinity of the remaining clones was determined using bio-layer interferometry (BLI) (Figure 1C). These results were similar to flow cytometry with IMM013 having the strongest affinity (KD) value in the low nanomolar range (Figure 1D).




Figure 1 | Binding profiles of APN-specific monoclonal antibodies to aminopeptidase N. Binding to porcine aminopeptidase N (APN) was analyzed using (A) enzyme-linked immunosorbent assay (ELISA) with purified kidney APN and (B) flow cytometry using an APN-expressing cell line. O.D.: Optical density; MFI: Mean fluorescence intensity. O.D. values are subtracted from mean background absorbance. MFI values are subtracted from relevant isotype controls. (C) Binding kinetics of several mAbs using bio-layer interferometry (BLI) with resulting affinity (KD) values. Shift in wavelength (nm) is given over time (s). (D) Jejunal cryosections, stained with different antibodies and detected with a FITC-conjugated anti-mouse or anti-rabbit IgG (green). Mouse IgG1 and IgG2a antibodies were used as isotype controls. Nuclei were counterstained with Hoechst (blue). Data is representative for 3 animals. Scale bar = 100 µm.



As these monoclonal antibodies might be used for the delivery of vaccine antigens to the small intestinal epithelium, we assessed their ability to recognize APN on small intestinal jejunum and ileum. IMM013 showed the best binding to APN present on the apical side of the small intestinal enterocytes. H2B8, F1B7 and H1H6 showed an intermediate binding, while C5C8 showed a very weak binding (Figure 1D and Supplementary Figure S2). These binding profiles were very similar to our flow cytometry data, further confirming the importance of using membrane-bound APN to assess the binding capacity of APN-specific mAbs.



In Vitro and In Vivo Behavior of APN-Targeted mAb

Because only IMM013 showed a strong binding profile to small intestinal APN, this monoclonal antibody was further evaluated for its ability to serve as an antigen delivery system. Using cell lines and gut explants, the uptake of IMM03 was assessed. In contrast to an irrelevant mouse IgG1, IMM013 was clearly taken up by BHK-APN cells and by small intestinal enterocytes in the explants (Figures 2A, B). Some transcytosis of IMM013 occurred as can be seen by the presence of antibodies at the basolateral side of the intestinal epithelial cells.




Figure 2 | In vitro and ex vivo uptake of APN-targeted mAb. Fluorescence microscopy images of (A) an APN-expressing cell line (BHK-APN) after binding of IMM013 or isotype control at 4°C (top) and after incubation at 37°C (bottom) for 30 minutes. Antibodies were detected with an AF561- conjugated anti-mouse IgG before (red) and with a FITC-conjugated anti-mouse IgG after (green) permeabilization of the cell membrane. Nuclei were counterstained with Hoechst (blue). (B) Confocal images of Ileal explants after 30 minutes incubation with IMM013 at 37°C, detected with a FITC-conjugated anti-mouse IgG (green). Cytokeratin staining was performed to visualize epithelial cells (red). LP, lamina propria; L, lumen; Scale bar; 50 µm.



To confirm the behavior of IMM013 in an in vivo setting, gut ligated loop experiments were performed. Since we wanted to assess if APN targeted antibodies can reach the mesenteric lymph nodes (MLN) upon epithelial transcytosis, Evans blue was injected at the edges of the gut loops to identify the draining MLN of each ligated loop (Figure 3A). Upon injection of DL755-labelled IMM013, its presence in the gut loop and the draining MLN was confirmed upon 5h incubation (Figures 3B, C). Similar to the explant results, APN targeting resulted in the endocytosis and transcytosis of the antibodies by small intestinal epithelial cells (Figures 3D, E). Moreover, transcytosis of IMM013 by epithelial cells resulted in the presence of mAb positive cells in the subepithelial tissue in the villi (Figure 3F2), implying that antigen presenting cells (APCs) phagocytosed the antibody released by the epithelial cells upon transcytosis. Furthermore, we also analyzed the distribution of these antibody-positive APCs in the draining MLN, where they were found mainly in the subcapsular and interfollicular regions (Figure 3G). To further investigate which cells might phagocytose the antibody upon epithelial transcytosis, tissue sections were stained with three APC markers associated with mononuclear phagocytes in the porcine gut: MHC-II, SIRP-α and CD11R1 (29). The results showed that 98% of the IMM013 positive cells expressed MHC class II, 96% expressed SIRP-α and 93% expressed CD11R1 (Figure 4).




Figure 3 | Uptake, endocytosis and migration of IMM013 from the gut mucosa to the mesenteric lymph nodes. (A) Ligated jejunal loop injected subserosally with Evans Blue to localize the draining mesenteric lymph nodes (MLN). Photograph taken 5 minutes after injection. (B) Ligated jejunal loop injected with 1 mg of IMM013-DL755. Image captured 5 hours after injection. (C) Squared box in b. Intensity scale from low (red) to high (yellow). a.u: arbitrary units (D) Immunostaining of a gut ligated loop injected with IgG1 isotype (left) and IMM013 (right); nuclei (blue), FITC-conjugated anti-mouse IgG (Green). Scale bar: 100µm. (E) Squared box in d. (F) Cryosections from ligated gut loops injected with (1) PBS, (2) IMM013-DL755 and (3) IgG1-DL755. Images taken from unprocessed cryosections. Scale bar: l00µm. (G) Immunohistochemistry of a draining MLN; nuclei (left, blue), IMM013-DL755 (center, magenta) and merge (right). Images taken from unprocessed cryosections. Scale bar: 100 µm. Images are representative of three animals.






Figure 4 | Antibody-mediated targeting to APN results in uptake by antigen presenting cells upon epithelial transcytosis. Cryosections from ligated gut loops injected with IMM013-DL755 (magenta) and incubated for 5 h. Left images showing cell nuclei (blue). Right images represent the squared boxes of the merged images. Cryosections were immunostained for (A) MHC-II (Green) (B) SIRPα (Green) and (C) CD11R1 (Green). Double positive cells in white. Scale bar: 100 µm. Images are representative of three animals.





Antigen-Specific Intestinal Immune Responses After Oral Administration of APN-Targeted Antibody Constructs

To evaluate the ability of IMM013 to induce systemic and local immune responses against a linked antigen after oral delivery, several IMM013-based antibody constructs were developed. First, a fusion construct was made using the clinically relevant antigen, FedF from F18 fimbriated E. coli (α-APN-mIgG1-FedF). Next, the mouse IgG1 (mIgG1) Fc-domain of this construct was changed to a porcine IgA (pIgA) Fc-domain as previously described (20), in an attempt to increase antibody stability in the intestinal tract and reduce mouse IgG1-specific immune responses (α-APN-pIgA-FedF). To check for the effect of APN-targeting, a pig IgA-FedF control construct (pIgA-FedF) was also derived by rational design. Here, a single amino acid in the CDRH3 loop was mutated (G100D; MUT7), resulting in the substitution of a small non-polar amino acid into a larger polar amino acid. This single mutation completely abolished APN binding, while maintaining antibody stability. Binding and uptake characteristics of the FedF-linked fusion constructs were confirmed to be similar to IMM013 (Supplementary Figure S1).

All constructs were subsequently used in an oral immunization experiment in weaned piglets to evaluate the effect of APN-targeting in inducing systemic and local immune responses against the antibody and the fused antigen. To this end, piglets were orally immunized with a mouse IgG1 isotype control, an APN-specific mouse IgG1 (α-APN-mIgG1), an α-APN-mIgG1-FedF fusion construct, a chimeric α-APN-pIgA-FedF fusion construct and a chimeric pIgA-FedF control antibody (Figure 5). The ability of these different antibody formats to elicit mouse IgG1 and FedF-specific immune responses was evaluated by ELISA and ELIspot (Figures 6, 7). Here, we showed a clear increase in mouse IgG1-specific IgG and IgA serum responses at 9, 14, 21 and 28 days post primary immunization (dppi) for the APN-targeted antibodies as compared to the mIgG1 isotype control. The chimeric α-APN-pIgA-FedF fusion construct did not result in mouse IgG1-specific serum responses. Interestingly, the mouse IgG1-specific immune responses against the α-APN-mIgG1-FedF fusion construct were significantly weaker compared to the original α-APN-mIgG1, with only significant IgA serum responses observed 21 dppi. Furthermore, significantly lower mouse IgG1-specific IgG and IgA serum responses were also observed as compared to the original α-APN-mIgG1 on 14, 21 and 28 dppi (Figure 6A), indicating that fusion with FedF seemed to reduce mouse IgG1-specific serum responses. The targeting of FedF to APN by the antibody fusion constructs also resulted in significant FedF-specific IgG serum responses 21 and 28 dppi as compared to the pig IgA-FedF control antibody. Surprisingly, the FedF-specific IgA serum responses did not differ between groups (Figure 6B). Although the APN-targeted IgA-FedF construct did not result in mouse IgG1-specific immune responses, significant differences in IMM013-specific serum IgG and IgA responses could be observed compared to the pIgA-FedF control antibody, indicating that the mouse variable domain is still immunogenic and that the targeting towards APN was effective in promoting immune responses (Figure 6C).




Figure 5 | Experimental overview. (A) Timeline of oral immunization experiment with serum and PBMC collection days and oral immunization time points. (B) Overview of different antibody constructs. mIgG1, mouse IgG1; plgA, pig lgA.






Figure 6 | Increased serum responses after oral immunization with APN-specific antibody constructs. (A) mIgG1-specific, (B) FedF-specific and (C) IMM013-specific IgG (left) and IgA (right) serum titers 0, 9, 14, 21 and 28 dppi (days post primary immunization). OD: optical density. Arrows indicate days of immunization. Multiplicity adjusted p-values: * ,Δ,$p < .05; **,ΔΔ,$$p < .01; ***,ΔΔΔ,$$$p < .001; ****,ΔΔΔΔp < .0001; * indicates significant differences compared to (A) mIgG1 isotype ctrl or (B, C) pIgA-FedF ctrl; (A) Δ indicates significant differences compared to pIgA-FedF ctrl; $ indicates significant differences between α-APN-mIgG1 and α-APN-mIgG1-FedF. n=5. mIgG1, mouse IgG1; pIgA, pig IgA.






Figure 7 | Antigen-specific antibody secreting cells after oral immunization with APN-specific antibody constructs. ELISpot of (A) IgG1 -and (B) FedF-specific IgA ASCs from PBMCs (left) isolated on 0, 9, 14, 21 and 28 dppi (days post primary immunization) and mononuclear cells isolated from mesenteric lymph nodes (middle) and intestinal tissues (right) 28 dppi. Arrows indicate days of immunization. Multiplicity adjusted p-values: *,Δp < .05; **,ΔΔp < .01; ΔΔΔp < .001; ΔΔΔΔp < .0001; * indicates significant differences compared to mIgG1 isotype or pIgA-FedF ctrl on same day, while Δ indicates significant differences for each group compared to day 0. n=5. mlgG1, mouse IgG1; plgA, pig IgA; MLN, mesenteric lymph nodes; JJLP, jejunal lamina propria; JJPP, Jejunal Peyer’s Patches; ILP, Ileal lamina propria; IPP, Ileal Peyer's Patches.



To further investigate the mouse IgG1 and FedF-specific immune responses, the amount of circulating antigen-specific IgA+ antibody secreting cells (ASCs) were assessed by ELISpot (Figure 7). A significant increase in the number of mouse IgG1-specific IgA ASCs was found 9 dppi for the APN targeted antibody as compared to day 0 and the mouse IgG1 isotype control (Figure 7A). For FedF, significant increases in FedF-specific IgA ASCs as compared to day 0 were found at 9, 14, 21 and 28 dppi for the APN targeted antibody constructs, but also for the pig IgA-FedF control group at 21 and 28 dppi. Significant differences compared to the pig IgA-FedF control group could be found for the APN-targeted groups at 14 dppi (Figure 7B). To assess local gut immune responses, the number of antigen-specific IgA+ ASCs in small intestinal tissues were enumerated by ELISpot at 28 dppi (Figure 7). Here, APN targeting elicited both mIgG1- and FedF-specific IgA+ ASCs in the mesenteric lymph nodes, but not in other tissues.



F18 Fimbriae Disrupt Antigen Presenting Capacity of Intestinal Antigen Presenting Cells

Since the data indicated that FedF might suppress immune responses, we sought to determine the cause of this immunosuppression. Given the importance of antigen-presenting cells in initiating immune responses, we hypothesized that FedF might affect the function of intestinal antigen-presenting cells (iAPC). The latter were isolated from jejunal lamina propria mononuclear cells, based on their MHCII, SIRPα and CD16 expression. Using these markers, several intestinal mononuclear cell populations could be distinguished (Figure 8A). Besides CD3+CD16+ intestinal T-cells (Figure 8B, R5) and MHCII+IgM+ B-cells (Figure 8B, R6), we also obtained two different antigen presenting cell populations, MHCII+SIRPα+CD16hi (CD16hi, R3) and MHCII+SIRPα+ CD16+ (CD16+, R4). Morphological analysis revealed that in contrast to the CD16+ population, the CD16hi cells had many vacuoles, resulting in a foamy appearance, a typical feature of macrophages (Figure 8C). Furthermore, the CD16hi population expressed CD68, a marker specific for macrophages, while CD16+ cells did not (Figure 8D). Based on these data, we concluded that the CD16hi population resembled macrophages, while the CD16+ population consisted of ‘bona fide’ intestinal dendritic cells. In an effort to elucidate the antigen presenting capacity of these intestinal APC populations, both the CD16hi and CD16+ populations were stimulated with purified F4 and F18 fimbriae and cocultured with CD6+ T-cells. We then evaluated the T-cell proliferation-inducing ability of these stimulated cell populations. While stimulation with F4 fimbriae clearly enhanced the T-cell proliferation-inducing ability of these iAPCs, F18 fimbriae significantly inhibited the capacity of both the CD16hi and CD16+ iAPCs to induce T-cell proliferation, as compared to mock-stimulated and F4 fimbriae-stimulated cells (Figure 8E). This implies that F18 fimbriae might disrupt the antigen presenting capacity of iAPCs.




Figure 8 | Influence of F18 fimbriae on antigen presenting capacity of intestinal antigen presenting cells. (A) Phenotypical analysis of small intestinal lamina propria mononuclear cells (LP MC). LP MCs were stained to determine CD172a, CD16 and MHCII expression in the live cell gate (CytoxBlue neg.) upon doublet discrimination. R1: lymphocytes; R6: MHCII+ activated T- and B-cells; R5: CD3+ T cells; R2-R4: myeloid cells. Representative plots for five separate experiments. (B) The LP MC population R6 consists mainly of IgM+ B-cells, while CD3+ T-cells make up the R5 population. (C) Morphological differences between CD16hi and CD16+ populations. (D) Macrophage-specific staining (CD68; red) of CD16hi and CD16+ population. Cell nuclei are shown in blue (Hoechst staining). (E) Both CD16 hi and CD16+ iAPCs (1.0 x 104) were stimulated for 24h with the indicated agents (x-axis) and co-cultured with 1.0 x 105 CD6+ T-cells for 5 days. Proliferative responses were measured via the incorporation of tritiated thymidin (n = 5). Control = 1432 +/- 4332 cpm, ConA = 23833 +/- 16056 cpm. Multiplicity adjusted p-values: Δp < 0.05; **p < 0.01. * indicates significant differences between the stimulated conditions (F4 and F18 fimbriae), while Δ indicates significant differences compared to the mock-stimulated iAPCs. cpm: counts per minute.






Discussion

Oral vaccination remains challenging due to the presence of the epithelial barrier and the tolerogenic responses pervading the gut immune system, which impede mounting robust immune responses to oral antigens. The targeting of vaccine antigens towards epithelial cells and antigen presenting cells might be a potential mechanism to increase the efficacy of oral vaccines by interacting with receptors that activate different signaling transduction pathways, circumventing the tolerogenic response and enhancing uptake (7, 30, 31). Our group has identified APN as an interesting target for oral antigen delivery (16–18). In this study, we evaluated the use of APN-targeted monoclonal antibodies and recombinant antibody constructs as a delivery system for vaccine antigens.

Starting from a panel of different APN-targeting mAbs, the clone IMM013 was identified as the best candidate for further in vivo experiments. This mAb showed the strongest binding towards the membrane-bound form of APN. Affinity measurements also showed the highest values for IMM013. Targeting APN using IMM013 resulted in endocytosis and transcytosis by intestinal epithelial cells as previously shown for APN-targeted polyclonal antibodies and single-domain nanobodies (16, 18). Upon transcytosis, the APN-targeted IMM013 mAb could be detected in subepithelial cells and in the draining mesenteric lymph nodes. Moreover, these antibody-positive subepithelial cells were also positive for MHCII, SIRP-α and CD11R1, which are present in mononuclear phagocytes. These markers, especially CD11R1, have been shown to be present on migratory cells from the lamina propria to the mesenteric lymph nodes in pigs (29, 32–34). Thus, it is tempting to speculate that upon transcytosis by epithelial cells and phagocytosis of the released antibodies by antigen presenting cells, these cells migrate to the mesenteric lymph nodes to initiate immune responses. However, cell-free transport of the released antibodies via lymph cannot be excluded.

In addition, we wanted to test the ability of antibody-mediated targeting of antigens towards intestinal APN to trigger antigen-specific immunity. Therefore, several APN-targeted recombinant antibody constructs were generated based on the IMM013 mAb and genetically linked to a clinically relevant antigen. Generated fusion constructs included an α-APN-mIgG1-FedF, a chimeric α-APN-pIgA-FedF and a chimeric pIgA-FedF not binding to APN. These constructs together with an α-APN-mIgG1 (IMM013) and a mouse IgG1 isotype control were subsequently tested in an oral vaccination experiment. As a clinically relevant antigen, the low immunogenic tip adhesin FedF of F18 fimbriated E. coli was chosen, as it previously failed to provoke any immune responses when orally administered to pigs (17, 19). The fusion construct was partially porcinized with an IgA Fc-tail to minimize immune responses to the antibody itself. We opted for an IgA Fc-domain for its expected higher stability in the gut environment, even in its monomeric format, as alluded to by other authors (35, 36). Both the α-APN-mIgG1 and α-APN-mIgG1-FedF fusion constructs generated strong mouse IgG1-specific serum IgG and IgA responses, with significant differences compared to the non-targeted mIgG1 isotype control antibody, indicating that targeting of the antibodies towards the epithelial membrane promoted immune responses. Interestingly, mouse IgG1-specific serum responses of the FedF-linked α-APN-mIgG1 were significantly lower compared to the original α-APN-mIgG1, especially for IgA. One possibility is that the presence of FedF decreased the immunogenicity of the carrier. This could either be due to steric hindrance of the mouse IgG1 epitopes or by a tolerogenic effect of FedF itself. To investigate this further, FACS-sorted intestinal antigen presenting cells were stimulated with purified F4 and F18 fimbriae and cocultured with CD6+ T-cells. As expected, T-cell proliferation was stimulated after induction with F4 fimbriae. However, after induction with F18 fimbriae, T-cell proliferation was drastically reduced, implying that these F18 fimbriae might disrupt the antigen presenting capacity of intestinal antigen presenting cells. The exact mechanism behind this process however remains unknown. Fucosylated glycosphingolipids might play a role as FedF interacts with these molecules, but this should be further investigated (37).

We provide evidence that targeting of FedF towards intestinal APN also increased FedF-specific immune responses. Significant differences in FedF-specific IgG serum responses, but not IgA serum responses could be observed for the APN-targeted FedF fusion constructs as compared to the non-targeted pIgA-FedF. Interestingly, mouse IgG1- and IMM013-specific IgG serum responses were already observed 9 or 14 dppi, while significant increases in FedF-specific serum responses were only observed after the boost at 21 and 28 dppi. These data indicate that FedF itself is not a good immunogen and that a booster immunization is required to observe significant responses. Despite the lack of IgA serum responses, significant increases in the number of IgA ASCs in the PBMCs and MLNs were found as compared to the control groups. This discrepancy in IgG1- and FedF-specific immune responses is remarkable and again points to the ability of FedF to modulate immune responses.

Although no mouse IgG1-specific immune responses could be observed for the porcine IgA-FedF constructs, we could still detect significant IMM013-specific IgG and IgA serum responses for the α-APN-pIgA-FedF construct, compared to its pIgA-FedF control. These data indicate that the mouse variable domain is still immunogenic and that the targeting towards APN was effective in promoting immune responses. Although no FedF-specific IgA serum responses could be observed, we did observe significant IMM013-specific IgA serum responses, again indicating that FedF has immunosuppressive effects and decreases the immunogenicity of the fusion construct.

Another interesting observation is the ability of the chimeric α-APN-pIgA-FedF construct to elicit stronger FedF-specific IgA immune responses as compared to the α-APN-mIgG1-FedF fusion construct. Although monomeric IgA does not provide the same protection as SIgA against the harsh intestinal environment, some studies have shown that monomeric IgA is more stable than IgG (35, 36, 38). Differences in stability between the fusion constructs could explain the observed variation in immune responses, since cleavage into Fab and Fc fragments would prevent the targeting of the linked antigen towards APN. Although a proton-pump inhibitor was administered to minimize degradation of the antibody constructs, some degradation might still occur. Antibody stability in the gut could be further enhanced by adding inhibitors of digestive enzymes, engineering antibodies to be more resistant to proteolytic cleavage or encapsulating them to provide further protection (39).

This study showed that immunization with APN-targeted mouse IgG1-FedF and pig IgA-FedF antibodies increased FedF-specific IgG serum levels and that ASCs isolated from the draining mesenteric lymph nodes were able to secrete FedF-specific IgA. Although FedF on its own is not immunogenic when given orally, FedF-conjugates with MBP or F4-fimbriae did provide some protection against infection (19, 40). In these studies however, no increase in FedF-specific serum titers were observed. In the current study, no challenge experiment was performed to assess protection, but both serum IgG titers and gut-derived IgA ASCs were increased and these correlate with protection against challenge infection (41).

In conclusion, we observed that F18 fimbriae can disrupt the antigen presenting capacity of small intestinal antigen presenting cells and that the antibody-mediated selective delivery of the F18 fimbrial tip adhesin FedF, resulted in FedF-specific systemic and local immune responses. Our results confirm that targeting of antigens towards the intestinal membrane receptor APN can promote both systemic and mucosal immune responses upon oral administration. We showed that targeting of APN promotes uptake by the epithelial barrier and that this provides a promising platform for the delivery of biologicals towards the gut tissues and beyond.
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Antigen-specific tissue-resident memory T cells (Trms) and neutralizing IgA antibodies provide the most effective protection of the lungs from viral infections. To induce those essential components of lung immunity against SARS-CoV-2, we tested various immunization protocols involving intranasal delivery of a novel Modified Vaccinia virus Ankara (MVA)-SARS-2-spike vaccine candidate. We show that a single intranasal MVA-SARS-CoV-2-S application in mice strongly induced pulmonary spike-specific CD8+ T cells, albeit restricted production of neutralizing antibodies. In prime-boost protocols, intranasal booster vaccine delivery proved to be crucial for a massive expansion of systemic and lung tissue-resident spike-specific CD8+ T cells and the development of Th1 - but not Th2 - CD4+ T cells. Likewise, very high titers of IgG and IgA anti-spike antibodies were present in serum and broncho-alveolar lavages that possessed high virus neutralization capacities to all current SARS-CoV-2 variants of concern. Importantly, the MVA-SARS-2-spike vaccine applied in intramuscular priming and intranasal boosting treatment regimen completely protected hamsters from developing SARS-CoV-2 lung infection and pathology. Together, these results identify intramuscular priming followed by respiratory tract boosting with MVA-SARS-2-S as a promising approach for the induction of local, respiratory as well as systemic immune responses suited to protect from SARS-CoV-2 infections.




Keywords: bronchus-associated lymphoid tissue (BALT), lungs, modified vaccinia virus Ankara (MVA), severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), spike (S) protein, vaccine, vaccination, respiratory tract



Introduction

Large vaccination campaigns started at the beginning of 2021 to combat the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) pandemic. Although the vaccines are very effective in preventing infection (1–3), they only partially suppressed shedding of the original virus from vaccinated individuals (4), reducing levels of disease transmission of only 50-60% (5). Moreover, SARS-CoV-2 has progressively changed, and several rapidly expanding variants of concern (VoC) emerged: alpha (B.1.1.7), beta (P.1; formerly named B.1.1.28.1), gamma (B.1.351), and most recently delta (B.1.617.2) (6, 7). Unfortunately, current vaccines are less protective against these SARS-CoV-2 VoC (8–13), even when applied in heterologous prime-boost regimens (14). Even more concerning, pre-print data suggest that vaccinees who get infected with delta SARS-CoV-2 variant have high viral loads and, thus, transmit the virus regardless of their vaccination status (15, 16).

In contrast to intramuscular vaccine application, inhalative vaccination induces high levels of antigen-specific IgA antibodies and tissue-resident memory T cells (Trms) in the respiratory tract (17–19). Secretory IgA antibodies cover lung mucosa and protect the lungs by immune exclusion, complexing, and neutralization of invading microorganisms (20). Trms originate from effector T cells that enter the lungs during initial infection and, after pathogen clearance, remain resident within the lung parenchyma and in the airways (21). Upon re-infection, Trms get rapidly activated, secrete cytokines, proliferate, and recruit other leukocytes, thus enabling accelerated clearance of the pathogens (22). Along these lines, respiratory delivery of coronavirus 2019 (COVID-19) vaccine candidates induced robust lung immunity and protected against SARS-CoV-2 infection (23–26). Moreover, inhaled COVID-19 vaccine candidate based on parainfluenza virus type 5 vector efficiently blocked animal-to-animal transmission of the SARS-CoV-2 (27). Currently, there are several COVID-19 vaccine candidates in development for inhaled administration (28) and the latest clinical results proved safety and immunogenicity of aerosolized adenovirus type-5 vector-based COVID-19 vaccine (29).

We already hypothesized that respiratory delivery of a Modified Vaccinia virus Ankara (MVA)-based vaccine would be a favorable approach to combat COVID-19 (30). MVA is a highly attenuated strain of vaccinia virus that is growth adapted to avian cells and replication-deficient in mammalian cells (31, 32). Nevertheless, MVA retained the ability to infect mammalian cells and to induce efficient humoral and cellular immune responses (33) and became a third generation smallpox vaccine, now licensed in Canada and the European Union (34). Moreover, unaffected synthesis of viral proteins in MVA-infected cells enables high levels of recombinant protein production from recombinant MVA (35, 36), making it an advanced viral vector platform for numerous vaccines, including those against coronaviruses (37–40).

Beside systemic immune responses, respiratory delivery of MVA induces strong antigen-specific CD8 immunity and IgA production within lungs (41–43). Moreover, as we have described in detail intranasal application of MVA also leads to development of bronchus-associated lymphoid tissue (BALT) in the lungs of mice (44). BALT are tertiary lymphoid organs composed of B cell follicles surrounded by a para-follicular area rich in T cells and antigen-presenting cells (44–46) and serve as a general priming site for the induction of adaptive immune responses (44).

In this study, we used respiratory delivery of a MVA vector vaccine expressing the spike (S) protein of SARS-CoV-2 (MVA-SARS-2-S) to induce protective lung and systemic immunity in rodents. In line with previous preclinical and clinical data (37, 41, 47–49), respiratory delivery of MVA-SARS-2-S has been shown to be both safe and immunogenic. More importantly, our profound analysis in mice revealed that exclusively immunization protocols involving intranasal boosting induce S-specific Trms and neutralizing IgA antibodies in lung. Particularly, neutralizing antibodies developed by MVA-SARS-2-S were also effective against SARS-CoV-2 VoC and this immunization protocol also efficiently protected hamsters from SARS-CoV-2 infection.



Material And Methods


Experimental Animals

C57BL/6N mice were purchased from Charles River and bred and maintained in the Central Animal Facility of Hannover Medical School (Hannover, Germany) under specific pathogen‐free conditions and used for experiments at the age of 7 – 13 weeks. Male syrian hamster (10 week-old, Mesocricetus auratus; breed HsdHan®:AURA) were purchased from Envigo RMS Inc. (Indiampolis, United States). Hamsters were maintained under specified pathogen-free conditions, had free access to food and water, and were allowed to adapt to the facilities for at least one week before vaccination experiments were performed. All animal experiments were handled in compliance with the European and national regulations for animal experimentation (European Directive 2010/63/EU; Animal Welfare Acts in Germany) and Animal Welfare Act, approved by the Niedersächsisches Landesamt für Verbraucherschutz und Lebensmittelsicherheit (LAVES) Lower Saxony, Germany).



Immunization With MVA-Spike

The recombinant virus MVA-SARS-2-S was constructed and characterized in detail as described elsewhere (50). In the present study, a quality controlled vaccine lot was applied serving for preclinical characterization of MVA-SARS-2-S as in preparation of clinical Phase-1 evaluation. For i.n. administration, animals were lightly anaesthetized and indicated plaque forming units (PFU) of MVA-SARS-2-S diluted in 40 μl saline, 15 mM Tris pH7.7, 3% sucrose, 0.005% Tween 80 were applied to the nostrils. For intra muscular immunization, 25 µl of indicated PFU of MVA-SARS-2-S dissolved in 30 mM Tris pH7.7, 6% sucrose, 0.01% Tween 80 were injected into the quadriceps at one of the hind legs.

In mice, we tested MVA-SARS-2 in two different setups: (i) prime only (PO), (ii) prime – boost (PB) vaccination regiment. In the PO setting, mice received one single i.n. priming dose of MVA-SARS-2-S doses indicated at day 0 and were analyzed at day 11, 24, 35 or 40 post immunizations. For PB immunization protocol, mice primed on day 0 received a second MVA-SARS-2 immunization (boost) on day 24 and were analyzed on day 40 post prime. In all PB experiments, three immunization protocols were compared (1): intranasal (na) priming and boosting (na-na) (2), intramuscular (mu) priming intra nasal boosting (mu-na) and (3) intranasal priming intramuscular boosting (na-mu). For priming and/or boosting of mice we used 106, 107 or 108 PFU of the vaccine or vehicle as control. In some experiments untreated mice were used as controls. In some experiments consecutive blood samples were collected at 16 hours, 3 days and 10 days post boost. Hamsters were treated with MVA-SARS-CoV-2-S according to mu-na PB protocol. Immunizations were performed using intramuscular applications with vaccine suspension with 108 PFU recombinant MVA-SARS2-S or non-recombinant MVA (mock) into the quadriceps muscle of the left hind leg under isoflurane anesthesia. Boost vaccinations were performed using intranasal applications with vaccine suspension with 107 PFU recombinant MVA-SARS2-S or non-recombinant MVA (mock) under isoflurane anesthesia.



SARS-CoV-2 Infection

SARS-CoV-2 (BetaCoV/Germany/BavPat1/2020p.1, European Virus Archive Global #026V-03883) received from European Virus Archive was propagated in Vero E6 cells (ATCC #CRL-1586) in Dulbecco’s Modified Eagle’s Medium (DMEM) (Sigma-Aldrich GmbH) supplemented with 2% fetal bovine serum, 1% penicillin-streptomycin and 1% L-glutamine at 37°C. All infection experiments with SARS-CoV-2 were performed in the biosafety level 3 (BSL-3) laboratories at the Research Center for Emerging Infections and Zoonoses (RIZ), University of Veterinary Medicine Hannover, Germany. Hamsters were infected via the intranasal route with 1x104 tissue culture infectious dose 50 (TCID50) SARS-CoV-2 under isoflurane anesthesia. After SARS-CoV-2 challenge infection hamsters were monitored daily at least twice for well-being, health constitution and clinical signs, such as body temperature, anorexia, diarrhea/loose stool, vomiting, lethargy/depression and respiratory symptoms using a clinical score sheet. Weights of all hamsters were checked daily.



Sample Collection From Mice

To label leukocytes present in the blood vessels of lungs, we administered 5 µg of FITC- or BUV717-labeled anti-CD45.2 mAb (clone 30-11) in mice terminally anesthetized with an overdose of ketamine/xylazine. Within 3-5 minutes after antibody administration, blood was collected from saphenous veins and serum was separated by centrifugation and stored at -20°C until further analyses.

After collection of blood, the spleen was resected before broncho-alveolar lavage (BAL) was performed through a plastic catheter clamped into the trachea using three separate lavage steps with 400µl, 300µl and 300µl of PBS each. Collected BAL samples were centrifuged for 10 min at 300 g at 4°C and the supernatant was stored at -20°C for subsequent analysis. BAL cells from pellet were re-suspended in 50 µl of remaining BAL fluid, counted to determine total cell number and immune phenotyped by spectral flow cytometry as described below. Finally, lungs and bronchial lymph nodes were resected. Right lung lobes were dissected and stored in PBS on ice until single cell suspensions were made. Left lung lobes were filled with mixture of PBS : OCT (1:1) and frozen in OCT (Tissue-Tek) on dry ice for histological analysis.

For flow cytometry, single cell suspensions of spleen and bronchial lymph nodes were obtained by meshing the organs through 70 µm cell strainers. Right lung lobes were digested in RPMI supplemented with 10% FCS, 0.025 mg/ml DNAse I (#11284932001, Roche), 0.5 mg/ml Collagenase D (#11088866001 Roche) for 45 minutes at 37°C. Single cells were separated by smashing samples through 70 µm cell strainers. Single cell suspensions of spleen and lung were subjected to hypertonic red blood cell lysis.

In hamster experiments, animals were sacrificed 6 days post SARS-CoV-2 infection and serum as well as lung tissue samples were taken for analysis of virus loads.



Immunophenotyping Using Spectral Flow Cytometry

For deep phenotyping of immune cells isolated from different organs non-specific antibody binding was blocked by incubating samples 10% rat serum for 10 minutes at 4°C. Next, cells were incubated with MVA- or SARS-CoV-2-S-peptide loaded tetramers for 15 minutes at 37°C. The tetramers were prepared by loading Vaccinia virus WR epitope B8R 20-27 (TSYKFESV) or an 8- amino acid (aa) long immune dominant spike peptide V8L 539-546 (VNFNFNGL) on empty H-2kb tetramers according to the manufacturer’s protocol (Tetramer-Shop). Without washing, antibody mixes were added and cells were incubated for additional 15 minutes at 37°C. The full list of antibodies used is listed in Supplementary Table S1. After washing, samples were acquired on Cytek Aurora spectral flow cytometer (Cytek) equipped with five lasers operating on 355nm, 405nm, 488nm, 561nm and 640nm. All flow cytometry data were analyzed using FCS Express V7 (Denovo) or FlowJo V10 (BD).



Measurement of Viral Burden

Tissue samples of sacrificed hamsters were excised from the right lung lobes and homogenized in 600 µl DMEM containing antibiotics (penicillin and streptomycin, Gibco). Tissue was homogenized using the TissueLyser-II (Qiagen), and aliquots were stored at -80°C. Virus titers were determined on Vero cells as median tissue culture infectious dose (TCID50 units). Briefly, Vero cells were seeded in 96-well plates and serial 10-fold dilutions of homogenized lung samples in DMEM containing 5% FBS. After incubation for 96 hours at 37°C, cytopathic effect in Vero cells was evaluated and calculated as TCID50 unit per gram of hamster lungs by using Reed-Muench method. The detection limit of the assay was 316 TCID50 unit. Thus, for samples where no cytopathic effect was detected, data points were set to 157 TCID50 unit for statical analysis purpose.



SARS-CoV-2-S Protein Peptides and Epitope Prediction

253 overlapping peptides, each 15 aa long with 10 aa overlap, spanning the whole length of SARS-CoV-2-S or predicted immune dominant peptides were synthesized at >95% purity (GeneScript). For immune dominant peptide prediction, a full-length SARS-CoV-2 sequence was used (YP_009724390.1 from National Center for Biotechnology Information) to predict potential CD8 T cell-immuno dominant 8-11 aa long peptides applying MHC I Binding Tool (with filters summary IC50 < 1000 and Percentile Rank < 10) and MHC I Processing Tool from IEDB (https://www.iedb.org/). For prediction of potential CD4 T cell epitopes, we used IEDB MHC II binding tool (with summary IC50 < 1000) and from that list only 15-aa peptides passing MHC II binding threshold on RankPep (http://imed.med.ucm.es/Tools/rankpep.html) were used. A full list of 13 MHC I and 18 MHC II peptides are shown in Supplementary Table S2. All lyophilized peptides were reconstituted at a stock concentration of 50 mg/ml in DMSO (Sigma-Aldrich) except for 9 SARS-CoV-2-S overlapping peptides (number 24, 190, 191, 225, 226, 234, 244, 245 and 246) that were dissolved at 25 mg/ml due to solubility issues. All peptides were stored at -80°C before use.



T Cell Re-Stimulation Assay

Upon isolation of single-cell suspensions, lung, bronchial lymph node (bLN) and spleen cells were re-suspended in complete RPMI medium [RPMI 1640 (Gibco) supplemented with 10% FBS (GE Healthcare Life Sciences, Logan, UT), 1mM sodium pyruvate, 50 µM β-mercaptoethanol, 1% streptomycin/penicillin (all Gibco)] at concentration of 20 x 106 cells/ml and mixed 1:1 with peptide pools dissolved in complete RPMI containing brefeldin A (Sigma-Aldrich) at final concentrations of 10 µg/ml. In initial experiments, different S- or predicted immunodominant-peptide subpools were tested so that the final concentration of each peptide used for cell stimulation was 2 µg (~1.2 nmol)/ml, except SARS-CoV-2-S overlapping peptides number 24, 190, 191, 225, 226, 234, 244, 245 and 246 that were used at final concentrations of 1 µg/ml due to solubility issues. After initial testing (see Supplementary Figures 3A–D and Supplementary Figures 4A, B), all other cell stimulations were done with a S-protein overlapping peptides 1-129 (amino acids 1-655) and the all MHC-I and MHC-II predicted immuno-dominant peptides. The maximal total amount of DMSO in the final cell suspension was 5% and the same concentration of DMSO was used as negative control. As positive control, cells were stimulated with Phorbol-12-myristate-13-acetate (PMA; Calbiochem) and ionomycin (Invitrogen) at final concentration of 50 ng/ml and 1500 ng/ml, respectively. After 6 hr incubation at 37°C, 5% CO2, cells were collected and stained with antibodies binding to cell surface for 30 minutes at 4°C using anti-CD3ϵ-BV711 (145-2C11,#100349, BioLegend), anti-CD4-PerCP-Cy5.5 (RM4-5, #100540, BioLegend), anti-CD8a-FITC (53-6.7, #100706, BioLegend) or anti-CD8a-APC-R700 (53-6.7,#564983, BD Biosciences) and anti-CD44-BV605 (IM7, #103047, BioLegend) and treated with Zombie NIR™ Fixable Viability Kit (#423106, BioLegend). Afterwards, cells were fixed and permeabilized (eBioscience™ Intracellular Fixation & Permeabilization Buffer Set, Thermo Fisher Scientific) according to the manufacturer’s protocol, before intracellular cytokines were stained using anti-IFNγ-PE (XMG1.2, #505808, BioLegend) and anti-TNFα-APC-Cy7 (MP6-XT22, #560658, BD Biosciences), anti-IL-2-APC (JES6-5H4, #503809, BioLegend), anti-IL-17A-PE-Cy7 (eBio17B7, #25-7177-82, Thermo Fisher Scientific) and anti-IL-5 BV421 (TRFK5, #504311, BioLegend) at room temperature for 30 minutes. After two washes, cells were analyzed by spectral flow cytometry.



Histology

For histopathology, left hamster lung lobes were fixed by instillation and immersion with 10% buffered formalin. Tissues were subsequently embedded in paraffin and cut into 2 µm thick sections. The lesions were evaluated on hematoxylin and eosin (HE) stained sections in a blinded fashion with a semiquantitative scoring system. Extent of lung inflammation was determined as a median of alveolar, airway and vessel inflammation. Alveolar lesions were evaluated as follows: extent alveolar inflammation and extent alveolar regeneration (0 = no lesions; 1 = minimal, single small foci, max. 1% of tissue section affected; 2 = mild, 2-25%; 3 = moderate, 26-50%; 4 = marked, 51-75%; 5 = subtotal, > 75%. Airway lesions were scored as follows: extent airway inflammation and extent epithelial hyperplasia (0 = none; 1 = minimal, single small foci, max. 1% of tissue section affected; 2 = mild, 2-25%; 3 = moderate, 26-50%; 4 = marked, 51-75% 5 = subtotal, > 75%). Vascular lesions were scored as follows: extent vasculitis (0 = none, 1 = minimal, single vessels, 1% of vessels affected; 2 = mild, 2-25%; 3 = moderate, 26-50%; 4 = marked, 51-75%; 5 = subtotal, > 75%).



Immunohistology

Frozen tissue blocks of mice lungs were cut in 8µm thick cryo sections and fixed 10 minutes with acetone on ice. Fixed cryo sections containing main stem bronchi were rehydrated for 5 minutes in TBS (PBS, 0.05% Tween) and washed twice with TBS. After washing, cryo sections were blocked (5% rat serum, 5% anti-CD16/CD32 antibody (clone 2.4G2, produced in-house) inTBS) for 15 minutes, incubated for 45 minutes at room temperature with the primary antibodies (Supplementary Table S3) and washed twice with TBS. The sections were then stained with DAPI (1 µg/ml) for 3 minutes and washed with TBS again before there were embedded in Moviol. Images were acquired using an Axioscan Z1 (Zeiss). The amount of BALT was quantified as described before (51). In brief, panoramic images of whole sections from different central planes (close to main bronchi and vessels) were collected and analyzed. Individual BALT structures were enumerated, their surface measured, and the cumulative BALT size was calculated as the sum of surface areas of all individual BALT structures present on one central lung section (ZEN 2.3 blue software, Zeiss).



Immunohistochemistry

Detection of SARS-CoV-2 nucleocapsid protein was performed on formalin-fixed, paraffin-embedded hamster lung tissue using a monoclonal mouse antibody (Sino Biological, 40143-MM0) and the Dako EnVision+ polymer system (Dako Agilent Pathology Solutions) as described (52). Evaluation was performed semiquantitatively for the alveoli and the airway epithelium (0 = no antigen; 1 = minimal, single foci, less than 1% of tissue affected, 2 = mild, 2-25%, 3 = moderate, 26-50%, 4 = severe, 51-75%, 5 = subtotal, >75%). The combined score is the sum of the alveolar and the airway score.



Plaque Reduction Neutralizing Test for SARS-CoV-2

Sera of infected hamsters were used to analyze neutralization capacity against SARS-CoV-2 as previously described (53). We 2-fold serially diluted heat-inactivated serum samples in Dulbecco modified Eagle medium starting at a dilution of 1:10 in 50 μL. We then added 50 μl of virus suspension (600 TCID50) to each well and incubated at 37°C for 1 h before placing the mixtures on VeroE6 cells. After incubation for 1 h, we washed, cells supplemented with medium, and incubated for 8 h. After incubation, we fixed the cells with 4% formaldehyde/PBS and stained the cells with a polyclonal rabbit antibody against SARS-CoV-2 nucleoprotein (clone 40588-T62, Sino Biological) and a secondary peroxidase-labeled goat anti-rabbit IgG (Dako, Agilent). We developed the signal using a precipitate forming TMB substrate (True Blue, KPL SeraCare) and counted the number of infected cells per well by using the ImmunoSpot® reader (CTL Europe GmbH). The reciprocal of the highest serum dilution allow reduction of >90% plaque formation was calculated as the serum neutralization titer (PRNT90).



Surrogate Virus Neutralization Test (sVNT)

sVNT test for detection of neutralizing anti-SARS-CoV-2-S antibodies was done as described before (54) with several modifications. Briefly, MaxiSorp 96F plates (Nunc) were coated with recombinant soluble hACE2-Fc(IgG1) protein at 200 ng per well in 100 μl coating buffer (30 mM Na2CO3, 70 mM NaHCO3, pH 9.6) at 4°C overnight. Afterwards, plates were washed with phosphate-buffered saline, 0.05% Tween-20 (PBST) and blocked with 2% bovine serum albumin/2% mouse serum (Invitrogen) (for analysis of sera) or 2% bovine serum albumin (for BAL) in PBS, 0.1% Tween-20 for 1.5 h at 37°C. While plates were blocking, serially diluted and heat-inactivated serum and BAL were incubated with 6 ng recombinant RBD-protein of SARS-CoV-2 Spike S1 carrying a C-terminal His-Tag (Trenzyme) for 1 h at 37 °C. The mixtures were added to hACE2-coated plates and incubated for 1 h at 37°C. His-Tagged RBD-protein without serum or BAL served as control. After extensive washing with PBST, a HRP-conjugated anti-His-tag antibody (clone HIS 3D5, provided by Helmholtz Zentrum München) was added at a final concentration of 1.2 µg/ml and incubated for 1 h at 37°C. Unbound antibody was removed by six washes with PBST. A colorimetric signal was developed on the enzymatic reaction of HRP with the chromogenic substrate 3,3’,5,5’-tetramethylbenzidine (TMB; TMB Substrate Reagent Set, BD Biosciences). An equal volume of 0.2 M H2SO4 was added to stop the reaction, and absorbance readings at 450 nm and 570 nm were acquired using a SpectraMax iD3 microplate reader (Molecular Devices). Inhibition (%) was calculated as (1 − sample optical density value/negative control optical density value) × 100.



Enzyme-Linked Immunosorbent Assay (ELISA)

To determine anti-spike IgA and IgG antibodies in sera or BAL samples, ELISA plates were coated overnight at 4°C with 200 ng SARS-CoV-2 trimer in its perfusion conformation (55) fused to mNEONgreen and expressed in Drosophila S2 cells (56) (detailed production will be described elsewhere) in 100µl PBS per well. On the next day, plates were washed three times with washing buffer (PBS, 0.05% (w/v) Tween 20), blocked with 2% (w/v) BSA for 1h at 37°C and incubated for 2h at RT with serial dilutions of sera or BAL. For the detection of anti-spike specific isotype antibodies goat anti-mouse IgG-Fc antibody HRP-conjugated (cat.# 1013-05, SouthernBiotech) and goat anti-mouse IgA-Fc antibody HRP-conjugated (cat.# 1040-05, SouthernBiotech) were used at a final dilution of 1:4000. All assays were conducted in duplicates and quantified using a SpectraMax iD3 microplate reader (Molecular Devices).



Cytokine Concentration Measurements in Serum

We used Lunaris multiplex assays (Ayoxxa) for analysis of serum cytokine levels at indicated time points in the short prime-boost protocol treated mice. The 7-plex custom assay included IFN-γ, IL-1β, TNF-α, IL-6, IL-12p70, IL-17 and IL-2 and the 4-plex assay included IL-4, IL-5, IL-10 and IL-13. For each assay, serum samples were diluted 1:2 with assay buffer and 5 µl of diluted sample was incubated overnight on the chip. Assay was performed according to manufacturer’s instruction and analysed on Lunaris Reader 384 (Ayoxxa). The data evaluation with automated data adjustment was done using Lunaris Analsysis Suite v1.4 (Ayoxxa). Limits of the detection were 0.52 pg/ml (IFNγ); 7.23 pg/ml (IL-1β); 3.74 pg/ml (IL-2); 3.58 pg/ml (IL-6); 7.16 pg/ml (IL-12p70); 4.99 pg/ml (IL-17A); 1.54 pg/ml (TNF-α); 101.25 pg/ml (IL-4); 3.30 pg/ml (IL-5); 9.03 pg/ml (IL-10); and 12.40 pg/ml (IL-13). For visualization, data for each cytokine were expressed as fold increase to the mean value of the buffer treated mice at 10 days post boost.



Statistics

Statistical analysis was done using Prism 7 or 8 (GraphPad). Statistical analysis was done on log-transformed values using ordinary or Welch’s ANOVA followed by Dunnett’s T3 multiple comparisons test. P values < 0.05 were considered statistically significant.




Results


Intranasal MVA-SARS-2-S Immunization Induces BALT Formation

In agreement with our previous results (44), i.n. administration of MVA-SARS-2-S (Figure 1A) led to BALT formation at day 11 p.i., although some B and T cells remained scattered diffusely around vessels and bronchioles (Figures 1B, C). Over time, BALT contracted, and very late BALT structures at day 40 p.i. were mainly composed of T cells (Figure 1B).




Figure 1 | Intranasal priming with MVA-SARS-2-S induces BALT and transient recruitment of T cells and macrophages in the lung. (A) Immunization protocol scheme. (B) Representative photomicrographs of lung sections reveal induction of BALT peaking at d11 after vaccine application. (C) Quantification of cumulative BALT size per lung section averaged on 3-4 lung sections per mouse. (D–G) Cellular composition of broncho-alveolar lavage (BAL; (D, E) and lung (F, G) analyzed by spectral flow cytometry and depicted as tSNE plot. Cluster identities were revealed by manual gating as shown in Supplementary Figures 1A, B; antibodies used are listed in Supplementary Table S1 (panel 1). Cells inside the area delineated by the black line were negative for anti-CD45-FITC antibodies i.v injected 3 -5 min before mice were sacrificed and are thus considered to be from the lung parenchyma. Cells outside that area were CD45-FITC+ and considered to be within or in close vicinity to blood vessels. (D, F) Representative tSNE plot of concatenated samples from one mouse each sacrificed before (control) or 11 or 40 days after vaccine application; colors refer to indicated cell populations; antibodies used are listed in Supplementary Table S1 (panel 2). (E, G) Upper left, concatenated data as in (D, F), colors indicate different mice analyzed. Upper right and bottom plots: de-concatenated data, colors indicate cell populations. (H) Absolute cell numbers of interstitial macrophages (int MF), type 1 conventional dendritic cells (cDC1), NK, T and B cells in lung. (C, H) Pooled data from 3-4 experiments with n = 10 per group. (C, H) Individual values (symbols) and mean group value (lines). Statistical analysis was done on log-transformed values using ordinary or Welch’s ANOVA followed by Dunnett’s T3 multiple comparisons test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.



Global high-dimensional mapping of broncho-alveolar lavage fluid (BAL) cells and digested lung tissue with two different panels by spectral flow cytometry revealed profound changes in immune cell composition induced by vaccination (Figures 1D–G; Supplementary Figures 1A, B and Supplementary Table S1). At day 11 post i.n. vaccination we observed marked accumulation T cells, B cells and monocytes in BAL (Figures 1D, E and Supplementary Figure 1C). These cell populations decreased in absolute numbers over time and by day 40 p.i. and, as in the non-immunized control mice, macrophages became again the dominating cell population (Figures 1D, E and Supplementary Figure 1C). Similarly, at d11 p.i. we observed massive recruitment of T cells, B cells, macrophages, monocytes, NK cells, and dendritic cells in lung tissue, as revealed by the absence of staining of an anti-CD45 mAb that had been intravenously (i.v.) injected 10min before the mice were sacrificed; Figures 1F–H and Supplementary Figure 1D). The number of T cells and interstitial macrophages within the tissue remained elevated even 40 days post i.n. MVA-SARS-2-S delivery (Figure 1H and Supplementary Figure 1D), reflecting the presence of BALT observed by histology (Figure 1B). Collectively, these data demonstrate that single i.n. administration of MVA-SARS-2-S induces an accumulation of T and B cells and the formation of BALT in lungs.



Single i.n. Application of MVA-SARS-2-S Induces Strong Cellular but Weak Humoral Spike-Specific Immune Responses

The increased numbers of T cells at d11 p.i. was primarily due to the accumulation of CD4+ as well as CD8+ effector/effector memory (CD62L-CD44hi) cells (Supplementary Figure 2 and Supplementary Table S1). Their presence in the lungs as well as in bronchial lymph nodes (bLNs) and spleen (Supplementary Figure 2) demonstrated that a single i.n. MVA-SARS-2-S immunization induces not only local but also systemic immune responses.

To specifically measure S-specific CD8+ T cell responses, we established an ex vivo stimulation assay with 10-amino acid overlapping 15-mer peptides covering the entire S-protein. Quantification of intracellular interferon γ (IFN-γ) expression by flow cytometry revealed that immunization with MVA-SARS-2-S induced CD8+ T cells specific to peptides 1-129 (amino acids 1-655), covering almost the entire S1 domain of the S protein (Supplementary Figures 3A, B). In addition, the Immune Epitope Database (IEDB) (57) allowed us to identify an immunodominant SARS-CoV-2-S H2-Kb epitope at S539-546 (VNFNFNGL; S-V8L) of the S1 C-terminal domain (Supplementary Figures 3C–F and Supplementary Table S2). Integrating S-V8L tetramers in spectral FACS analysis, we found that S-specific CD8+ T cells peaked in lungs, BALs, bLNs and spleens at d11 p.i. and slowly decreased to day 40 (Figures 2A, B and Supplementary Figure 3G). Importantly, even at this time-point their number remained significantly elevated in lungs, BAL, and spleen compared to non-immunized controls, indicating development of immunological memory. The majority of those cells produced tumor necrosis alpha (TNF-α) in addition to IFN-γ upon re-stimulation with S protein-derived peptides (Supplementary Figure 3H). Of note, the kinetics of S-specific CD8+ cells matched the kinetics of CD8+ T cell specific for a known immuno-dominant epitope of MVA in C57BL/6 mice (TSYKFESV; MVA-B8R) (58) (Supplementary Figures 3I, K).




Figure 2 | A single intranasal vaccine application induces local and systemic spike-specific cellular and humoral responses. (A, B) Spike-specific CD8+ T cells accumulate in in the organs at different time points after vaccine application. (A) Representative dot plots and percentage of tetramer+ lung CD8+CD44hi T cells in groups indicated. (B) Absolute cell counts of spike-specific CD8+CD44hi T cells in different organs. (C, D) Spike-specific CD4+ T cells transiently accumulate in lungs and spleens up to day 35 after immunization. (C) Representative dot plots and percentages of IFN-γ-expressing lung CD8+CD44hi T cells of groups indicated after ex vivo re-stimulation with the pool of spike-specific and immnodominant peptides (Supplementary Table S2) for 6hr. (D) Frequencies of IFN-γ-expressing CD4+CD44hi cells in different organs isolated from mice at indicated time points after i.n. vaccine administration. (E–G) Spike-specific antibodies in serum (E, F) and broncho-alveolar lavage fluid (BAL; (G) measured by ELISA. (E) Mean OD group values of serial serum dilutions and (F) and individual EC50 values for Spike-specific serum IgG for the groups indicated. (G) Mean group OD values in serial BAL dilutions for Spike-specific IgG (left) and IgA (right). (B, D, F) Pooled data from 3-4 experiments with n = 4-10 mice per group. Individual values (symbols) and mean group value (line). Statistical analysis was done on log-transformed values using ordinary or Welch’s ANOVA followed by Dunnett’s T3 multiple comparisons test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.



Analysis of ex vivo cultured cells stimulated with S protein-derived peptides further revealed that S-specific IFN-γ producing CD4+ T cells were also present in lungs, bLNs, and spleens of immunized animals up to day 24 post i.n. vaccination (Figures 2C, D and Supplementary Figure 4A, B). Importantly, we could not detect IL-5 producing CD4+ T cells upon ex vivo re-stimulation (Supplementary Figure 4C). Together these data indicate that i.n. MVA-SARS-2-S vaccination induces, in addition to CD8 immunity, also specific T helper type 1 (Th1), but not Th2 responses.

Profiling of B cell responses after a single i.n. dose of the vaccine revealed increased numbers of germinal center (GC) B cells (CD19+CD138-IgD-IgM-GL7+CD73+) in bLN and lungs but not in spleen (Supplementary Figures 4D, E). Despite the increase in GC B cell counts, anti-S antibodies were only present at relatively low levels in all mice (Figure 2E). Mean EC50 values were in the range of 1:100 (102) at day 11 and increased approximately 10 fold at later time points analyzed (Figure 2F). Similarly, BAL from immunized mice also possessed low anti-S IgG antibody titers that stayed constant over time, but no anti-S IgA antibodies could be detected (Figure 2G). Together, these data indicate that a single i.n. immunization with MVA-SARS-2-S induces strong local and systemic cellular but only moderate humoral immune responses directed against the spike protein.



Intranasal Boosting With MVA-SARS-2-S Induces Strong Cellular and Humoral Immune Responses in Lungs Irrespective of the Priming-Route

Since MVA vector vaccines are notoriously known to induce strong immune responses in boost vaccination protocols (59–61), we boosted mice at day 24 and analyzed them at day 40 (Figure 3A). According to our central hypothesis that delivery of the vaccine to the respiratory tract is required for the induction of protective immunity in the lung, we compared single intranasal application using 107 PFU (PO7na-d24) with three different prime-boost immunization protocols (1): priming and boosting by i.n. vaccination (PB7na-7na) (2), i.n. priming followed by an intramuscular boost (PB7na-7mu), and (3) i.m. priming followed by an i.n. boost (PB7mu-7na).




Figure 3 | Intranasal boost with MVA-SARS-2-S induces strong local and systemic cellular immune responses irrespectively of the route of priming. (A) Immunization protocol scheme. (B) Cumulative size of BALT structures averaged on 3-4 central lung sections per mouse. (C, D) Composition of lung CD3+ T cells analyzed by spectral flow cytometry and depicted as tSNE plot. Cluster identities were revealed by manual gating as shown in Supplementary Figure 2; antibodies used are listed in Supplementary Table S1 (panel 3). Cells inside the area delineated by the black line were negative for anti-CD45-FITC antibodies i.v. injected 3 -5 min. before mice were sacrificed and are thus considered to be from the lung parenchyma. Cells outside that area were CD45-FITC+ and considered to be within or in close vicinity to blood vessels. (C) tSNE plot of concatenated FCS files from one representative mouse of each prime-boost group immunized with 107 PFU vaccine and one non-immunized control mouse. (D) Individual tSNE plots of de-concatenated FCS files from (D). (E) Absolute counts of CD8+ T cells specific for S-V8L evaluated by tetramer staining in tissues and groups indicated. (F) Frequencies of IFN-γ+ CD4 T cells in organs indicated determined by intracellular cytokine staining after re-stimulation with the pool of S1-129 together with immnodominant peptides and brefeldin A (Supplementary Table S2) for 6hr. (G) Spike-specific antibodies in serum and (H, I) BAL determined by ELISA. Mean OD group values of serial serum and BAL dilutions and individual EC50 values for Spike-specific IgG in serum (G) and BAL (H) and Spike-specific IgA in BAL (I) are shown for the groups indicated analyzed at day 40. Pooled data from 3-4 experiments with n = 10 per group. (B,E–I) Individual values (signs) and mean group value (line). Statistical analysis was done on log-transformed values using ordinary or Welch’s ANOVA followed by Dunnett’s T3 multiple comparisons test. Green stars - difference to the mice immunized with PO7na-d24; Black stars - difference between different treatment groups as indicated with line. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. (B, E–I) Data from control mice and mice immunized with 107 IU MVA-SARS-2-S are identical to that shown in Figure 1C; (B, D–F).



Of note, when compared to PO7na-d24 group, increased amounts of BALT were only induced by i.n. but not intramuscular boost, independent of the priming route applied (Figure 3B). This finding was confirmed by flow cytometry quantifying the major immune cell subsets in BAL and lung (Supplementary Figures 5A, B). The composition of T cells residing in the lung parenchyma was comparable between the different prime-boost immunization protocols but groups that received the i.n. boost had considerably more cells than primed-only mice or mice in PB7na-7mu group (Figures 3C, D). Likewise, CD8+ T cells specific for S-V8L as well as MVA-B8R were strongly increased in lungs, bLNs and BALs of the PB7na-7na and PB7mu-7na groups, while such differences were not found in spleens (Figure 3E and Supplementary Figure 5C). Further, in vitro-re-stimulation with S-specific peptides identified increased frequencies of IFNγ-producing CD4+ T cells in the lungs (Figure 3F).

In addition to stronger cellular immune responses, all prime-boost protocols induced also significantly higher S-specific IgG titers in serum compared to the mice receiving only a single i.n. vaccination (Figure 3G). Similar results were found for anti-S IgG in the BAL, although mice receiving intramuscular boost developed clearly lower titers compared to intranasal boosted mice (Figure 3H). Most importantly, protocols applying i.n. boost (sPB7na-na and PB7mu-na) induced anti-S IgA antibodies in the BAL (Figure 3I), the antibody isotype that protects respiratory mucosal surfaces from infection with air-borne pathogens.



High Prime Dose Induces Tissue Specific S-Specific T-Cells

Our results so far revealed that prime-boost protocols give stronger immune responses than prime-only vaccine delivery and that intranasal boosting induced the best local adaptive immune response. Next, we investigated immune responses after priming with optimal i.m. priming dose (108 PFU) for MVA-based vaccines (50, 62), followed by lower booster doses of i.n. vaccine delivery (107 or 106 PFU) (Figure 4A). To monitor cytokines induced by i.n. vaccine delivery, we assessed serum concentrations of 11 cytokines at different times point after boosting (Supplementary Table S4). The most prominent changes were observed for IFN-γ that was elevated dose-dependently but transiently, increasing approximately 150-fold and 60-fold with 107 PFU and 106 PFU, respectively at 16 hr post boost and returning to the levels of control mice by day 10 post boost (Figure 4B and Supplementary Table S4). Similar patterns, albeit to a much lower extent were also observed for the T cell proliferation cytokine IL-2, the Th1-cytokine, IL-12p70, as well as IL-6 (approximately a 3-fold increase with the higher vaccine dose). Interestingly, i.n. vaccine boost also induced transient and dose-dependent increase in serum levels of the Th2 cytokine IL-5 (13-fold and 8-fold with higher and lower vaccine dose, respectively; Figure 4B), a cytokine important for maturation of IgA-secreting B cells (63). Importantly, other Th2 cytokines such as IL-4 and IL-13 were not affected (Supplementary Table S4). In line with no effects on body weight and body temperature, the concentrations of the classical pro-inflammatory cytokines TNF-α and IL-1β, the regulatory cytokine IL-10 or Th17 cytokine IL-17A were not affected by the boost (Supplementary Figures 6A, B and Supplementary Table S4) underlining the excellent tolerability of MVA-SARS-2-S after i.n. boost application.




Figure 4 | Intramuscular-intranasal prime-boost immunization protocol generates S-specific T cells with tissue resident memory phenotype. (A) Immunization protocol scheme. (B) Relative change of serum cytokine concentrations at times indicated after i.n. boost determined by Ayoxxa’s LUNARIS™ multiplex biomarker platform; cytokine concentrations are given Supplementary Table S4. (C) Cumulative size of BALT structures averaged from 3-4 central lung sections per mouse. (D) Absolute counts of S-V8L-T+CD44hi CD8 T cells in different organs of vaccination groups indicated. (E) tSNE plot illustrating CD3+CD8+CD44hi S-V8L-tet+ T cells from various organs. Shown are concatenated FCS file from each organ indicated of 2 representative mice immunized by the sPB8mu-7na protocol and analyzed by spectral flow cytometry. Colors refer to cells originating from indicated tissues (left, big plot) or to expression levels with red indicating high and blue low expression (6 smaller plots). (F) Frequencies of CD44hiIFN-γ+ CD4 T cells analyzed by intracellular cytokine staining after stimulation with the pool of S1-129 together with immnodominant peptides and brefeldin A (Supplementary Table S2) for 6hr. Pooled data from 2 experiments with n = 6-10 per group. Individual values (signs) and mean group value (line). Statistical analysis was done on log-transformed values using ordinary or Welch’s ANOVA followed by Dunnett’s T3 multiple comparisons test. **p < 0.01, ***p < 0.001, ****p < 0.0001.



Interestingly, the higher booster dose (107 PFU) induced slightly less BALT than the lower dose (106 PFU; Figure 4C), accompanied by strong accumulation of all major immune cell subsets in BAL and lung in both boosted groups (Supplementary Figures 6C–E). In contrast, the higher booster dose induced slightly more S-V8L CD8+ T cells in lung and bLN, while both protocols were equally efficient in the spleen (Figure 4D). Likewise, both vaccine doses induced an identical TNF-α/IFN-γ production profile in CD8+ T cells following ex vivo peptide re-stimulation (Supplementary Figure 6F). Detailed flow cytometric profiling of S-V8L CD8+ T cells indicated that they cluster according to the organ of origin (Figure 4E). Importantly, expression of Trm markers CD103 and CD69 was largely restricted to lung and bLN CD8+ T cells (Figure 4E and Supplementary Figure 6G).

Similarly to CD8+ T cell responses, the low and the high booster doses were equally efficient in inducing S-specific Th1 cells in lung, bLN and spleen (Figure 4F). Of note, we found no evidence of IL-5-secreting Th2 or IL-17A-secreting Th17 cells in any organ upon re-stimulation with spike-derived peptides (Supplementary Figures 6H, I). In summary, both booster protocols, PB8mu-7na and PB8mu-6na, induced very similar and effective cellular immunity.



MVA-SARS-2-S Boosting Induces High Titers of Neutralizing Anti-SARS-CoV-2-S Antibodies

In addition to S-specific T cells, both booster doses were equally efficient in inducing anti-S antibodies in serum and BAL (Figures 5A–C). We further measured neutralization capacity of those antibodies in samples of the PB8mu-7na group using our recently established surrogate virus neutralization tests (sVNT) for different SARS-CoV-2 VoC (14, 54, 64). The sVNT is based on ELISA technology and allows high-throughput quantitative analysis of neutralizing antibody (nAb) levels by measuring the reduction in the binding of the receptor-binding-domain (RBD) of SARS-CoV-2-S protein to ACE2 in vitro. Compared to serum samples from unimmunized mice, all mice from PB8mu-7na group developed high amounts of nAb in the serum (Figures 5D, E). Furthermore, these antibodies also efficiently blocked alpha and delta variants, while the protection against beta and gamma variants was less effective but still present in 7 out of 10 immunized mice (Figures 5D, E). Importantly, nAb against Wuhan, alpha, and delta but not against beta and gamma variants were detectable also in BAL (Figures 5F, G). Together these results underline the power of inhalative vaccine delivery for the induction of systemic and mucosal protective humoral responses.




Figure 5 | Intranasal boosting with MVA-SARS-2-S induces high titer of neutralizing antibodies in lung and serum. (A–C) Spike-specific antibodies in serum (A) and BAL (B, C) measured by ELISA. Mean group OD values for S-specific IgG (A, B) and IgA (C) determined on serially diluted serum (A) and BAL (B, C) of indicated groups 14 days post boost (d40). (D–G) Neutralizing antibodies in serum (D, E) and BAL (F, G) measured by surrogate virus neutralization test (sVNT). (D, F) Inhibition of binding interaction of SARS-CoV-2 spike-RBD from different SARS-CoV-2 variants of concern (VoC) with ACE2 by addition of sera (D) or BAL (F) of immunized or control mice. Assay performed in triplicate; mean percentages of neutralization. (E, G) Reciprocal titers of neutralizing antibodies against SARS-CoV-2 VoCs from serum (E) or BAL (G) determined as the dilution retaining binding reduction > mean+2SD of non-immunized control mice. (A–G) Pooled data from 2-4 experiments with n = 10 per group. (E, G) Individual values (signs) and mean group value (line). Statistical analysis was done using Chi-square test for trend, ns, not significant, ****p < 0.001.





I.m. Priming Followed by an i.n. Boost With MVA-SARS-CoV-2-S Efficiently Protects Golden Syrian Hamsters From SARS-2-S Infection

SARS-CoV-2 cannot bind to mouse ACE2 rendering mice resistant to lethal infection. Thus, we tested the protective capacity of the i.m.-i.n. vaccination regime with MVA-SARS-CoV-2-S in a hamster model of SARS-CoV-2 infection (65, 66). We immunized two groups of golden Syrian hamsters, one with MVA-SARS-CoV-2-S and the other with MVA vector (MVA-WT), using the PB8mu-7na protocol, which proved to be the most effective protocol for in mice. Forty days post prime, the hamsters were infected with 1 × 104 tissue culture infectious dose 50 (TCID50) SARS-CoV-2 (isolate BavPat1/2020 isolate, European Virus Archive Global #026V- 03883). The course of infection was tracked for 6 days by animal weight loss as well as changes in spontaneous behavior and general condition summarized in a clinical score (Figure 6A). In contrast to MVA-WT-immunized control hamsters, vaccination with MVA-SARS-2-S completely blocked development of clinical signs of infection (Figures 6B, C). Moreover, at day 6 post SARS-CoV-2 infection, when substantial virus RNA loads were found in the lungs of MVA-WT-immunized control hamsters, minimal SARS-CoV-2 titers were found in only one of 7 lungs from MVA-SARS-2-S–immunized animals (Figure 6D). Similarly, using immunohistochemistry we detected SARS-CoV-2 nucleoprotein in the lungs of all MVA-WT-immunized control hamsters but in none of the MVA-SARS-2-S–immunized animals (Figures 6E, F). These spots of viral replication in the lungs of all MVA-WT-immunized control hamsters were usually located at areas of prominent leukocyte infiltration and consolidation that affected more than one quarter of the lungs (Figures 6G, H and Supplementary Figure 7). In contrast, 6 out of 7 hamsters immunized with MVA-SARS-2-S had only single small foci of mild inflammatory infiltrates, affecting max. 1% of the lungs (Figures 6G, H and Supplementary Figure 7). These data indicated that immunity induced by respiratory vaccination with MVA- SARS-2-S so rapidly cleared SARS-CoV-2 infection that infection and inflammation could not spread to large lung areas. Interestingly, we did not found any evidences of BALT structures in any of the analyzed groups. While it is possible that the SARS-CoV-2 infection led to the dissolution of the BALT structures, these data could also be a consequence of species-dependent differences in the MVA-induced BALT development that require further investigation.




Figure 6 | Intranasal immunization with MVA-SARS-2-S protects hamsters from SARS-CoV-2 infection. (A) Immunization and infection protocol scheme. (B, C) Relative body weight (B) and clinical scores (C) of hamsters after infection with SARS-CoV-2. (D) SARS-CoV-2 virus titers in the lungs measured by quantitative RT-PCR. (E) Representative stitched photomicrographs showing an overview of the entire left lung lobe stained for SARS-CoV-2 nuceloprotein (brown staining). Original magnification 40x, inset 400x. (F) Semiquantitative scoring of SARS-CoV-2 nuceloprotein per lung section averaged on 2 lung sections per hamster. (G) Representative stitched photomicrographs showing an overview of the entire left lung lobe stained with hematoxylin and eosin (H, E) indicate severe inflammation in the lungs of hamsters immunized with control, MVA-WT virus, which is almost not existent in the lungs of hamsters immunized with MVA-SARS-CoV-2. Original magnification 40x. (H) Lung inflammation scores calculated as described supplemental methods. (B–H) Pooled data from one experiment with n = 7 per group. Individual values (signs) and mean group value (line). Statistical analysis was done using Mann-Whitney t test. **p < 0.01, ***p < 0.001.



Lastly, we measured levels of neutralizing antibodies in sera of control and MVA-SARS-2-S–immunized hamsters. SARS-CoV-2 S protein-pseudotyped-vesicular stomatitis virus vector-based neutralization assay revealed that at this time point post infection the MVA-WT immunized animals also had detectable nAb against SARS-CoV-2 in serum (Figures 7A, B), which is in line with previous reports (67, 68). Not surprisingly, the nAb levels in MVA-SARS-CoV-2-S immunized animals were significantly higher (Figures 7A, B). In line with the data from vaccinated mice, sVNT revealed that these nAbs are very effective against Wuhan, alpha, and delta SARS-CoV-2 variants, while protection against beta and gamma variants was less prominent but still clearly observable in MVA-SARS-CoV-2-S vaccinated hamsters (Figure 7C).




Figure 7 | High titer of neutralizing antibodies in serum of immunized hamsters. (A, B) Levels of neutralizing Spike-specific antibodies in serum of hamsters immunized with MVA-WT or MVA-SARS-CoV-2 and measured using SARS-CoV-2 plaque reduction neutralization test (PRNT). Reciprocal titer values that result in 50% (A) or 90% (B) reduction in virus infectivity determined on serially diluted serum of indicated groups 20 days post boost (d46) and 6 days post SARS-CoV-2 infection. (C) Neutralizing antibodies against different SARS-CoV-2-S variants measured by surrogate virus neutralization test (sVNT). Inhibition of binding interaction of SARS-CoV-2 spike-RBD with ACE2 by addition of sera of non-immunized and uninfected hamsters (Invitrogen HS), MVA-WT, and MVA-SARS-CoV-2-S immunized and SARS-CoV-2 infected hamsters. Assay performed in duplicate for each sample; mean percentages of neutralization per group ± SD are shown. (A–C) Pooled data from 2-4 experiments with n = 7 per group. Individual values (signs) and mean group value (line). Statistical analysis was done using Mann-Whitney t test. *p < 0.05, **p < 0.01.






Discussion

Our study showed that respiratory delivery of a MVA-SARS-2-S vaccine efficiently protected hamsters from SARS-CoV-2 infection. Importantly, not only was the virus completely cleared from the lungs but vaccinated hamsters also had only minimal traces of resolving lung inflammation. The rapid clearance of SARS-CoV-2 combined with the minimal immune response can only be attributed to the existence of two major pillars of adaptive immunity in the respiratory tract: the local production and secretion of IgA antibodies and tissue resident memory T cells directed against the spike protein. Indeed, our extensive profiling in mice indicated that an intra nasal vaccine boost is crucial for the induction of high titers of neutralizing anti-S-RBD antibodies in BAL. Importantly, these antibodies were successful in neutralizing two predominant SARS-CoV-2 VoC, alpha and delta. These neutralizing anti-S-RBD antibodies play a crucial role in preventing (re-)infections with the virus, as they block binding of the S protein to its cellular receptor ACE2, thus preventing virus cell entry (54, 64, 69, 70). Moreover, i.n. boosting led to a massive accumulation of spike-specific CD8+ T cells expressing CD103 and CD69, markers for tissue residency in the lungs (71). In case neutralizing antibody protection is breached, these CD8+ T cells can rapidly be re-activated for instant and efficient virus control (72). Although tissue-resident memory CD8 T cells might have limited longevity in the lung (73, 74), they appear to be crucial for limiting the severity of lung pathology induced by immune response to viral infection (75). Vaccination with MVA-SARS-2-S via the respiratory tract, therefore, provided the local armamentarium needed for effective protection against SARS-CoV-2, which is in agreement with previous reports indicating that i.n. administration of MVA-based vaccines can protect against various respiratory pathogens (38, 43, 76–78).

Additionally, intranasal delivery of MVA-SARS-2-S in mice also led to the induction of BALT, as reported earlier for MVA, the backbone for the current vaccine (44–46). Interestingly, BALT induced by i.n. booster delivery of MVA-SARS-2-S affected larger lung areas and persisted longer than BALT induced by a single i.n. dose of the vaccine, which is in line with the hypothesis that the extent and the nature of the inflammatory stimuli control BALT formation (79–81). On the other hand, hamsters immunized with the same vaccine did not develop BALT, suggesting species-specific mechanisms important for BALT induction after MVA administration. Of note, lack of BALT did not affect vaccine efficacy. BALT does not seem to contribute to the maintenance of IgA-producing plasma cells (30, 79) or tissue resident memory CD8+ T cells (82). However, BALT serves an important site for T cell activation as well as B cell selection and maturation fighting pathogens that reach the lower respiratory tract (44, 79). MVA-SARS-2-S-induced BALT might therefore provide the infrastructure that also facilitates immune responses to other pathogens. In line with this idea, the presence of BALT has been shown to significantly accelerate clearance of different respiratory viruses, including influenza, SARS-CoV-1 and pneumovirus (83).

Interestingly, intramuscular boosting of intranasally primed mice failed to induce neutralizing antibodies and to stimulate the expansion of spike-specific resident T cells within lungs, further emphasizing the requirement of an antigen-driven local re-activation of virus-specific lymphocytes for the establishment of a protective environment in the lung. In contrast, the route used for priming seems to be of less importance, as we only observed rather subtle differences in the adaptive immune response between PBna-na and PBmu-na protocols (Figure 3). These results confirm the findings that local vaccination induces anti-virus immunity at the organism level (84) and suggest that local (intranasal) boosting helps to target the immune system to the particular organ.

Profound immune responses in the lung induced by intranasal boosting were not achieved at the expense of systemic immunity. Induction of systemic immunity is important because infections with SARS-CoV-2 are not restricted to the respiratory system but can affect basically all other organs. Serum titers of S-specific IgG antibodies induced by the various PB protocols of the present study are comparable to titers reported after intramuscular or intraperitoneal prime-boost immunization with other MVA-based SARS-CoV-2 vaccines (50, 60, 61). Our data clearly indicate that upon successful systemic priming even low vaccine doses are sufficient for efficient boosting. Furthermore, we used the sVNT to quantify anti-S nAbs, which is done in a species-independent manner and thus allows comparison of immune responses between different species. It is therefore of interest to note that mice i.n. boosted with 107 PFU by the various PB protocols developed nAb titers approximately 10-fold higher than those present in convalescent individuals recovering from severe COVID-19 (54) and in the range of those vaccinees that received heterologous ChAdOx1-nCov-19 (Vaxzevria, ChAd)/BNT162b2 (Comirnaty, BNT) vaccination (14). These data strongly indicate that humoral immune responses induced by MVA-SARS-2-S could efficiently protect against SARS-CoV-2 infection.

The MVA-SARS-2-S vaccine used in this study was very well tolerated, similarly to other MVA vector vaccines delivered via the respiratory route in preclinical (42, 43) and clinical (48) studies. Importantly, our data show that once the immune system has been successfully primed even low doses (106 PFU) of the MVA vector vaccines are sufficient to allow for full boosting via the respiratory tract. Of note, systemic priming followed by aerosol boosting of a MVA vector vaccine for tuberculosis, MVA85A, led to transient but clinically significant respiratory adverse effects in some volunteers (49). These adverse effects can probably be attributed to the high vaccine dose (5x107 PFU) used for aerosol delivery and/or to cellular impurities possibly present in the vaccine. Although MVA-based vaccines appear to be very well tolerated after intramuscular application (48, 49, 85), the respiratory route of vaccine delivery is not well established in humans. Therefore, it will be important to carefully assess safety of the respiratory delivery of MVA-SARS-2-S in clinics and to monitor for any potential adverse effects, such as Bell’s palsy reported after intranasal application of inactivated flu vaccine (86).

In summary, we demonstrate efficacy of MVA-SARS-2-S after intranasal delivery that is mediated by fulminant induction of cytotoxic CD8+ T cells, a strong Th1 response and high titers of neutralizing antibodies against SARS-CoV-2 in serum and BAL. Together with the results of other preclinical studies (23–27), these data support respiratory vaccine delivery as a promising application route to interfere with the spread of SARS-CoV-2 and to prevent COVID-19.
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Approximately 9 out of 10 adults have some form of periodontal disease, an infection-induced inflammatory disease of the tooth-supporting tissues. The initial form, gingivitis, often remains asymptomatic, but this can evolve into periodontitis, which is typically associated with halitosis, oral pain or discomfort, and tooth loss. Furthermore, periodontitis may contribute to systemic disorders like cardiovascular disease and type 2 diabetes mellitus. Control options remain nonspecific, time-consuming, and costly; largely relying on the removal of dental plaque and calculus by mechanical debridement. However, while dental plaque bacteria trigger periodontal disease, it is the host-specific inflammatory response that acts as main driver of tissue destruction and disease progression. Therefore, periodontal disease control should aim to alter the host’s inflammatory response as well as to reduce the bacterial triggers. Vaccines may provide a potent adjunct to mechanical debridement for periodontal disease prevention and treatment. However, the immunopathogenic complexity and polymicrobial aspect of PD appear to complicate the development of periodontal vaccines. Moreover, a successful periodontal vaccine should induce protective immunity in the oral cavity, which proves difficult with traditional vaccination methods. Recent advances in mucosal vaccination may bridge the gap in periodontal vaccine development. In this review, we offer a comprehensive overview of mucosal vaccination strategies to induce protective immunity in the oral cavity for periodontal disease control. Furthermore, we highlight the need for additional research with appropriate and clinically relevant animal models. Finally, we discuss several opportunities in periodontal vaccine development such as multivalency, vaccine formulations, and delivery systems.
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Introduction

Periodontal disease (PD) is an infection-induced chronic inflammatory disease that affects the tooth-supporting tissues, which are collectively known as the periodontium. In gingivitis, the initial reversible form of PD, inflammation is confined to the gingival epithelium and the connective tissue. If not treated properly, this inflammation can spread to the deeper components of the periodontium, including the alveolar bone, leading to periodontitis, the irreversible form of PD (1). Periodontitis can be further classified into four stages (I, II, III, or IV) and three grades (A, B, or C). Staging is based on severity, complexity, extent, and distribution; while grading is based on the rate of progression, anticipated treatment response, and effects on systemic health (2).

Based on the World Health Organization’s oral health database, about 90% of adults have some form of PD (gingivitis or periodontitis) (3). While this estimate is interesting, it does not reflect the clinical impact of PD since many of these cases are asymptomatic. However, the clinical importance of PD is corroborated by the high global prevalence of severe periodontitis, which was estimated at 9.8% by the Global Burden of Disease (GBD) study (4). PD is also highly prevalent in adult dogs, cats, minipigs, and non-human primates, with anesthetized examination studies reporting prevalences of 86.5% to 100% (5–12).

PD typically leads to halitosis, oral pain or discomfort, and periodontal damage which can result in tooth loss (1). Moreover, periodontitis may have a substantial effect on systemic health. Epidemiological, clinical interventional, and experimental studies have provided compelling evidence that periodontitis adversely impacts systemic health in humans. However, clear confirmation that successful treatment of PD can reduce the risk or incidence of PD-associated conditions like atherosclerosis and type 2 diabetes mellitus is lacking (13, 14). Veterinary research into the extra-oral effects of periodontitis remains limited, but a growing body of literature suggests similar deleterious effects on systemic health in animals with periodontitis (15–21). In addition to the oral and systemic disease burden, PD also imposes a significant economic burden. The global annual cost (direct and indirect) of human dental diseases was estimated at 544 billion USD in 2015, which is largely attributed to PD and caries (22).

Gingivitis is clinically characterized by gingival redness, swelling, and susceptibility to bleeding. Periodontitis implies loss of gingival attachment to the tooth, degradation of the periodontal ligament and loss of alveolar bone (1). This destructive process is associated with the presence of subgingival polymicrobial communities and a dense immuno-inflammatory infiltrate in the periodontium, which can be explained by the polymicrobial synergy and dysbiosis model. This model describes PD as a continuous cyclic process where dysbiotic polymicrobial communities within the subgingival dental plaque induce an immune response that is ineffective, uncontrolled, and destructive in a susceptible host. The resulting inflammatory environment and tissue degradation exacerbate dysbiosis by selectively providing nutrients to inflammophilic bacteria, thereby generating a self-sustained feed-forward loop that perpetuates the disease (23).

The PD-associated polymicrobial communities are nososymbiotic rather than pathogenic, as their collective pathogenic potential depends on both the outcome of interbacterial interactions and host susceptibility. Consequently, the simple dichotomous characterization of microbes as either commensals or pathogens is not adequate to represent the continuum from commensalism to pathogenicity. Instead, several functional categories have been established such as keystone pathogens, accessory pathogens, pathobionts, and homeostatic commensals (24) Keystone pathogens such as Porphyromonas gingivalis have a disproportionately large influence on the quantitative and qualitative microbial composition, thus acting as a keystone of their community’s structure. These changes may be induced directly via interspecies interactions and indirectly through subversion of the host immune response (25–29). In addition, there are accessory pathogens (e.g., Streptococcus gordonii), which are generally perceived as symbiotic commensals, but they can promote the virulence of disease-associated organisms by supporting the nutrition and colonization of keystone pathogens (30–33). Next, there are pathobionts (e.g., Treponema denticola, Tannerella forsythia, and Fusobacterium nucleatum), which are inflammophillic commensals that can become pathogenic when host-microbe homeostasis is disrupted under certain conditions, such as inflammation, antibiotic treatment, tissue damage, dietary shifts, and immune deficiencies (34). The fourth major group are homeostatic commensals (e.g., Streptococcus cristatus), which are commensals that stabilize eubiotic communities by directly antagonizing potentially pathogenic microbes or by inducing antimicrobial peptides that preferentially target potential pathogens (35–38).

Current PD control measures heavily rely on the removal of dental plaque and calculus by mechanical debridement. This is usually limited to toothbrushing, interdental cleaning, and non-surgical periodontal therapy (scaling and root planing), although open flap debridement is occasionally needed (39). While these procedures can prevent the formation of a disease-triggering dysbiotic biofilm, it does not directly affect the latent dysregulated inflammatory cascade in susceptible hosts. Therefore, mechanical debridement requires constant repetition and provides variable prognoses depending on patient compliance and susceptibility (40). Consequently, several adjuncts to mechanical debridement have been proposed to enhance treatment outcomes. This includes pocket reduction surgery (41), regenerative surgery (42), laser therapy (43), and local antimicrobials such as doxycycline or chlorhexidine (44, 45). However, current adjunct therapy mostly relies on systemic antibiotics; which typically consists of a broad-spectrum antibiotic alone or in combination with an antibiotic that targets Gram-negative bacteria (39).

The rationale for administration of systemic antimicrobials as an adjunct to non-surgical therapy is to reduce the number of pathogenic bacteria in deep pockets, surface irregularities, furcation areas, and those that have entered the bloodstream. However, the use of antimicrobials is only justified in specific cases of periodontitis, since biofilm-associated infections are difficult to treat with antibiotics, and the use of antimicrobial agents promotes the development antimicrobial resistance (46). Despite these considerations and established clinical guidelines, several studies indicate that systemic antibiotics are still regularly used to control PD without appropriate indications (47–51). This injudicious use of antibiotics is alarming, especially considering the ubiquity of PD and the extra-oral distribution of systemic antibiotics, as this contributes to the development of antimicrobial resistance (46). Antimicrobial resistance has evolved as one of the most urgent threats to public health, causing treatment failures, prolonged hospital admissions, and increases in healthcare costs (52). Moreover, several studies indicate high and increasing levels of antimicrobial resistance in subgingival PD-associated bacteria, further exposing the unsustainability of antibiotics-based PD management (53–63). Another drawback of antimicrobials is their non-specific effect on both pathogenic (e.g., keystone and accessory pathogens) and protective oral bacteria (homeostatic commensals) (46).

Since the host inflammatory response acts as main driver of tissue destruction and simultaneously exacerbates dysbiosis, it can be reasoned that adjuncts to mechanical debridement should not rely on nonspecific bacterial clearance by systemic antibiotics, but rather on the alteration of host immune responses. Traditional anti-inflammatory drugs, such as corticosteroids and non-steroidal anti-inflammatory drugs do not offer significant long-term benefits and are precluded for prolonged periodontal treatment due to their adverse effects (64–67). However, several promising alternatives have been proposed, including specialized pro-resolving mediators, complement inhibitors, and anti-cytokine therapies. Pro-resolving mediators are physiological agents such as resolvins, lipoxins, and protectins which accelerate the resolution of inflammation (68). The topical application of such mediators can protect against bone loss in rabbits, rats, and miniature pigs following experimental induction of periodontitis (68–73). Complement inhibitors, on the other hand, aim to suppress the complement system which is overactivated in periodontitis (74–77). Recent studies indicate that topical or systemic administration of Cp40, an inhibitor of the complement component C3, inhibits naturally occurring periodontitis in non-human primates (76, 77). A third novel approach to immune response modulation are anti-cytokine therapies, which involve the use of neutralizing monoclonal antibodies or receptor antagonists to block the action of proinflammatory cytokines that play a role in periodontitis (78–84). Studies in non-human primates with experimentally induced periodontitis found that local injections with antagonists of interleukin 1 and/or tumor necrosis factor protected against PD-associated tissue loss (78–80, 83).

The three aforementioned strategies could be relevant for future treatment of periodontitis or even its short-term prevention in high-risk individuals; however, these methods seem less useful for long-term prophylaxis (23). In contrast, periodontal vaccines may contribute to long-term prophylaxis, by preventing the subversion of the immune system by keystone PD pathogens, avoiding and reverting dysbiosis, and averting destructive hyperinflammation (23). In addition, periodontal vaccines might discourage the use of antibiotics (46). Efficacious periodontal vaccines will need to elicit protective antibody responses in the oral cavity that are specific for PD-inducing bacteria. Local antibody responses in the oral cavity rely on both systemic (IgG) and mucosal immunity (secretory IgA, SIgA). IgG within the oral cavity mainly originates from the blood circulation by passive leakage via the gingival crevicular epithelium, while the SIgA is locally produced in the salivary glands by activated B cells that migrated from the mucosa-associated lymphoid tissues (MALT) (85). Hence, effective periodontal vaccines must induce both systemic and mucosal immunity in the oral cavity, which has proved difficult with traditional vaccination strategies. This is evident by the current lack of a human periodontal vaccine, while the first vaccines against PD, including the Inava Endocorps vaccine, were already developed in the early twentieth century (86). Similarly, there have been no veterinary periodontal vaccines available since the production of the Porphyromonas-denticanis-gulae-salivosa vaccine against PD in dogs was halted in 2011 due to its unsatisfactory long-term effects on the disease (87). Fortunately, there has been major progress in the design of mucosal vaccines, offering new methods to induce protective immunity in the oral cavity (88). Another area of improvement is the antigen selection, which is aided by the growing understanding of the polymicrobial compositions and interactions. Based on the current knowledge, successful periodontal vaccines may require multiple specific antigenic targets from different PD-associated bacteria (23). In this review, we provide a comprehensive overview of the current status and future directions of mucosal vaccination against PD.



Mucosal Vaccination Against Periodontal Disease

Mucosal vaccines are more likely to protect against PD than systemic vaccines, since they are generally more successful in simultaneously inducing IgG and salivary SIgA in the oral cavity (88). Indeed, all eleven preclinical studies that evaluated this reported more dual immunity in the oral cavity after mucosal vaccination compared to systemic vaccination (89–99). Furthermore, several studies reported protection against experimental PD-associated bone loss or gingival swelling/abscessation by mucosal immunization (91, 100–115). While these data support the rationale for mucosal PD vaccines, it must be noted that all but two of these studies used rodent PD models (113, 116). Rodents have been popular because of their low cost, manageability, prompt availability, and ease of housing. However, rodents have major limitations as translational model of human PD. First, there are marked differences in periodontal anatomy and oral microbiota between rodents and humans. Second, PD does not occur spontaneously in rodents, requiring experimental PD induction with allochthonous PD bacteria such as P. gingivalis (117). Third, clinical parameters such as bone loss are difficult to measure and interpret in small animals like mice, which is further complicated by the lack of standardization (118). Finally, the lymphoid tissue of the head is different between rodents and humans. Rodents have concentrated lymphoid tissue at the bottom of the nasal ducts, which is either absent or disseminated in humans (119). In the human head, most of the lymphoid tissue is organized in the Waldeyer’s tonsillar ring, whereas rodents do not have tonsils (120).Non-human primates, dogs and miniature pigs provide more ideal translational models than rodents to study PD therapies. Indeed, non-human primates, dogs, minipigs, and humans all have a high prevalence of PD, and a similar PD etiopathogenesis, periodontal anatomy, oral immune system and oral microbiota (11, 117, 121). Non-human primate models are considered to bear the closest resemblance to human PD, and they have been used to study PD pathogenesis and treatment modalities including periodontal vaccines (122–124). However, research access to these animals is hindered by limited availability, high costs, ethical considerations, and difficulty in handling (117, 125). The dog offers another valuable translational PD model that is easier to obtain and maintain. Therefore it has been one of the most widely used animal models in periodontological studies, including periodontal vaccine development (113, 116, 117, 126, 127). The minipig PD model, in contrast, has not yet been used to test periodontal vaccines despite its translational value (117, 125). Nevertheless, miniature pigs have been used to assess other PD treatments such as stem-cell therapy (128), administration of pro-resolving lipid mediators (71), and photodynamic therapy (129). Therefore, dogs, non-human primates, and minipigs should be considered for future research into mucosal vaccination against PD. In these animal models, PD can be either naturally occurring or experimentally induced (e.g., with ligatures around teeth) (130). These models may facilitate the assessment of oral, intranasal, sublingual, buccal and ocular vaccination against PD (Figure 1). Furthermore, this may enable a better selection of antigenic targets, vaccine types, adjuvants, and delivery systems for mucosal vaccination against PD.




Figure 1 | Mucosal routes for periodontal disease vaccination in dogs and humans.




Oral Vaccination

Oral vaccines have contributed substantially to the worldwide control of infectious diseases, including the near eradication of poliomyelitis (131, 132). The oral route is the most convenient and patient-accepted route of administration (133) and allows dissemination of antigen-specific lymphocytes to other mucosal tissues, such as the gastrointestinal, oral, genital, and respiratory mucosa. On the other hand, oral vaccines must overcome the gastric acid and digestive enzymes, the epithelial barrier, and the tolerogenic immune responses in order to successfully deliver antigens to the gut-associated lymphoid tissue and elicit protective immunity (134, 135).

Several studies found significant antigen-specific antibody responses in serum and saliva of mice, rats, and hamsters after peroral vaccination against antigens from human periodontal pathogens (Table 1). Vaccination through oral gavage or intragastric intubation generally resulted in higher levels of salivary SIgA and antibody-producing cells in mucosa-associated tissues compared to subcutaneous and intramuscular immunization (90, 95, 96). Three studies also assessed the clinical effect of these vaccinations on periodontal health, reporting protection against P. gingivalis-induced alveolar bone loss (103, 104) or reduced gingival swelling in a mouse gingival abscess model (105). In a first study, rats were orally vaccinated with the oral commensal Streptococcus gordonii that was engineered to express domains of P. gingivalis fimbrillin (FimA). This induced antigen-specific serum IgG, serum IgA and salivary SIgA, which protected against alveolar bone loss following P. gingivalis challenge (103). In another study, mice were orally immunized with the 40-kDa outer membrane protein of P. gingivalis (40k-OMP), adjuvanted with CpG oligodeoxynucleotides (CpG) or cholera toxin (CT). In contrast to the non-adjuvanted group, vaccination with 40k-OMP plus CpG or CT resulted in strong serum IgG and IgA, while only 40k-OMP plus CpG induced strong salivary SIgA responses. More importantly, while both groups had less alveolar bone loss following P. gingivalis challenge compared to the control and non-adjuvanted group, 40k-OMP plus CpG ODN provided significantly more protection than 40k-OMP plus CT (104).. The most recent of these three studies assessed the clinical effect of vaccination in a mouse gingival abscess model, where abscessation was induced by injecting a bacterial suspension in the gingiva. Vaccination was performed by oral administration of recombinant Lactobacillus acidophilus expressing the major outer membrane porin protein of the pathobiont F. nucleatum (FomA). Immunization with this live carrier induced antigen-specific serum IgG and salivary SIgA. Moreover, when the resulting serum was incubated with F. nucleatum in vitro, the coaggregation with P. gingivalis was significantly reduced. When abscesses were induced in these mice using F. nucleatum by itself or with P. gingivalis, the vaccinated mice had significantly less abscessation (105).


Table 1 | Preclinical development of oral vaccines against periodontal disease, organized per target pathogen.



Overall, the oral vaccination studies have been encouraging, but research into mucosal periodontal vaccines has recently shifted towards nasal and sublingual immunization, which generally induce higher levels of salivary SIgA (90, 136, 143).



Intranasal Vaccination

The intranasal route is the second major mucosal route, with the nasal influenza vaccine as pioneering application in humans (131). Compared to the oral vaccination route, intranasal administration has the advantages of avoiding the gastric degradation of oral vaccines. On the other hand there exists a risk of retrograde neuronal migration of vaccine components in the olfactory or facial nerve, which can cause neural issues like transient facial nerve paralysis (144, 145). Fortunately, this risk may be mitigated by avoiding the use of certain adjuvants and antigens that are prone to neuronal accumulation, including cholera toxin and Escherichia coli heat labile toxin. Indeed, Du et al. reported less neuronal accumulation following intranasal immunization against PD when using antigen-fused E. coli maltose-binding protein as an alternative adjuvant to cholera toxin, while providing similar protection against alveolar bone loss (111).

The reviewed intranasal PD vaccination studies reported varying levels of antigen-specific antibody responses in serum and saliva of mice, rats, and dogs (Table 2). Eight of these studies also demonstrated various protective effects of the induced antibodies in vitro, including inhibited bacterial co-aggregation, decreased biofilm formation, reduced bacterial invasion of epithelial cells, and decreased pathogen viability (93, 99, 108–110, 114, 147, 148). Moreover, several in vivo experiments indicated that intranasal vaccination against certain antigens of P. gingivalis, F. nucleatum, or Eikenella corrodens can protect against experimentally induced alveolar bone loss or gingival swelling/abscessation in mice, rats, or dogs (91, 100–102, 108, 110–115). Nonetheless, the significant differences between nasal lymphoid tissue in rodents and humans must be taken into account when extrapolating these results (154). Furthermore, intranasal vaccination in mice is often associated with inhalation and ingestion of vaccine antigens, making discrimination between intranasal, oral, and intrapulmonary vaccination difficult (155). These limitations further highlight the unexploited value of appropriate and clinically relevant animal models.


Table 2 | Preclinical development of intranasal vaccines against periodontal disease, organized per target pathogen.



The antigenic targets of the intranasal vaccines were very similar to those included in the oral vaccines, with P. gingivalis gingipains as the most used addition. Gingipains are cysteine proteases that are surface-bound and secreted, comprising RgpA and RgpB with arginine-specific activity, and Kgp with lysine-specific activity (156). They function as proteinases and transpeptidases, aiding P. gingivalis’ adherence, growth, development, evasion of host defenses and processing of surface-associated proteins (157–160). Moreover, Kgp has the ability to cleave IgG and IgA at specific sites within the immunoglobulin (158, 161). Our review includes five studies that assessed the effects of intranasal vaccination of murine PD models against (a domain of) gingipains (91, 99, 114, 115, 153). While different protein and DNA designs were used, each construct was able to induce significant antigen-specific serum IgG and salivary SIgA responses. Moreover, the studies that assessed the clinical effects of vaccination found significantly less experimentally induced alveolar bone loss in immunized mice (91, 114, 115). Interestingly, the most recent of these studies compared vaccination against a gingipain domain (Hgp44 domain of RgpA), a membrane protein of F. nucleatum (truncated form of FomA), or both. All three vaccines were able to reduce alveolar bone destruction following bacterial challenge with F. nucleatum and P. gingivalis. However, based on bone volume density, the divalent vaccine provided significantly more protection than the monovalent vaccines (114). In conclusion, the aforementioned studies support the potential of gingipains as a vaccine target and the probable benefit of multivalent periodontal vaccines, although additional research is required in appropriate PD models.

The collected data suggests that intranasal vaccination against PD generally elicits higher levels of salivary IgA compared to oral and parenteral immunization in mice and dogs (89–91, 93, 97–99, 113, 136, 143). However, to achieve these responses, intranasally administered vaccines must overcome profuse mucosal secretions, mucociliary clearance, and the relative inefficient uptake of antigens by antigen-presenting cells in the nasal cavity (162). Therefore, the efficacy of intranasal vaccination is especially dependent on adjuvants, which is highlighted by several studies where the omission of adjuvant resulted in the lack of significant antibody responses (97, 101, 111, 146, 148). Furthermore, the intranasal route seems to be the only mucosal vaccination route that tested DNA-based vaccines against PD. All four of these vaccination studies targeted antigens of the keystone pathogen P. gingivalis and reported strong antigen-specific salivary SIgA responses after intranasal administration of the DNA-based vaccine (89, 91, 102, 112). Moreover, three of these studies assessed the effect of the vaccination on P. gingivalis-induced alveolar bone loss, which was reduced in all three studies (91, 102, 112). These findings stress the unexplored potential of nucleic acid-based vaccines against PD, demanding additional research into DNA and RNA-based vaccines for PD control.



Sublingual, Buccal, and Intraocular Vaccination

To date, there are no vaccines available that use the sublingual, buccal, or intraocular administration route, except the recently commercialized sublingual vaccine Uromune® for recurrent urinary tract infections (163). Nevertheless, these mucosal vaccination routes have several advantages including the avoidance of the gastric degradation that challenges oral vaccines (131). Furthermore, these administration routes do not impose the risk of retrograde neuronal migration of vaccine components which can occur after intranasal vaccination (144, 145). On the other hand, the development of such vaccines has been hindered by certain physicochemical barriers. Sublingual and buccal vaccines are challenged by the salivary flow and constant movement of tongue and masticatory muscles, while intraocular vaccines are exposed to lacrimal fluid and palpebral movement. However, the rapid progress in vaccine delivery technology offers a promising future for these underused vaccination routes (164, 165).

Studies assessing sublingual, buccal, and ocular vaccination against PD remain very limited. A few studies assessed sublingual vaccination against PD in murine models (Table 3), and demonstrated similar salivary SIgA levels but significantly lower serum IgG levels compared to intranasal vaccination (115, 143). Moreover, Puth et al. found a significant reduction in P. gingivalis-induced alveolar bone loss in mice after sublingual vaccination against this keystone PD pathogen, although an even higher level of protection was found after intranasal administration of the same vaccine (115). Thus far, no studies have assessed the buccal administration route for PD vaccination, but one study has used the intraocular route. Shimizu and colleagues assessed the antibody response in dogs after intraocular immunization with P. gingivalis cell lysate incorporated in pH-sensitive fusogenic polymer-modified liposomes. This intraocular vaccination induced high titers of antigen-specific serum IgG, serum IgA, and salivary SIgA. Moreover, these salivary antibodies inhibited P. gingivalis adherence to HeLa cells, reduced coaggregation with the synergistic oral pathogen Actinomyces naeslundii, and protected human oral epithelial cells against P. gingivalis-induced cytotoxicity (116). While these data are encouraging for the development of mucosal vaccines against PD in dogs and humans, it should be noted that data on clinical effects of mucosal vaccination against PD in non-rodent models remains limited (113). Therefore, future research using appropriate PD animal models should assess clinical parameters such as alveolar bone loss.


Table 3 | Preclinical development of sublingual vaccines against periodontal disease organized per target pathogen.






Opportunities


Mucosal Vaccination Routes

Mucosal vaccination is steadily gaining interest due to their demonstrable advantages over systemic vaccination, and their increasingly efficient vaccine formulations and delivery systems (167). These advancements may accelerate the development of periodontal vaccines, which could benefit from a mucosal vaccination approach that induces both mucosal and systemic immunity in the oral cavity (88). Over the past decade, the sublingual and buccal vaccination have gained significant interest, as demonstrated by the numerous pre-clinical and clinical trials (163, 164, 168). This may inspire intensified research into sublingual and buccal vaccination against PD, which has so far received little attention compared to the intranasal and oral routes.



Vaccine Targets

The earliest periodontal vaccines included inactivated bacteria that were easy to culture after isolation from oral sites with PD (86). Later, with the emergence of culture-independent methods, the reliance on culturability decreased and several PD-associated bacterial complexes were identified. The “red” complex comprised three species that were strongly associated with each other and with PD sites: Porphyromonas gingivalis, Tannerella forsythia, and Treponema denticola (169). However, while the identification was no longer culture-based, subsequent vaccine studies remained mostly limited to the easiest of these three bacteria to grow and genetically manipulate, namely P. gingivalis (170). Moreover, this selection approach continued to be based on the bacteria’s presence at PD sites rather than their role in the development of the disease. Nevertheless, follow-up research supported the importance of P. gingivalis, which is currently considered as the primary keystone pathogen in human PD (24). Similarly, a catalase-positive form of P. gingivalis, called P. gulae, is associated with PD in dogs (171).

Most periodontal vaccine studies have targeted antigens of P. gingivalis, while a smaller portion have focused on Fusobacterium nucleatum and Aggregatibacter actinomycetemcomitans. F. nucleatum is considered as a pathobiont although some strains could act as homeostatic commensals, while A. actinomycetemcomitans is viewed as a pathobiont that can act as a keystone pathogen in localized aggressive periodontitis (172–175). Furthermore, several other potential PD-inducing bacteria including Filifactor alocis and Desulfobulbus oralis have only recently been identified by culture-independent methods (24). Overall, additional research is needed to gain insights into the roles of the different PD-associated bacterial species in the pathogenesis. This will facilitate the selection of bacterial targets, which may become more specific as we gain better insights into the virulence factors of PD-associated pathogens. Moreover, there are increasingly efficient antigen-prediction tools that can further contribute to vaccine specificity which reduces cross-reactions, and thereby improves safety and efficacy of periodontal vaccines (176). Furthermore, these antigenic targets could be combined in multivalent vaccines, potentially further enhancing the efficacy of periodontal subunit vaccines which have so far been mostly monovalent (23).



Vaccine Formulation and Delivery Systems

Four DNA-based vaccination studies suggest that nucleic acid-based vaccines may induce protective immunity against PD in the oral cavity (89, 91, 102, 112). Nucleic acid vaccines allow rapid, scalable, and generic production of vaccines that are efficacious at low dosage. Initial concerns about integration of exogenous DNA into the genome have subsided following clinical trials demonstrating the safety of DNA vaccines. The integration of RNA-based vaccines into the host genome is even less likely, since this would only be possible in the presence of retroviral enzymes such as reverse transcriptase and integrase (177). While both types appear safe, DNA has historically received more attention due to its higher inherent stability and lower innate immunogenicity, as well as the excellent results in rodents. However, translation to larger mammalians has been less successful. Messenger RNA (mRNA) vaccines are steadily gaining interest due to three major developments. Firstly, the use of modified nucleosides has greatly improved mRNA stability, while decreasing its innate immunogenicity (177). Secondly, there has been substantial progress in the mRNA vaccine delivery systems such as lipid nanoparticles, which has further improved stability and effectiveness of mRNA vaccines (178). The third major development occurred during the COVID-19 pandemic, when the first mRNA vaccines proved safe and highly effective against the SARS-CoV-2 virus (179). These breakthroughs may encourage the development of new nucleic acid vaccines against PD, which should no longer be limited to DNA-based vaccines.

Concurrent progress in mucosal adjuvant technologies offers additional opportunities for periodontal vaccine development. Most of the reviewed studies used bacterial adjuvants, while only a few evaluated innovative nucleic acid adjuvants (93, 101, 102, 104, 147, 150, 151, 166) and cytokine adjuvants (89, 90, 112). These adjuvants should be further assessed, but future studies should also consider particulate adjuvants such as chitosan, virus-like particles, and immune stimulating complexes, and particulate adjuvants such as chitosan. These particulate adjuvants can simultaneously act as adjuvant and mucosal delivery system (180) and might contribute to the development of mucosal periodontal vaccines. Indeed, mucosal vaccine delivery systems represents a third unexploited source that could increase periodontal vaccine efficacy. Liposomes (90, 92, 94, 95, 116), bacterial outer membrane vesicles (93, 150, 151), bacterial carriers (103, 105, 110, 139–142), and a viral carrier for DNA vaccination (91) have been successfully tested for mucosal delivery of periodontal vaccines in rodents. However, only liposomes (116) and polymer-based (113) delivery have been tested in dogs. Moreover, comparative data on the delivery systems are lacking and many other promising delivery systems, including lipid nanoparticles, have not yet been tested for mucosal vaccination against PD (167). Future research into PD vaccine delivery technology should also assess the expanding range of physical devices that localize vaccine release and/or mechanically disrupt mucosa for highly efficient delivery. Examples of highly suitable devices for mucosal PD vaccination in the oral cavity are microneedle arrays and mucoadhesive patches (181).




Discussion

The reviewed data support the rationale behind mucosal PD vaccination as an adjunct to mechanical debridement for long-term PD control. Moreover, mucosal vaccination seems to be superior to systemic vaccination for the induction of protective immunity in the oral cavity. The reviewed preclinical studies used inactivated whole-cell vaccines, subunit vaccines, and DNA vaccines to induce immunity against PD-associated pathogens. Most vaccines were administered intranasally or orally, but a few recent studies assessed the sublingual and intraocular route. Most PD vaccines targeted Porphyromonas gingivalis, while a few targeted Aggregatibacter actinomycetemcomitans, Fusobacterium nucleatum, or Eikenella corrodens. All studies found significant increases in antigen-specific antibodies, and those assessing clinical effects also observed reduced pathological manifestations (91, 100–115). While these data are encouraging, it should be noted that all but two studies (113, 116) used rodents, which have limited translational values.

Periodontal vaccines would complement mechanical debridement by promoting pathogen-specific bacterial clearance, blocking certain virulence factors, and shifting the immune response from destructive hyperinflammation to controlled homeostatic immunity. P. gingivalis seems to be a very promising candidate for periodontal vaccines, due to its disproportionately large influence on the microbial community and its role in the subversion and dysregulation of the host immune response (24). This keystone pathogen can impair the host immunity through manipulation of complement and Toll-like receptor function, subversion of neutrophils and macrophages, degradation of immunoglobulins and antimicrobial peptides, interactions with dendritic cells, and “local chemokine paralysis” in epithelial cells (24, 158, 161). Successful vaccination against the involved virulence factors may prevent the dysregulation of the host’s immune response and may contribute to oral eubiosis. Although P. gingivalis is only one of many bacteria implicated in periodontitis, specific immunity to this keystone pathogen has been linked to protection against clinical disease in animal models such as mice, rats and non-human primates (91, 100–104, 106–108, 111, 112, 114, 115, 124, 182).

This review discusses several immunization strategies, presenting P. gingivalis gingipains as a promising vaccine target (114, 115, 182). Gingipains (RgpA, RgpB, and Kgp) are proteases which play an important role in the colonization, interbacterial interactions, and immune subversion by P. gingivalis (24, 147, 150). This is supported by the reduced alveolar bone destruction in mice and non-human primates with experimental periodontitis following vaccination that targets gingipains (91, 114, 115, 124, 182). Another study assessed the effect of anti-gingipain egg yolk antibodies as an adjunct to non-surgical periodontal therapy in humans and found improved clinical outcomes when antibody-containing gel was administered into the periodontal pockets following scaling and root planing (183). Interestingly, gingipains are also produced by Porphyromonas gulae, a keystone pathogen in canine PD, and treatment with a Kgp inhibitor was reported to reduce gingival swelling and periodontal pockets in dogs with naturally occurring periodontitis (184). Overall, the aforementioned studies indicate that gingipains are promising vaccine targets, although more research is needed in appropriate PD models.

Our knowledge concerning the destructive and protective immune responses in PD is still incomplete. However, T-helper17 cells seem to be involved in periodontitis pathogenesis while T-helper 2 cells are associated with protective immune responses (185–187) Moreover, salivary SIgA seems to have an important role in the maintenance of oral symbiosis and homeostatic immunity (188). SIgA antibodies are produced as the major isotype on mucosal surfaces which limits the access of microorganisms and mucosal antigens to the mucosal barrier. Furthermore, SIgA regulates the important symbiotic relationship between commensals and the host (189). The preclinical data on periodontal vaccines supports the protective role of vaccine-induced salivary SIgA, although additional research is needed (91, 100, 103–108, 110–112, 115). Considering that mucosal vaccination generally induces a stronger SIgA response than systemic immunization, the former may be more suited for vaccination against PD (88).

The potential for preventing and treating PD with mucosal periodontal vaccines is apparent, especially considering the recent progress in vaccinology which provides various opportunities. However, the available data is insufficient and difficult to interpret due to the use of rodent models. This demands further research into vaccine targets, formulations, and delivery systems via different mucosal vaccination routes. Moreover, the polymicrobial nature of PD calls for additional development and assessment of multivalent vaccines that can simultaneously induce antibodies against multiple pathogenic factors. These future studies should also reduce their reliance on rodent models, instead opting for more appropriate and clinically relevant animal models such as dogs, non-human primates or miniature pigs (117, 121).

In conclusion, there may be a sufficient rationale for mucosal vaccination against PD. However, the immunopathogenic complexity and polymicrobial aspect of PD appear to complicate the development of vaccines. Successful periodontal vaccines might require mucosal administration and a multivalent approach, which should be assessed in follow-up studies using appropriate animal models. Nevertheless, mucosal vaccination against PD appears feasible based on the available preclinical data.



Author Contributions

VV and BD conceived the review article. VV wrote the manuscript in consultation with BA, BD, EC, and NS. All authors contributed to the article and approved the submitted version.



Funding

VV is supported by a PhD scholarship from Ghent University.



Acknowledgments

The authors would like to thank Shireen Vanroelen for designing the illustration of this review article.



References

1. Armitage, GC. Periodontal Diagnoses and Classification of Periodontal Diseases. Periodontol (2000) 2004:34:9–21. doi: 10.1046/j.0906-6713.2002.003421.x

2. Papapanou, PN, Sanz, M, Buduneli, N, Dietrich, T, Feres, M, Fine, DH, et al. Periodontitis: Consensus Report of Workgroup 2 of the 2017 World Workshop on the Classification of Periodontal and Peri-Implant Diseases and Conditions. J Periodontol (2018) 89:S173–82. doi: 10.1002/JPER.17-0721

3. World Health Organization. WHO Oral Health CAPP (Country/Area Profile Programme) . Available at: https://capp.mau.se/download/.

4. Bernabe, E, Marcenes, W, Hernandez, CR, Bailey, J, Abreu, LG, Alipour, V, et al. Global, Regional, and National Levels and Trends in Burden of Oral Conditions From 1990 to 2017: A Systematic Analysis for the Global Burden of Disease 2017 Study. J Dent Res (2020) 99(4):362–73. doi: 10.1177/0022034520908533

5. Bauer, AE, Stella, J, Lemmons, M, and Croney, CC. Evaluating the Validity and Reliability of a Visual Dental Scale for Detection of Periodontal Disease (PD) in non-Anesthetized Dogs (Canis Familiaris). PloS One (2018) 13(9):e0203930. Carreira LM, editor. doi: 10.1371/journal.pone.0203930

6. Kortegaard, HE, Eriksen, T, and Baelum, V. Periodontal Disease in Research Beagle Dogs - an Epidemiological Study. J Small Anim Pract (2008) 49(12):610–6. doi: 10.1111/j.1748-5827.2008.00609.x

7. Queck, KE, Chapman, A, Herzog, LJ, Shell-Martin, T, Burgess-Cassler, A, and McClure, GD. Oral-Fluid Thiol-Detection Test Identifies Underlying Active Periodontal Disease Not Detected by the Visual Awake Examination. J Am Anim Hosp Assoc (2018) 54(3):132–7. doi: 10.5326/JAAHA-MS-6607

8. Wallis, C, Patel, KV, Marshall, M, Staunton, R, Milella, L, Harris, S, et al. A Longitudinal Assessment of Periodontal Health Status in 53 Labrador Retrievers. J Small Anim Pract (2018) 59(9):560–9. doi: 10.1111/jsap.12870

9. Girard, N, Servet, E, Biourge, V, and Hennet, P. Periodontal Health Status in a Colony of 109 Cats. J Vet Dent (2009) 26(3):147–55. doi: 10.1177/089875640902600301

10. Verhaert, L, and Van Wetter, C. Survey of Oral Diseases in Cats in Flanders. Vlaams Diergeneeskd Tijdschr (2004) 73(5):331–40.

11. Colombo, APV, Paster, BJ, Grimaldi, G, Lourenço, TGB, Teva, A, Campos-Neto, A, et al. Clinical and Microbiological Parameters of Naturally Occurring Periodontitis in the non-Human Primate Macaca Mulatta. J Oral Microbiol (2017) 9(1):1403843. doi: 10.1080/2000229720171403843

12. Friskopp, J, and Blomlöf, L. Spontaneous Periodontitis in a Sample Group of the Monkey Macaca Fascicularis. J Periodontal Res (1988) 23(4):265–7. doi: 10.1111/j.1600-0765.1988.tb01370.x

13. Hajishengallis, G, and Chavakis, T. Local and Systemic Mechanisms Linking Periodontal Disease and Inflammatory Comorbidities. Nat Rev Immunol (2021) 21(7):426–40. doi: 10.1038/s41577-020-00488-6

14. Liccardo, D, Cannavo, A, Spagnuolo, G, Ferrara, N, Cittadini, A, Rengo, C, et al. Periodontal Disease: A Risk Factor for Diabetes and Cardiovascular Disease. Int J Mol Sci (2019) 20(6):1414. doi: 10.3390/ijms20061414

15. Ebersole, JL, Cappelli, D, Mathys, EC, Steffen, MJ, Singer, RE, Montgomery, M, et al. Periodontitis in Humans and Non-Human Primates: Oral-Systemic Linkage Inducing Acute Phase Proteins. Ann Periodontol (2002) 7(1):102–11. doi: 10.1902/annals.2002.7.1.102

16. Cave, NJ, Bridges, JP, and Thomas, DG. Systemic Effects of Periodontal Disease in Cats. Vet Q (2012) 32(3–4):131–44. doi: 10.1080/01652176.2012.745957

17. Pereira dos Santos, JD, Cunha, E, Nunes, T, Tavares, L, and Oliveira, M. Relation Between Periodontal Disease and Systemic Diseases in Dogs. Res Vet Sci (2019) 125:136–40. doi: 10.1016/j.rvsc.2019.06.007

18. Glickman, LT, Glickman, NW, Moore, GE, Goldstein, GS, and Lewis, HB. Evaluation of the Risk of Endocarditis and Other Cardiovascular Events on the Basis of the Severity of Periodontal Disease in Dogs. J Am Vet Med Assoc (2009) 234(4):486–94. doi: 10.2460/javma.234.4.486

19. Glickman, LT, Glickman, NW, Moore, GE, Lund, EM, Lantz, GC, and Pressler, BM. Association Between Chronic Azotemic Kidney Disease and the Severity of Periodontal Disease in Dogs. Prev Vet Med (2011) 99(2–4):193–200. doi: 10.1016/j.prevetmed.2011.01.011

20. Rawlinson, JE, Goldstein, RE, Reiter, AM, Attwater, DZ, and Harvey, CE. Association of Periodontal Disease With Systemic Health Indices in Dogs and the Systemic Response to Treatment of Periodontal Disease. J Am Vet Med Assoc (2011) 238(5):601–9. doi: 10.2460/javma.238.5.601

21. Brodala, N, Merricks, EP, Bellinger, DA, Damrongsri, D, Offenbacher, S, Beck, J, et al. Porphyromonas Gingivalis Bacteremia Induces Coronary and Aortic Atherosclerosis in Normocholesterolemic and Hypercholesterolemic Pigs. Arterioscler Thromb Vasc Biol (2005) 25(7):1446–51. doi: 10.1161/01.ATV.0000167525.69400.9c

22. Righolt, AJ, Jevdjevic, M, Marcenes, W, and Listl, S. Global-, Regional-, and Country-Level Economic Impacts of Dental Diseases in 2015. J Dent Res (2018) 97(5):501–7. doi: 10.1177/0022034517750572

23. Hajishengallis, G, Chavakis, T, and Lambris, JD. Current Understanding of Periodontal Disease Pathogenesis and Targets for Host-Modulation Therapy. Periodontol 2000 (2020) 84(1):14–34. doi: 10.1111/prd.12331

24. Hajishengallis, G, and Lamont, RJ. Polymicrobial Communities in Periodontal Disease: Their Quasi-Organismal Nature and Dialogue With the Host. Periodontol 2000 (2021) 86(1):210–30. doi: 10.1111/prd.12371

25. Maekawa, T, Krauss, JL, Abe, T, Jotwani, R, Triantafilou, M, Triantafilou, K, et al. Porphyromonas Gingivalis Manipulates Complement and TLR Signaling to Uncouple Bacterial Clearance From Inflammation and Promote Dysbiosis. Cell Host Microbe (2014) 15(6):768–78. doi: 10.1016/j.chom.2014.05.012

26. Duran-Pinedo, AE, Baker, VD, and Frias-Lopez, J. The Periodontal Pathogen Porphyromonas Gingivalis Induces Expression of Transposases and Cell Death of Streptococcus Mitis in a Biofilm Model. Infect Immun (2014) 82(8):3374–82. Blanke SR, editor. doi: 10.1128/IAI.01976-14

27. Frias-Lopez, J, and Duran-Pinedo, A. Effect of Periodontal Pathogens on the Metatranscriptome of a Healthy Multispecies Biofilm Model. J Bacteriol (2012) 194(8):2082–95. doi: 10.1128/JB.06328-11

28. Hajishengallis, G, Liang, S, Payne, MA, Hashim, A, Jotwani, R, Eskan, MA, et al. Low-Abundance Biofilm Species Orchestrates Inflammatory Periodontal Disease Through the Commensal Microbiota and Complement. Cell Host Microbe (2011) 10(5):497–506. doi: 10.1016/j.chom.2011.10.006

29. Darveau, RP. The Oral Microbial Consortium’s Interaction With the Periodontal Innate Defense System. DNA Cell Biol (2009) 28(8):389–95. doi: 10.1089/dna.2009.0864

30. Ramsey, MM, and Whiteley, M. Polymicrobial Interactions Stimulate Resistance to Host Innate Immunity Through Metabolite Perception. Proc Natl Acad Sci (2009) 106(5):1578–83. doi: 10.1073/pnas.0809533106

31. Park, Y, Simionato, MR, Sekiya, K, Murakami, Y, James, D, Chen, W, et al. Short Fimbriae of Porphyromonas Gingivalis and Their Role in Coadhesion With Streptococcus Gordonii. Infect Immun (2005) 73(7):3983–9. doi: 10.1128/IAI.73.7.3983-3989.2005

32. Daep, CA, Novak, EA, Lamont, RJ, and Demuth, DR. Structural Dissection and In Vivo Effectiveness of a Peptide Inhibitor of Porphyromonas Gingivalis Adherence to Streptococcus Gordonii. Infect Immun (2011) 79(1):67–74. doi: 10.1128/IAI.00361-10

33. Kuboniwa, M, Tribble, GD, James, CE, Kilic, AO, Tao, L, Herzberg, MC, et al. Streptococcus Gordonii Utilizes Several Distinct Gene Functions to Recruit Porphyromonas Gingivalis Into a Mixed Community. Mol Microbiol (2006) 60(1):121–39. doi: 10.1111/j.1365-2958.2006.05099.x

34. Yost, S, Duran-Pinedo, AE, Teles, R, Krishnan, K, and Frias-Lopez, J. Functional Signatures of Oral Dysbiosis During Periodontitis Progression Revealed by Microbial Metatranscriptome Analysis. Genome Med (2015) 7(1):1–19. doi: 10.1186/s13073-015-0153-3

35. Zhang, G, and Rudney, JD. Streptococcus Cristatus Attenuates Fusobacterium Nucleatum-Induced Cytokine Expression by Influencing Pathways Converging on Nuclear Factor-κb. Mol Oral Microbiol (2011) 26(2):150–63. doi: 10.1111/j.2041-1014.2010.00600.x

36. Xie, H, Hong, J, Sharma, A, and Wang, B-Y. Streptococcus Cristatus ArcA Interferes With Porphyromonas Gingivalis Pathogenicity in Mice. J Periodontal Res (2012) 47(5):578–83. doi: 10.1111/j.1600-0765.2012.01469.x

37. Ho, M-H, Lamont, RJ, and Xie, H. Identification of Streptococcus Cristatus Peptides That Repress Expression of Virulence Genes in Porphyromonas Gingivalis. Sci Rep (2017) 7(1):1–11. doi: 10.1038/s41598-017-01551-4

38. Wang, BY, Wu, J, Lamont, RJ, Lin, X, and Xie, H. Negative Correlation of Distributions of Streptococcus Cristatus and Porphyromonas Gingivalis in Subgingival Plaque. J Clin Microbiol (2009) 47(12):3902–6. doi: 10.1128/JCM.00072-09

39. Kinane, DF, Stathopoulou, PG, and Papapanou, PN. Periodontal Diseases. Nat Rev Dis Prim (2017) 3(1):17038. doi: 10.1038/nrdp.2017.38

40. Helal, O, Göstemeyer, G, Krois, J, El Sayed, KF, Graetz, C, and Schwendicke, F. Predictors for Tooth Loss in Periodontitis Patients: Systematic Review and Meta-Analysis. J Clin Periodontol (2019) 46(7):699–712. doi: 10.1111/jcpe.13118

41. Polak, D, Wilensky, A, Antonoglou, GN, Shapira, L, Goldstein, M, and Martin, C. The Efficacy of Pocket Elimination/Reduction Compared to Access Flap Surgery: A Systematic Review and Meta-Analysis. J Clin Periodontol (2020) 47(S22):303–19. doi: 10.1111/jcpe.13246

42. Nibali, L, Koidou, VP, Nieri, M, Barbato, L, Pagliaro, U, and Cairo, F. Regenerative Surgery Versus Access Flap for the Treatment of Intra-Bony Periodontal Defects: A Systematic Review and Meta-Analysis. J Clin Periodontol (2020) 47(S22):320–51. doi: 10.1111/jcpe.13237

43. Saglam, M, Kantarci, A, Dundar, N, and Hakki, SS. Clinical and Biochemical Effects of Diode Laser as an Adjunct to Nonsurgical Treatment of Chronic Periodontitis: A Randomized, Controlled Clinical Trial. Lasers Med Sci (2012) 29(1):37–46. doi: 10.1007/s10103-012-1230-0

44. Hanes, PJ, and Purvis, JP. Local Anti-Infective Therapy: Pharmacological Agents. A Syst Rev Ann Periodontol (2003) 8(1):79–98. doi: 10.1902/annals.2003.8.1.79

45. Matesanz-Pérez, P, García-Gargallo, M, Figuero, E, Bascones-Martínez, A, Sanz, M, and Herrera, D. A Systematic Review on the Effects of Local Antimicrobials as Adjuncts to Subgingival Debridement, Compared With Subgingival Debridement Alone, in the Treatment of Chronic Periodontitis. J Clin Periodontol (2013) 40(3):227–41. doi: 10.1111/jcpe.12026

46. Jepsen, K, and Jepsen, S. Antibiotics/antimicrobials: Systemic and Local Administration in the Therapy of Mild to Moderately Advanced Periodontitis. Periodontol (2016) 71(1):82–112. doi: 10.1111/prd.12121

47. Ong, A, Kim, J, Loo, S, Quaranta, A, and Rincon A, JC. Prescribing Trends of Systemic Antibiotics by Periodontists in Australia. J Periodontol (2019) 90(9):982–92. doi: 10.1002/JPER.18-0586

48. Preus, HR, Fredriksen, KW, Vogsland, AE, Sandvik, L, and Grytten, JI. Antibiotic-Prescribing Habits Among Norwegian Dentists: A Survey Over 25 Years (1990–2015). Eur J Oral Sci (2017) 125(4):280–7. doi: 10.1111/eos.12360

49. Cope, AL, Francis, NA, Wood, F, and Chestnutt, IG. Antibiotic Prescribing in UK General Dental Practice: A Cross-Sectional Study. Community Dent Oral Epidemiol (2016) 44(2):145–53. doi: 10.1111/cdoe.12199

50. Germack, M, Sedgley, CM, Sabbah, W, and Whitten, B. Antibiotic Use in 2016 by Members of the American Association of Endodontists: Report of a National Survey. J Endod (2017) 43(10):1615–22. doi: 10.1016/j.joen.2017.05.009

51. Koyuncuoglu, CZ, Aydin, M, Kirmizi, NI, Aydin, V, Aksoy, M, Isli, F, et al. Rational Use of Medicine in Dentistry: Do Dentists Prescribe Antibiotics in Appropriate Indications? Eur J Clin Pharmacol (2017) 73(8):1027–32. doi: 10.1007/s00228-017-2258-7

52. Dadgostar, P. Antimicrobial Resistance: Implications and Costs. Infect Drug Resist (2019) 12:3903–10. doi: 10.2147/IDR.S234610

53. Akrivopoulou, C, Green, IM, Donos, N, Nair, SP, and Ready, D. Aggregatibacter Actinomycetemcomitans Serotype Prevalence and Antibiotic Resistance in a UK Population With Periodontitis. J Glob Antimicrob Resist (2017) 10:54–8. doi: 10.1016/j.jgar.2017.03.011

54. Arredondo, A, Blanc, V, Mor, C, Nart, J, and León, R. Azithromycin and Erythromycin Susceptibility and Macrolide Resistance Genes in Prevotella From Patients With Periodontal Disease. Oral Dis (2019) 25(3):860–7. doi: 10.1111/odi.13043

55. Rams, TE, Degener, JE, and van Winkelhoff, AJ. Antibiotic Resistance in Human Chronic Periodontitis Microbiota. J Periodontol (2014) 85(1):160–9. doi: 10.1902/jop.2013.130142

56. Ardila, CM, and Bedoya-García, JA. Antimicrobial Resistance of Aggregatibacter Actinomycetemcomitans, Porphyromonas Gingivalis and Tannerella Forsythia in Periodontitis Patients. J Glob Antimicrob Resist (2020) 22:215–8. doi: 10.1016/j.jgar.2020.02.024

57. Pérez-Serrano, RM, Domínguez-Pérez, RA, Ayala-Herrera, JL, Luna-Jaramillo, AE, Zaldivar-Lelo de Larrea, G, Solís-Sainz, JC, et al. Dental Plaque Microbiota of Pet Owners and Their Dogs as a Shared Source and Reservoir of Antimicrobial Resistance Genes. J Glob Antimicrob Resist (2020) 21:285–90. doi: 10.1016/j.jgar.2020.03.025

58. Rams, TE, Sautter, JD, and van Winkelhoff, AJ. Antibiotic Resistance of Human Periodontal Pathogen Parvimonas Micra Over 10 Years. Antibiot (2020) 9(10):709. doi: 10.3390/antibiotics9100709

59. Rams, TE, Sautter, JD, and van Winkelhoff, AJ. Comparative In Vitro Resistance of Human Periodontal Bacterial Pathogens to Tinidazole and Four Other Antibiotics. Antibiot (2020) 9(2):68. doi: 10.3390/antibiotics9020068

60. Arredondo, A, Blanc, V, Mor, C, Nart, J, and León, R. Tetracycline and Multidrug Resistance in the Oral Microbiota: Differences Between Healthy Subjects and Patients With Periodontitis in Spain. J Oral Microbiol (2020) 13(1):1847431. doi: 10.1080/2000229720201847431

61. Almeida V de, SM, Azevedo, J, Leal, HF, de Queiroz, ATL, Filho, HPdaS, and Reis, JN. Bacterial Diversity and Prevalence of Antibiotic Resistance Genes in the Oral Microbiome. PloS One (2020) 15(9):e0239664. doi: 10.1371/journal.pone.0239664

62. Arredondo, A, Blanc, V, Mor, C, Nart, J, and León, R. Resistance to β-Lactams and Distribution of β-Lactam Resistance Genes in Subgingival Microbiota From Spanish Patients With Periodontitis. Clin Oral Investig (2020) 24(12):4639–48. doi: 10.1007/s00784-020-03333-1

63. Jepsen, K, Falk, W, Brune, F, Fimmers, R, Jepsen, S, and Bekeredjian-Ding, I. Prevalence and Antibiotic Susceptibility Trends of Periodontal Pathogens in the Subgingival Microbiota of German Periodontitis Patients: A Retrospective Surveillance Study. J Clin Periodontol (2021) 48(9):1216–27. doi: 10.1111/jcpe.13468

64. Poetker, DM, and Reh, DD. A Comprehensive Review of the Adverse Effects of Systemic Corticosteroids. Otolaryngol Clin North Am (2010) 43(4):753–68. doi: 10.1016/j.otc.2010.04.003

65. Harirforoosh, S, Asghar, W, and Jamali, F. Adverse Effects of Nonsteroidal Antiinflammatory Drugs: An Update of Gastrointestinal, Cardiovascular and Renal Complications. J Pharm Pharm Sci (2014) 16(5):821. doi: 10.18433/J3VW2F

66. Salvi, G, and Lang, N. The Effects of Non-Steroidal Anti-Inflammatory Drugs (Selective and Non-Selective) on the Treatment of Periodontal Diseases. Curr Pharm Des (2005) 11(14):1757–69. doi: 10.2174/1381612053764878

67. Safkan, B, and Knuuttila, M. Corticosteroid Therapy and Periodontal Disease. J Clin Periodontol (1984) 11(8):515–22. doi: 10.1111/j.1600-051X.1984.tb00903.x

68. Serhan, CN, Jain, A, Marleau, S, Clish, C, Kantarci, A, Behbehani, B, et al. Reduced Inflammation and Tissue Damage in Transgenic Rabbits Overexpressing 15-Lipoxygenase and Endogenous Anti-Inflammatory Lipid Mediators. J Immunol (2003) 171(12):6856–65. doi: 10.4049/jimmunol.171.12.6856

69. Hasturk, H, Kantarci, A, Goguet-Surmenian, E, Blackwood, A, Andry, C, Serhan, CN, et al. Resolvin E1 Regulates Inflammation at the Cellular and Tissue Level and Restores Tissue Homeostasis In Vivo. J Immunol (2007) 179(10):7021–9. doi: 10.4049/jimmunol.179.10.7021

70. Hasturk, H, Kantarci, A, Ohira, T, Arita, M, Ebrahimi, N, Chiang, N, et al. RvE1 Protects From Local Inflammation and Osteoclastmediated Bone Destruction in Periodontitis. FASEB J (2006) 20(2):401–3. doi: 10.1096/fj.05-4724fje

71. Van Dyke, TE, Hasturk, H, Kantarci, A, Freire, MO, Nguyen, D, Dalli, J, et al. Proresolving Nanomedicines Activate Bone Regeneration in Periodontitis. J Dent Res (2015) 94(1):148–56. doi: 10.1177/0022034514557331

72. Hasturk, H, Abdallah, R, Kantarci, A, Nguyen, D, Giordano, N, Hamilton, J, et al. Resolvin E1 (RvE1) Attenuates Atherosclerotic Plaque Formation in Diet and Inflammation-Induced Atherogenesis. Arterioscler Thromb Vasc Biol (2015) 35(5):1123–33. doi: 10.1161/ATVBAHA.115.305324

73. Lee, C-T, Teles, R, Kantarci, A, Chen, T, McCafferty, J, Starr, JR, et al. Resolvin E1 Reverses Experimental Periodontitis and Dysbiosis. J Immunol (2016) 197(7):2796–806. doi: 10.4049/jimmunol.1600859

74. Abe, T, Hosur, KB, Hajishengallis, E, Reis, ES, Ricklin, D, Lambris, JD, et al. Local Complement-Targeted Intervention in Periodontitis: Proof-Of-Concept Using a C5a Receptor (CD88) Antagonist. J Immunol (2012) 189(11):5442–8. doi: 10.4049/jimmunol.1202339

75. Maekawa, T, Abe, T, Hajishengallis, E, Hosur, KB, DeAngelis, RA, Ricklin, D, et al. Genetic and Intervention Studies Implicating Complement C3 as a Major Target for the Treatment of Periodontitis. J Immunol (2014) 192(12):6020–7. doi: 10.4049/jimmunol.1400569

76. Maekawa, T, Briones, RA, Resuello, RRG, Tuplano, JV, Hajishengallis, E, Kajikawa, T, et al. Inhibition of Pre-Existing Natural Periodontitis in non-Human Primates by a Locally Administered Peptide Inhibitor of Complement C3. J Clin Periodontol (2016) 43(3):238–49. doi: 10.1111/jcpe.12507

77. Kajikawa, T, Briones, RA, Resuello, RRG, Tuplano, JV, Reis, ES, Hajishengallis, E, et al. Safety and Efficacy of the Complement Inhibitor AMY-101 in a Natural Model of Periodontitis in Non-Human Primates. Mol Ther - Methods Clin Dev (2017) 6:207–15. doi: 10.1016/j.omtm.2017.08.001

78. Delima, AJ, Karatzas, S, Amar, S, and Graves, DT. Inflammation and Tissue Loss Caused by Periodontal Pathogens Is Reduced by Interleukin-1 Antagonists. J Infect Dis (2002) 186(4):511–6. doi: 10.1086/341778

79. Delima, AJ, Oates, T, Assuma, R, Schwartz, Z, Cochran, D, Amar, S, et al. Soluble Antagonists to Interleukin-1 (IL-1) and Tumor Necrosis Factor (TNF) Inhibits Loss of Tissue Attachment in Experimental Periodontitis. J Clin Periodontol (2001) 28(3):233–40. doi: 10.1034/j.1600-051x.2001.028003233.x

80. Assuma, R, Oates, T, Cochran, D, Amar, S, and Graves, DT. IL-1 and TNF Aantagonists Inhibit the Inflammatory Response and Bone Loss in Experimental Periodontitis. J Immunol (1998) 160(1):403–09.

81. Di Paola, R, Mazzon, E, Muià, C, Crisafulli, C, Terrana, D, Greco, S, et al. Effects of Etanercept, a Tumour Necrosis Factor-α Antagonist, in an Experimental Model of Periodontitis in Rats. Br J Pharmacol (2007) 150(3):286–97. doi: 10.1038/sj.bjp.0706979

82. Eskan, MA, Jotwani, R, Abe, T, Chmelar, J, Lim, J-H, Liang, S, et al. The Leukocyte Integrin Antagonist Del-1 Inhibits IL-17-Mediated Inflammatory Bone Loss. Nat Immunol (2012) 13(5):465–73. doi: 10.1038/ni.2260

83. Oates, TW, Graves, DT, and Cochran, DL. Clinical, Radiographic and Biochemical Assessment of IL-1/TNF-α Antagonist Inhibition of Bone Loss in Experimental Periodontitis. J Clin Periodontol (2002) 29(2):137–43. doi: 10.1034/j.1600-051x.2002.290208.x

84. Gonçalves, DC, Evangelista, RC, da Silva, RR, Santos, MJS, Silva, FS, Aragão, KS, et al. Infliximab Attenuates Inflammatory Osteolysis in a Model of Periodontitis in Wistar Rats. Exp Biol Med (2014) 239(4):442–53. doi: 10.1177/1535370213520114

85. Brandtzaeg, P. Secretory Immunity With Special Reference to the Oral Cavity. J Oral Microbiol (2013) 5(1):20401. doi: 10.3402/jom.v5i0.20401

86. Hirschfeld, I. An Investigation of Inava Endocorps Vaccine**Report of the Committee on Scientific Research. Read Before the American Academy of Periodontology, Louisville, Ky., Sept. 18, 1925. J Am Dent Assoc (1926) 13(11):1613–24. doi: 10.14219/jada.archive.1926.0265

87. Pfizer Animal Health. The Porphyromonas Denticanis-Gulae-Salivosa Bacterin Will No Longer be Available. (2011).

88. Kurita-Ochiai, T, Hashizume-Takizawa, T, Kobayashi, R, and Yamamoto, M. Mucosal Vaccines for Oral Disease. In: Mucosal Vaccines. Amsterdam: Elsevier (2020). p. 649–61.

89. Guo, H, Wang, X, Jiang, G, and Yang, P. Construction of a Siga-Enhancing Anti-Porphyromonas Gingivalis FimA Vaccine and Nasal Immunization in Mice. Immunol Lett (2006) 107(1):71–5. doi: 10.1016/j.imlet.2006.07.008

90. Honma, K, Kato, T, and Okuda, K. Salivary Immunoglobulin A Production Against a Synthetic Oligopeptide Antigen of Actinobacillus Actinomycetemcomitans Fimbriae. Oral Microbiol Immunol (1999) 14(5):288–92. doi: 10.1034/j.1399-302X.1999.140504.x

91. Miyachi, K, Ishihara, K, Kimizuka, R, and Okuda, K. Arg-Gingipain A DNA Vaccine Prevents Alveolar Bone Loss in Mice. J Dent Res (2007) 86(5):446–50. doi: 10.1177/154405910708600511

92. Kusumoto, Y, Ogawa, T, and Hamada, S. Generation of Specific Antibody-Secreting Cells in Salivary Glands of BALB/c Mice Following Parenteral or Oral Immunization With Porphyromonas Gingivalis Fimbriae. Arch Oral Biol (1993) 38(5):361–7. doi: 10.1016/0003-9969(93)90206-2

93. Nakao, R, Hasegawa, H, Dongying, B, Ohnishi, M, and Senpuku, H. Assessment of Outer Membrane Vesicles of Periodontopathic Bacterium Porphyromonas Gingivalis as Possible Mucosal Immunogen. Vaccine (2016) 34(38):4626–34. doi: 10.1016/j.vaccine.2016.06.016

94. Ogawa, T, Kusumoto, Y, Kiyono, H, McGhee, JR, and Hamada, S. Occurrence of Antigen-Specific B Cells Following Oral or Parenteral Immunization With Porphyromonas Gingivalis Fimbriae. Int Immunol (1992) 4(9):1003–10. doi: 10.1093/intimm/4.9.1003

95. Ogawa, T, Shimauchi, H, and Hamada, S. Mucosal and Systemic Immune Responses in BALB/c Mice to Bacteroides Gingivalis Fimbriae Administered Orally. Infect Immun (1989) 57(11):3466–71. doi: 10.1128/iai.57.11.3466-3471.1989

96. Okuda, K, Kato, T, Naito, Y, Takazoe, I, Kikuchi, Y, Nakamura, T, et al. Protective Efficacy of Active and Passive Immunizations Against Experimental Infection With Bacteroides Gingivalis in Ligated Hamsters. J Dent Res (1988) 67(5):807–11. doi: 10.1177/00220345880670050201

97. Takamatsu-Matsushita, N, Yamaguchi, N, Kawasaki, M, Yamashita, Y, Takehara, T, and Koga, T. Immunogenicity of Actinobacillus Actinomycetemcomitans Serotype B-Specific Polysaccharide-Protein Conjugate. Oral Microbiol Immunol (1996) 11(4):220–5. doi: 10.1111/j.1399-302X.1996.tb00173.x

98. Zhang, P, Yang, QB, Marciani, DJ, Martin, M, Clements, JD, Michalek, SM, et al. Effectiveness of the Quillaja Saponin Semi-Synthetic Analog GPI-0100 in Potentiating Mucosal and Systemic Responses to Recombinant HagB From Porphyromonas Gingivalis. Vaccine (2003) 21(27–30):4459–71. doi: 10.1016/S0264-410X(03)00438-9

99. Zhang, P, Yang, Q-B, Balkovetz, DF, Lewis, JP, Clements, JD, Michalek, SM, et al. Effectiveness of the B Subunit of Cholera Toxin in Potentiating Immune Responses to the Recombinant Hemagglutinin/Adhesin Domain of the Gingipain Kgp From Porphyromonas Gingivalis. Vaccine (2005) 23(39):4734–44. doi: 10.1016/j.vaccine.2005.05.004

100. Takahashi, Y, Kumada, H, Hamada, N, Haishima, Y, Ozono, S, Isaka, M, et al. Induction of Immune Responses and Prevention of Alveolar Bone Loss by Intranasal Administration of Mice With Porphyromonas Gingivalis Fimbriae and Recombinant Cholera Toxin B Subunit. Oral Microbiol Immunol (2007) 22(6):374–80. doi: 10.1111/j.1399-302X.2007.00373.x

101. Chang, E, Kobayashi, R, Hagiwara-Hamano, M, Kurita-Ochiai, T, and Komiya, M. Nasal Vaccination With GroEL Plus CpG ODN Inhibits P. Gingivalis-Induced Inflammation and Alveolar Bone Loss. Int J Oral-Med Sci (2020) 18(3–4):191–8. doi: 10.5466/ijoms.18.191

102. Bai, G, Yu, H, Guan, X, Zeng, F, Liu, X, Chen, B, et al. CpG Immunostimulatory Oligodeoxynucleotide 1826 as a Novel Nasal ODN Adjuvant Enhanced the Protective Efficacy of the Periodontitis Gene Vaccine in a Periodontitis Model in SD Rats. BMC Oral Heal (2021) 21(1):1–12. doi: 10.1186/s12903-021-01763-1

103. Sharma, A, Honma, K, Evans, RT, Hruby, DE, and Genco, RJ. Oral Immunization With Recombinant Streptococcus Gordonii Expressing Porphyromonas Gingivalis FimA Domains. Infect Immun (2001) 69(5):2928–34. DiRita VJ, editor. doi: 10.1128/IAI.69.5.2928-2934.2001

104. Liu, C, Hashizume, T, Kurita-Ochiai, T, Fujihashi, K, and Yamamoto, M. Oral Immunization With Porphyromonas Gingivalis Outer Membrane Protein and CpG Oligodeoxynucleotides Elicits T Helper 1 and 2 Cytokines for Enhanced Protective Immunity. Mol Oral Microbiol (2010) 25(3):178–89. doi: 10.1111/j.2041-1014.2009.00560.x

105. Ma, L, Ding, Q, Feng, X, and Li, F. The Protective Effect of Recombinant FomA-Expressing Lactobacillus Acidophilus Against Periodontal Infection. Inflammation (2013) 36(5):1160–70. doi: 10.1007/s10753-013-9651-x

106. Zhang, T, Hashizume, T, Kurita-Ochiai, T, and Yamamoto, M. Sublingual Vaccination With Outer Membrane Protein of Porphyromonas Gingivalis and Flt3 Ligand Elicits Protective Immunity in the Oral Cavity. Biochem Biophys Res Commun (2009) 390(3):937–41. doi: 10.1016/j.bbrc.2009.10.081

107. Yuzawa, S, Kurita-Ochiai, T, Hashizume, T, Kobayashi, R, Abiko, Y, and Yamamoto, M. Sublingual Vaccination With Fusion Protein Consisting of the Functional Domain of Hemagglutinin A of Porphyromonas Gingivalis and Escherichia Coli Maltose-Binding Protein Elicits Protective Immunity in the Oral Cavity. FEMS Immunol Med Microbiol (2012) 64(2):265–72. doi: 10.1111/j.1574-695X.2011.00895.x

108. Momoi, F, Hashizume, T, Kurita-Ochiai, T, Yuki, Y, Kiyono, H, and Yamamoto, M. Nasal Vaccination With the 40-Kilodalton Outer Membrane Protein of Porphyromonas Gingivalis and a Nontoxic Chimeric Enterotoxin Adjuvant Induces Long-Term Protective Immunity With Reduced Levels of Immunoglobulin E Antibodies. Infect Immun (2008) 76(6):2777–84. doi: 10.1128/IAI.01502-07

109. Liu, PF, Haake, SK, Gallo, RL, and Huang, CM. A Novel Vaccine Targeting Fusobacterium Nucleatum Against Abscesses and Halitosis. Vaccine (2009) 27(10):1589–95. doi: 10.1016/j.vaccine.2008.12.058

110. Liu, PF, Shi, W, Zhu, W, Smith, JW, Hsieh, SL, Gallo, RL, et al. Vaccination Targeting Surface FomA of Fusobacterium Nucleatum Against Bacterial Co-Aggregation: Implication for Treatment of Periodontal Infection and Halitosis. Vaccine (2010) 28(19):3496–505. doi: 10.1016/j.vaccine.2010.02.047

111. Du, Y, Hashizume, T, Kurita-Ochiai, T, Yuzawa, S, Abiko, Y, and Yamamoto, M. Nasal Immunization With a Fusion Protein Consisting of the Hemagglutinin A Antigenic Region and the Maltose-Binding Protein Elicits CD11c+ CD8+ Dendritic Cells for Induced Long-Term Protective Immunity. Blanke SR editor Infect Immun (2011) 79(2):895–904. doi: 10.1128/IAI.01203-10

112. Yu, F, Xu, Q-A, and Chen, W. A Targeted fimA DNA Vaccine Prevents Alveolar Bone Loss in Mice After Intra-Nasal Administration. J Clin Periodontol (2011) 38(4):334–40. doi: 10.1111/j.1600-051X.2010.01700.x

113. Peters, JL, DeMars, PL, Collins, LM, Stoner, JA, Matsumoto, H, Komori, N, et al. Effects of Immunization With Natural and Recombinant Lysine Decarboxylase on Canine Gingivitis Development. Vaccine (2012) 30(47):6706–12. doi: 10.1016/j.vaccine.2012.08.028

114. Puth, S, Hong, SH, Na, HS, Lee, HH, Lee, YS, Kim, SY, et al. A Built-in Adjuvant-Engineered Mucosal Vaccine Against Dysbiotic Periodontal Diseases. Mucosal Immunol (2019) 12(2):565–79. doi: 10.1038/s41385-018-0104-6

115. Puth, S, Hong, H, Park, MJ, Lee, HH, Lee, YS, Jeong, K, et al. Mucosal Immunization With a Flagellin-Adjuvanted Hgp44 Vaccine Enhances Protective Immune Responses in a Murine Porphyromonas Gingivalis Infection Model. Hum Vaccin Immunother (2017) 13:2794–803. doi: 10.1080/21645515.2017.1327109

116. Shimizu, Y, Iwasaki, T, Tajima, T, Yuba, E, Kono, K, and Watarai, S. Induction of Antibody Response in the Oral Cavity of Dogs Following Intraocular (Eye Drop) Immunization With Porphyromonas Gingivalis Cell Lysate Incorporated in pH-Sensitive Fusogenic Polymer-Modified Liposomes. J Vet Med Sci (2017) 79(2):290–8. doi: 10.1292/jvms.16-0338

117. Albuquerque, C, Morinha, F, Requicha, J, Martins, T, Dias, I, Guedes-Pinto, H, et al. Canine Periodontitis: The Dog as an Important Model for Periodontal Studies. Vet J (2012) 191(3):299–305. doi: 10.1016/j.tvjl.2011.08.017

118. Catunda, RQ, Ho, KK-Y, Patel, S, and Febbraio, M. A 2-Plane Micro-Computed Tomographic Alveolar Bone Measurement Approach in Mice. Imaging Sci Dent (2021) 51:e47. doi: 10.5624/isd.20210058

119. Lohrberg, M, Pabst, R, and Wilting, J. Co-Localization of Lymphoid Aggregates and Lymphatic Networks in Nose- (NALT) and Lacrimal Duct-Associated Lymphoid Tissue (LDALT) of Mice. BMC Immunol (2018) 19(1):1–8. doi: 10.1186/s12865-018-0242-3

120. Casteleyn, C, Breugelmans, S, Simoens, P, and Van Den Broeck, W. The Tonsils Revisited: Review of the Anatomical Localization and Histological Characteristics of the Tonsils of Domestic and Laboratory Animals. Clin Dev Immunol (2011) 2011:472460. doi: 10.1155/2011/472460

121. Yang, J, Dai, L, Yu, Q, and Yang, Q. Histological and Anatomical Structure of the Nasal Cavity of Bama Minipigs. PloS One (2017) 12(3):e0173902. doi: 10.1371/journal.pone.0173902

122. Roberts, FA, Houston, LS, Lukehart, SA, Mancl, LA, Persson, GR, and Page, RC. Periodontitis Vaccine Decreases Local Prostaglandin E2 Levels in a Primate Model. Infect Immun (2004) 72(2):1166. doi: 10.1128/IAI.72.2.1166-1168.2004

123. Persson, GR, Engel, D, Whitney, C, Darveau, R, Weinberg, A, Brunsvold, M, et al. Immunization Against Porphyromonas Gingivalis Inhibits Progression of Experimental Periodontitis in Nonhuman Primates. Infect Immun (1994) 62(3):1026–31. doi: 10.1128/iai.62.3.1026-1031.1994

124. Page, RC, Lantz, MS, Darveau, R, Jeffcoat, M, Mancl, L, Houston, L, et al. Immunization of Macaca Fascicularis Against Experimental Periodontitis Using a Vaccine Containing Cysteine Proteases Purified From Porphyromonas Gingivalis. Oral Microbiol Immunol (2007) 22(3):162–8. doi: 10.1111/j.1399-302X.2007.00337.x

125. Struillou, X, Boutigny, H, Soueidan, A, and Layrolle, P. Experimental Animal Models in Periodontology: A Review. Open Dent J (2010) 4(1):37–47. doi: 10.2174/1874210601004010037

126. Hardham, J, Reed, M, Wong, J, King, K, Laurinat, B, Sfintescu, C, et al. Evaluation of a Monovalent Companion Animal Periodontal Disease Vaccine in an Experimental Mouse Periodontitis Model. Vaccine (2005) 23(24):3148–56. doi: 10.1016/j.vaccine.2004.12.026

127. Hardham, J, Sfintescu, C, and Evans, RT. Evaluation of Cross-Protection by Immunization With an Experimental Trivalent Companion Animal Periodontitis Vaccine in the Mouse Periodontitis Model. J Vet Dent (2008) 25(1):23–7. doi: 10.1177/089875640802500107

128. Liu, Y, Zheng, Y, Ding, G, Fang, D, Zhang, C, Bartold, PM, et al. Periodontal Ligament Stem Cell-Mediated Treatment for Periodontitis in Miniature Swine. Stem Cells (2008) 26(4):1065–73. doi: 10.1634/stemcells.2007-0734

129. Sasaki, Y, Hayashi, J, Fujimura, T, Iwamura, Y, Yamamoto, G, Nishida, E, et al. New Irradiation Method With Indocyanine Green-Loaded Nanospheres for Inactivating Periodontal Pathogens. Int J Mol Sci (2017) 18(1):154. doi: 10.3390/ijms18010154

130. Abe, T, and Hajishengallis, G. Optimization of the Ligature-Induced Periodontitis Model in Mice. J Immunol Methods (2013) 394(1–2):49–54. doi: 10.1016/j.jim.2013.05.002

131. Russell, MW, and Mestecky, J. Mucosal Vaccines: An Overview. In: Mucosal Immunology, 4th ed. Amsterdam: Elsevier Inc (2015). p. 1039–46.

132. Wilson, HL, Gerdts, V, and Babiuk, LA. Mucosal Vaccine Development for Veterinary and Aquatic Diseases. In: Mucosal Vaccines: Innovation for Preventing Infectious Diseases. Amsterdam: Elsevier (2019). p. 811–29.

133. Vela Ramirez, JE, Sharpe, LA, and Peppas, NA. Current State and Challenges in Developing Oral Vaccines. Adv Drug Deliv Rev (2017) 114:116–31. doi: 10.1016/j.addr.2017.04.008

134. Devriendt, B, De Geest, BG, Goddeeris, BM, and Cox, E. Crossing the Barrier: Targeting Epithelial Receptors for Enhanced Oral Vaccine Delivery. J Controlled Release (2012) 160:431–9. Elsevier;. doi: 10.1016/j.jconrel.2012.02.006

135. Van der Weken, H, Cox, E, and Devriendt, B. Advances in Oral Subunit Vaccine Design. Vaccines (2021) 9(1):1. doi: 10.3390/vaccines9010001

136. Yanagita, M, Hiroi, T, Kitagaki, N, Hamada, S, Ito, H, Shimauchi, H, et al. Nasopharyngeal-Associated Lymphoreticular Tissue (NALT) Immunity: Fimbriae-Specific Th1 and Th2 Cell-Regulated IgA Responses for the Inhibition of Bacterial Attachment to Epithelial Cells and Subsequent Inflammatory Cytokine Production. J Immunol (1999) 162(6):3559–65.

137. Nagasawa, T, Aramaki, M, Takamatsu, N, Koseki, T, Kobayashi, H, and Ishikawa, I. Oral Administration of Porphyromonas Gingivalis Fimbriae With Cholera Toxin Induces Anti-Fimbriae Serum IgG, IgM, IgA and Salivary IgA Antibodies. J Periodontal Res (1999) 34(3):169–74. doi: 10.1111/j.1600-0765.1999.tb02238.x

138. Kim, TG, Huy, NX, Kim, MY, Jeong, DK, Jang, YS, Yang, MS, et al. Immunogenicity of a Cholera Toxin B Subunit Porphyromonas Gingivalis Fimbrial Antigen Fusion Protein Expressed in E. Coli. Mol Biotechnol (2009) 41(2):157–64. doi: 10.1007/s12033-008-9102-3

139. Kozarov, E, Miyashita, N, Burks, J, Cerveny, K, Brown, TA, McArthur, WP, et al. Expression and Immunogenicity of Hemagglutinin A From Porphyromonas Gingivalis in an AvirulentSalmonella Enterica Serovar Typhimurium Vaccine Strain. Infect Immun (2000) 68(2):732–9. Burns DL, editor. doi: 10.1128/IAI.68.2.732-739.2000

140. Dusek, DM, Progulske-Fox, A, and Brown, TA. Systemic and Mucosal Immune Responses in Mice Orally Immunized With Avirulent Salmonella Typhimurium Expressing a Cloned Porphyromonas Gingivalis Hemagglutinin. Infect Immun (1994) 62(5):1652–7. doi: 10.1128/iai.62.5.1652-1657.1994

141. Isoda, R, Simanski, SP, Pathangey, L, Stone, AES, and Brown, TA. Expression of a Porphyromonas Gingivalis Hemagglutinin on the Surface of a Salmonella Vaccine Vector. Vaccine (2007) 25(1):117–26. doi: 10.1016/j.vaccine.2006.06.085

142. Kohler, JJ, Pathangey, LB, and Brown, TA. Oral Immunization With Recombinant Salmonella Typhimurium Expressing a Cloned Porphyromonas Gingivalis Hemagglutinin: Effect of Boosting on Mucosal, Systemic and Immunoglobulin G Subclass Response. Oral Microbiol Immunol (1998) 13(2):81–8. doi: 10.1111/j.1399-302X.1998.tb00717.x

143. Ikeda, T, Kobayashi, R, and Kurita-Ochiai, T. Comparison of Mucosal Immune Response After Oral, Nasal or Sublingual Immunization With an Outer Membrane Protein of Porphyromonas Gingivalis. Int J Oral-Med Sci (2013) 12(3):121–8. doi: 10.5466/ijoms.12.121

144. van Ginkel, FW, Jackson, RJ, Yuki, Y, and McGhee, JR. Cutting Edge: The Mucosal Adjuvant Cholera Toxin Redirects Vaccine Proteins Into Olfactory Tissues. J Immunol (2000) 165(9):4778–82. doi: 10.4049/jimmunol.165.9.4778

145. Lewis, DJM, Huo, Z, Barnett, S, Kromann, I, Giemza, R, Galiza, E, et al. Transient Facial Nerve Paralysis (Bell’s Palsy) Following Intranasal Delivery of a Genetically Detoxified Mutant of Escherichia Coli Heat Labile Toxin. PloS One (2009) 4(9):e6999. Bereswill S, editor. doi: 10.1371/journal.pone.0006999

146. Nakagaki, H, Sekine, S, Terao, Y, Toe, M, Tanaka, M, Ito, H-O, et al. Fusobacterium Nucleatum Envelope Protein FomA Is Immunogenic and Binds to the Salivary Statherin-Derived Peptide. Infect Immun (2010) 78(3):1185–92. doi: 10.1128/IAI.01224-09

147. Kobuchi, K, Kataoka, K, Taguchi, Y, Miyake, T, and Umeda, M. Nasal Double DNA Adjuvant Induces Salivary FimA-Specific Secretory IgA Antibodies in Young and Aging Mice and Blocks Porphyromonas Gingivalis Binding to a Salivary Protein. BMC Oral Health (2019) 19(1):188. doi: 10.1186/s12903-019-0886-2

148. Namikoshi, J, Otake, S, Maeba, S, Hayakawa, M, Abiko, Y, and Yamamoto, M. Specific Antibodies Induced by Nasally Administered 40-kDa Outer Membrane Protein of Porphyromonas Gingivalis Inhibits Coaggregation Activity of P. Gingivalis. Vaccine (2003) 22(2):250–6. doi: 10.1016/S0264-410X(03)00576-0

149. Cai, Y, Kurita-Ochiai, T, Kobayashi, R, Hashizume, T, and Yamamoto, M. Nasal Immunization With the 40-kDa Outer Membrane Protein of Porphyromonas Gingivalis Plus Cholera Toxin Induces Protective Immunity in Aged Mice. J Oral Sci (2013) 55(2):107–14. doi: 10.2334/josnusd.55.107

150. Bai, D, Nakao, R, Ito, A, Uematsu, H, and Senpuku, H. Immunoreactive Antigens Recognized in Serum Samples From Mice Intranasally Immunized With Porphyromonas Gingivalis Outer Membrane Vesicles. Pathog Dis (2015) 73(3):6. doi: 10.1093/femspd/ftu006

151. Nakao, R, Hasegawa, H, Ochiai, K, Takashiba, S, Ainai, A, Ohnishi, M, et al. Outer Membrane Vesicles of Porphyromonas Gingivalis Elicit a Mucosal Immune Response. PloS One (2011) 6(10):e26163. Chin W-C, editor. doi: 10.1371/journal.pone.0026163

152. Yang, Q-B, Martin, M, Michalek, SM, and Katz, J. Mechanisms of Monophosphoryl Lipid A Augmentation of Host Responses to Recombinant HagB From Porphyromonas Gingivalis. Infect Immun (2002) 70(7):3557–65. doi: 10.1128/IAI.70.7.3557-3565.2002

153. Zhang, P, Lewis, JP, Michalek, SM, and Katz, J. Role of CD80 and CD86 in Host Immune Responses to the Recombinant Hemagglutinin Domain of Porphyromonas Gingivalis Gingipain and in the Adjuvanticity of Cholera Toxin B and Monophosphoryl Lipid a. Vaccine (2007) 25(33):6201–10. doi: 10.1016/j.vaccine.2007.05.066

154. Pabst, R. Mucosal Vaccination by the Intranasal Route. Nose-Associated Lymphoid Tissue (NALT)-Structure, Function and Species Differences. Vaccine (2015) 33:4406–13. . Elsevier Ltd;. doi: 10.1016/j.vaccine.2015.07.022

155. Kiros, TG, Levast, B, Auray, G, Strom, S, Van Kessel, J, and Gerdts, V. The Importance of Animal Models in the Development of Vaccines. In: Innovation in Vaccinology: From Design, Through to Delivery and Testing. Dordrecht: Springer Netherlands (2012). p. 251–64.

156. Seers, CA, Mahmud, ASM, Huq, NL, Cross, KJ, and Reynolds, EC. Porphyromonas Gingivalis Laboratory Strains and Clinical Isolates Exhibit Different Distribution of Cell Surface and Secreted Gingipains. J Oral Microbiol (2021) 13(1):1858001. doi: 10.1080/20002297.2020.1858001

157. Zhang, L, Veith, PD, Huq, NL, Chen, Y-Y, Seers, CA, Cross, KJ, et al. Porphyromonas Gingivalis Gingipains Display Transpeptidation Activity. J Proteome Res (2018) 17(8):2803–18. doi: 10.1021/acs.jproteome.8b00286

158. Vincents, B, Guentsch, A, Kostolowska, D, von Pawel-Rammingen, U, Eick, S, Potempa, J, et al. Cleavage of IgG1 and IgG3 by Gingipain K From Porphyromonas Gingivalis may Compromise Host Defense in Progressive Periodontitis. FASEB J (2011) 25(10):3741–50. doi: 10.1096/fj.11-187799

159. Travis, J, Pike, R, Imamura, T, and Potempa, J. Porphyromonas Gingivalis Proteinases as Virulence Factors in the Development of Periodontitis. J Periodontal Res (1997) 32(1 PART 2):120–5. doi: 10.1111/j.1600-0765.1997.tb01392.x

160. O’Brien-Simpson, N, Veith, P, Dashper, S, and Reynolds, E. Porphyromonas Gingivalis Gingipains: The Molecular Teeth of a Microbial Vampire. Curr Protein Pept Sci (2005) 4(6):409–26. doi: 10.2174/1389203033487009

161. Abe, N, Kadowaki, T, Okamoto, K, Nakayama, K, Ohishi, M, and Yamamoto, K. Biochemical and Functional Properties of Lysine-Specific Cysteine Proteinase (Lys-Gingipain) as a Virulence Factor of Porphyromonas Gingivalis in Periodontal Disease 1. J Biochem (1998) 123:305–12. doi: 10.1093/oxfordjournals.jbchem.a021937

162. Rhee, JH. Current and New Approaches for Mucosal Vaccine Delivery. In: Mucosal Vaccines: Innovation for Preventing Infectious Diseases. Amsterdam: Elsevier (2020). p. 325–56.

163. Paris, AL, Colomb, E, Verrier, B, Anjuère, F, and Monge, C. Sublingual Vaccination and Delivery Systems. J Control Release (2021) 332:553–62. doi: 10.1016/j.jconrel.2021.03.017

164. Kraan, H, Vrieling, H, Czerkinsky, C, Jiskoot, W, Kersten, G, and Amorij, J-PP. Buccal and Sublingual Vaccine Delivery. J Control Release (2014) 190:580–92. doi: 10.1016/j.jconrel.2014.05.060

165. Moffatt, K, Wang, Y, Raj Singh, TR, and Donnelly, RF. Microneedles for Enhanced Transdermal and Intraocular Drug Delivery. Curr Opin Pharmacol (2017) 36:14–21. doi: 10.1016/j.coph.2017.07.007

166. Chang, E, Kobayashi, R, Hagiwara, M, Komiya, M, Kurita-Ochiai, T, and Kurita-Ochiai, T. Evaluation of Suitable Antigens and Adjuvant Concentration for Sublingual Immunization to Prevent Periodontal Disease. Oral Sci Int (2019) 16(2):80–6. doi: 10.1002/osi2.1018

167. Miquel-Clopés, A, Bentley, EG, Stewart, JP, Carding, SR, Miquel-Clopés, A, Bentley, EG, et al. Mucosal Vaccines and Technology. Clin Exp Immunol (2019) 196(2):cei.13285. doi: 10.1111/cei.13285

168. Jacob, S, Nair, AB, Boddu, SHS, Gorain, B, Sreeharsha, N, and Shah, J. An Updated Overview of the Emerging Role of Patch and Film-Based Buccal Delivery Systems. Pharm (2021) 13(8):1206. doi: 10.3390/pharmaceutics13081206

169. Socransky, SS, Haffajee, AD, Cugini, MA, Smith, C, and Kent, RL. Microbial Complexes in Subgingival Plaque. J Clin Periodontol (1998) 25(2):134–44. doi: 10.1111/j.1600-051X.1998.tb02419.x

170. Darveau, RP, Hajishengallis, G, and Curtis, MA. Porphyromonas Gingivalis as a Potential Community Activist for Disease. J Dental Res (2012) 91(9):816–20. doi: 10.1177/0022034512453589

171. Lenzo, JC, O’Brien-Simpson, NM, Orth, RK, Mitchell, HL, Dashper, SG, and Reynolds, EC. Porphyromonas Gulae Has Virulence and Immunological Characteristics Similar to Those of the Human Periodontal Pathogen Porphyromonas Gingivalis. Infect Immun (2016) 84(9):2575–85. doi: 10.1128/IAI.01500-15

172. Han, YW. Fusobacterium Nucleatum: A Commensal-Turned Pathogen. Curr Opin Microbiol (2015) 23:141–7. doi: 10.1016/j.mib.2014.11.013

173. Fine, DH, Patil, AG, and Velusamy, SK. Aggregatibacter Actinomycetemcomitans (Aa) Under the Radar: Myths and Misunderstandings of Aa and Its Role in Aggressive Periodontitis. Front Immunol (2019) 0(MAR):728. doi: 10.3389/fimmu.2019.00728

174. Ghosh, SK, Feng, Z, Fujioka, H, Lux, R, McCormick, TS, and Weinberg, A. Conceptual Perspectives: Bacterial Antimicrobial Peptide Induction as a Novel Strategy for Symbiosis With the Human Host. Front Microbiol (2018) 0(FEB):302. doi: 10.3389/fmicb.2018.00302

175. Haubek, D, Ennibi, O-K, Poulsen, K, Væth, M, Poulsen, S, and Kilian, M. Risk of Aggressive Periodontitis in Adolescent Carriers of the JP2 Clone of Aggregatibacter (Actinobacillus) Actinomycetemcomitans in Morocco: A Prospective Longitudinal Cohort Study. Lancet (2008) 371(9608):237–42. doi: 10.1016/S0140-6736(08)60135-X

176. Moxon, R, Reche, PA, and Rappuoli, R. Editorial: Reverse Vaccinology. Front Immunol (2019) 0:2776. doi: 10.3389/fimmu.2019.02776

177. Liu, MA. A Comparison of Plasmid DNA and mRNA as Vaccine Technologies. Vaccines (2019) 7:MDPI AG. doi: 10.3390/vaccines7020037

178. Hou, X, Zaks, T, Langer, R, and Dong, Y. Lipid Nanoparticles for mRNA Delivery. Nat Rev Mater (2021), 1–17. doi: 10.1038/s41578-021-00358-0

179. Turner, JS, O’Halloran, JA, Kalaidina, E, Kim, W, Schmitz, AJ, Zhou, JQ, et al. SARS-CoV-2 mRNA Vaccines Induce Persistent Human Germinal Centre Responses. Nat (2021) 596(7870):109–13. doi: 10.1038/s41586-021-03738-2

180. Li, M, Wang, Y, Sun, Y, Cui, H, Zhu, SJ, and Qiu, H-J. Mucosal Vaccines: Strategies and Challenges. Immunol Lett (2020) 217:116–25. doi: 10.1016/j.imlet.2019.10.013

181. Coffey, JW, Das Gaiha, G, and Traverso, G. Oral Biologic Delivery: Advances Toward Oral Subunit, DNA, and mRNA Vaccines and the Potential for Mass Vaccination During Pandemics. Annu Rev Pharmacol Toxicol (2021) 61(1):517–40. doi: 10.1146/annurev-pharmtox-030320-092348

182. O’Brien-Simpson, NM, Holden, JA, Lenzo, JC, Tan, Y, Brammar, GC, Walsh, KA, et al. A Therapeutic Porphyromonas Gingivalis Gingipain Vaccine Induces Neutralising IgG1 Antibodies That Protect Against Experimental Periodontitis. NPJ Vaccines (2016) 1(1):16022. doi: 10.1038/npjvaccines.2016.22

183. Yokoyama, K, Sugano, N, Shimada, T, Shofiqur, RAKM, Ibrahim, E-SM, Isoda, R, et al. Effects of Egg Yolk Antibody Against Porphyromonas Gingivalis Gingipains in Periodontitis Patients. J Oral Sci (2007) 49(3):201–6. doi: 10.2334/josnusd.49.201

184. Arastu-Kapur, S, Nguyen, M, Raha, D, Ermini, F, Haditsch, U, Araujo, J, et al. Treatment of Porphyromonas Gulae Infection and Downstream Pathology in the Aged Dog by Lysine-Gingipain Inhibitor COR388. Pharmacol Res Perspect (2020) 8(1):e00562. doi: 10.1002/prp2.562

185. Zhao, L, Zhou, Y, Xu, Y, Sun, Y, Li, L, and Chen, W. Effect of non-Surgical Periodontal Therapy on the Levels of Th17/Th1/Th2 Cytokines and Their Transcription Factors in Chinese Chronic Periodontitis Patients. J Clin Periodontol (2011) 38(6):509–16. doi: 10.1111/j.1600-051X.2011.01712.x

186. Dutzan, N, Kajikawa, T, Abusleme, L, Greenwell-Wild, T, Zuazo, CE, Ikeuchi, T, et al. A Dysbiotic Microbiome Triggers T H 17 Cells to Mediate Oral Mucosal Immunopathology in Mice and Humans. Sci Transl Med (2018) 10(463):eaat0797. doi: 10.1126/scitranslmed.aat0797

187. Gaffen, SL, and Hajishengallis, G. A New Inflammatory Cytokine on the Block: Re-Thinking Periodontal Disease and the Th1/Th2 Paradigm in the Context of Th17 Cells and IL-17. J Dent Res (2008) 87(9):817–28. doi: 10.1177/154405910808700908

188. Chang, E, Kobayashi, R, Fujihashi, K, Komiya, M, and Kurita-Ochiai, T. Impaired Salivary SIgA Antibodies Elicit Oral Dysbiosis and Subsequent Induction of Alveolar Bone Loss. Inflammation Res (2020) 70(1):151–8. doi: 10.1007/s00011-020-01418-x

189. Corthesy, B. Multi-Faceted Functions of Secretory IgA at Mucosal Surfaces. Front Immunol (2013) 0(JUL):185. doi: 10.3389/fimmu.2013.00185




Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Vaernewyck, Arzi, Sanders, Cox and Devriendt. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




ORIGINAL RESEARCH

published: 02 December 2021

doi: 10.3389/fimmu.2021.761130

[image: image2]


Potential Efficacy of Chitosan-Poly (Lactide-Co-Glycolide)-Encapsulated Trivalent Immersion Vaccine in Olive Flounder (Paralichthys olivaceus) Against Viral Hemorrhagic Septicemia Virus, Streptococcus parauberis Serotype I, and Miamiensis avidus (Scuticociliate)


Sajal Kole, Showkat Ahmad Dar, Su-Mi Shin, Hyeon-Jong Jeong and Sung-Ju Jung *


Department of Aqualife Medicine, Chonnam National University, Yeosu, South Korea




Edited by: 

Andreas Frey, Research Center Borstel (LG), Germany

Reviewed by: 

Uwe Fischer, Friedrich-Loeffler-Institute, Germany

Jing Xing, Ocean University of China, China

*Correspondence: 

Sung-Ju Jung
 sungju@chonnam.ac.kr

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


Received: 19 August 2021

Accepted: 08 November 2021

Published: 02 December 2021

Citation:
Kole S, Dar SA, Shin S-M, Jeong H-J and Jung S-J (2021) Potential Efficacy of Chitosan-Poly (Lactide-Co-Glycolide)-Encapsulated Trivalent Immersion Vaccine in Olive Flounder (Paralichthys olivaceus) Against Viral Hemorrhagic Septicemia Virus, Streptococcus parauberis Serotype I, and Miamiensis avidus (Scuticociliate). Front. Immunol. 12:761130. doi: 10.3389/fimmu.2021.761130



Olive flounder (Paralichthys olivaceus) is the most valuable aquaculture species in Korea, corresponding to ~60% of its total production. However, infectious diseases often break out among farmed flounders, causing high mortality and substantial economic losses. Although some deleterious pathogens, such as Vibrio spp. and Streptococcus iniae, have been eradicated or contained over the years through vaccination and proper health management, the current disease status of Korean flounder shows that the viral hemorrhagic septicemia virus (VHSV), Streptococcus parauberis, and Miamiensis avidus are causing serious disease problem in recent years. Furthermore, these three pathogens have differing optimal temperature and can attack young fingerlings and mature fish throughout the year-round culture cycle. In this context, we developed a chitosan-poly(lactide-co-glycolide) (PLGA)-encapsulated trivalent vaccine containing formalin-killed VHSV, S. parauberis serotype-I, and M. avidus and administered it to olive flounder fingerlings by immersion route using a prime-boost strategy. At 35 days post-initial vaccination, three separate challenge experiments were conducted via intraperitoneal injection with the three targeted pathogens at their respective optimal temperature. The relative percentages of survival were 66.63%, 53.3%, and 66.75% in the group immunized against VHSV, S. parauberis serotype-I, and M. avidus, respectively, compared to the non-vaccinated challenge (NVC) control group. The immunized fish also demonstrated significantly (p < 0.05) higher specific antibody titers in serum and higher transcript levels of Ig genes in the mucosal and systemic tissues than those of NVC control fish. Furthermore, the study showed significant (p < 0.05) upregulation of various immune genes in the vaccinated fish, suggesting induction of strong protective immune response, ultimately leading to improved survival against the three pathogens. Thus, the formulated mucosal vaccine can be an effective prophylactic measure against VHS, streptococcosis, and scuticociliatosis diseases in olive flounder.
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1 Introduction

Disease prevention is the key to improving production and profitability in aquaculture worldwide. Vaccination is generally accepted as the most effective prophylactic measure for disease prevention in fish based on environmental, social, and economic grounds (1). However, with the increase in variation of pathogens affecting a single fish species during its year-round culture cycle, it is imperative to develop multivalent vaccines to protect the cultured stock in a cost-effective manner using a single-vaccination program. In Korea, olive flounder (Paralichthys olivaceus) is one such economically important aquaculture species, which contributes approximately 58.1% of Korea’s total aquaculture production (2), but it is affected by various pathogenic diseases throughout the culture cycle, causing huge economic losses every year. The four most serious diseases having the maximum detrimental impacts on the flounder industry over the last two decades are viral hemorrhagic septicemia (VHS) caused by viral hemorrhagic septicemia virus (VHSV), an enveloped (−) ssRNA virus belonging to the genus Novirhabdovirus of family Rhabdoviridae (3); streptococcosis caused by Gram-positive bacteria Streptococcus iniae and Streptococcus parauberis (4, 5); edwardsiellosis caused by Gram-negative bacteria Edwardsiella tarda (E. piscicida) (6); and scuticociliatosis caused by the voraciously histophagous ciliate Miamiensis avidus (syn. Philasterides dicentrarchi) of phylum Ciliophora, subclass Scuticociliatida (7, 8). Moreover, recent epidemiological studies demonstrated that S. iniae has disappeared from Korean flounder farms in recent years, but on the contrary, the prevalence of S. parauberis has increased multiple times with two distinct serotypes, I (contributing ~64%) and II (contributing ~36%) (4). Thus, this study initially aimed to develop a multivalent vaccine against VHSV, S. parauberis serotype I, E. tarda, and M. avidus, but due to the low efficacy (i.e., no protection) of the vaccine against E. tarda, we excluded the E. tarda antigen and re-formulated the vaccine against three pathogens.

Although the three pathogens are equally deleterious to olive flounder, their infection pathologies, temperature susceptibilities, and economic impacts differ. In brief, VHSV outbreaks occur during late winter and spring when the water temperature is approximately 8–15°C, causing dark coloration, ascites, hemorrhages on external body surfaces, congested liver, and swelling of the spleen and kidney (9, 10), ultimately resulting in 50%–70% mortality in all age groups of flounder in a very short time. In contrast, outbreaks of streptococcosis caused by S. parauberis serotype I take place throughout the year and display no pathological characteristics except for darkening of the skin, but they quickly lead to high mortality irrespective of flounder size (11–14). Moreover, scuticociliatosis disease, which also occurs year-round, causes severe hemorrhages and ulcers in the skin, skeletal muscles, fins, gills, and jaw, and the parasite frequently invades internal body parts, such as the brain, ascites, and spinal cord, thus causing mortality in young fingerlings and resulting in a high (46%–57%) cumulative loss to the flounder industry (8, 15).

Therefore, to overcome these diseases and sustain flounder production, development of an effective vaccine containing trivalent antigens is urgently needed. Furthermore, it is also important that the developed vaccine uses non-stressful delivery mechanism so that it can be administered to fish of all sizes, particularly young fingerlings, where high mortality is frequently observed due to VHSV and scuticociliate infection. Previously, we developed encapsulated VHSV vaccines using chitosan and (poly)lactide-co-glycolide (PLGA) nanoparticles, which gave moderate-to-high protective efficacy post-immersion vaccination in olive flounder (16, 17). However, in recent studies, the use of a chitosan–PLGA complex as an encapsulation material for fish mucosal vaccination has been gaining popularity as it aids in exploiting the mucoadhesive property of the nanoparticle complex, in turn facilitating efficient administration of the vaccine via skin and gill surfaces with minimum antigen leakage (18–21). Taking a cue from these studies, the present study was conducted to develop a chitosan–PLGA-encapsulated trivalent vaccine complex containing inactivated VHSV, S. parauberis serotype I, and M. avidus, which was administered to olive flounder fingerlings via immersion route in a prime-boost manner to evaluate its ability to deliver antigens to the host immune cells and induce protective immunity against the three pathogens in olive flounder.



2 Materials and Methods


2.1 Experimental Animals

Olive flounder (P. olivaceus) fingerlings (10.5 ± 1.5 g) obtained from a local farm were treated with 50 ppm formalin and acclimatized in seven 250-L fiber-reinforced (FRP) tanks in our indoor rearing re-circulation facility provided with ultraviolet (UV)-treated aerated seawater, maintained at 19–20°C water temperature and pH 8.0–8.2. Fish were fed twice per day with a standard pellet diet at 3% of their body weight for 2 weeks prior to the vaccination trial. Pathogen-free status of the procured fish was confirmed by screening for viruses, bacteria, and parasites from 10 randomly selected fish as described in our previous study (16).



2.2 Antigen Preparation


2.2.1 VHSV Antigen

VHSV (F1Wa05 strain) was propagated in fathead minnow (FHM) epithelial cell line in 75 cm2 tissue culture flasks at 15 ± 0.5°C. The culture was maintained with Dulbecco’s modified Eagle medium (DMEM; Gibco, Invitrogen, USA) supplemented with 10% (v/v) fetal bovine serum (FBS; Gibco), 100 IU/ml penicillin G, and 100 µg/ml streptomycin (Gibco). After the development of complete cytopathic effect (CPE), the cell culture supernatant was centrifuged at 3,500×g for 30 min at 4°C, and aliquots were stored at −80°C until use. The harvested VHSV with a virus titer of 108.8 TCID50/ml was precipitated using polyethylene glycol (PEG) and NaCl (22). Briefly, 195 ml of VHSV (dose optimized at 7.5 × 107.8 virus/fish/immunization dose) was mixed with 7% (w/v) PEG-6000 and 2.3% NaCl and gently stirred overnight in a magnetic stirrer at 4°C. After PEG precipitation, the virus mixture was centrifuged at 4,000×g for 1.5 h at 4°C. The supernatant was discarded carefully, and the viral pellet was dissolved in 8 ml of phosphate-buffered saline (PBS). To remove PEG, the dissolved pellet solution was then subjected to dialysis in PBS overnight at 4°C using Slide-A-Lyzer Dialysis Cassettes (Thermo Fisher Scientific, USA). The dialyzed virus was then inactivated by stirring with 0.3% formalin for 24 h at 4°C on a magnetic stirrer. Aliquots of 4 ml (4.875 × 109.8 virus/ml) of inactivated virus (IV) antigen were stored at 4°C until use.



2.2.2 S. parauberis Serotype I Antigen

S. parauberis serotype I (S. parauberis type I, SP1DS strain), isolated in our laboratory from infected olive flounder collected from Jeju island in 2013, was propagated in 1-L brain–heart infusion broth containing 1% NaCl at 25°C in a shaking incubator for 20 h. After the optical density at 540 nm (OD540) reached 1.3, the bacteria were harvested by centrifugation at 3,800×g for 1 h at 4°C. The bacterial pellet was washed with PBS twice by centrifugation at 3,800×g for 30 min at 4°C and subsequently dissolved in 100 ml of PBS. The bacteria were then inactivated by stirring with 0.5% formalin for 96 h at 4°C on a magnetic stirrer followed by adding 1 ml of sodium metabisulfite (1.5% SMS) and stirring for another 24 h. The inactivated bacterial cell pellet was collected by centrifugation at 3,800×g for 2 h at 4°C. The pellet was resuspended in 30 ml of PBS, and an aliquot of 2 ml (6.5 × 1010 CFU/ml; dose optimized at 5 × 108 CFU/fish/immunization dose) was stored at 4°C until use.



2.2.3 M. avidus Antigen

M. avidus (YS2 strain), isolated from the brain of an infected olive flounder (23), was maintained (sub-cultured at 45-day intervals) in the CHSE-214 cell line in a 75 cm2 tissue culture flask (Nunc, Denmark) at 10°C, where CHSE-214 cells served as food for the scuticociliate. The culture media used for maintenance consisted of DMEM (Gibco), 10% (v/v) FBS (Gibco), 50 IU/ml penicillin G, and 50 µg/ml streptomycin (Gibco). To increase ciliate production prior to the experiment, the incubation temperature was raised to 15°C along with subsequent sub-culturing at 5- to 7-day intervals. The scuticociliates propagated by feeding on CHSE-214 cells were harvested for vaccine preparation, counted using a hemocytometer, and inactivated by stirring with 0.05% formalin for 1 h at 4°C on a magnetic stirrer. An aliquot of 2.5 ml of inactivated scuticociliate containing 2.6 × 107 cells (1.04 × 107 cells/ml; dose optimized at 1 × 105 cells/fish/immunization dose) was stored at 4°C until use.




2.3 Encapsulation of Antigens in Chitosan-Coated PLGA

Aliquots of inactivated VHSV (4 ml), inactivated S. parauberis type I (2 ml), and inactivated scuticociliate (2.5 ml) were mixed to form the water phase (W1) for the encapsulated vaccine. For the organic phase (O) (5% w/v), 1.5 g of PLGA (L:G = 50:50, MW 30–60 kDa; Sigma-Aldrich, USA) was dissolved in 30 ml of dichloromethane (Sigma-Aldrich). Encapsulation was carried out as described by Charlie-Silva et al. (19) with some modification. Briefly, the water phase (W1) was homogenized with the organic phase (O) using a mechanical homogenizer (POLYTRON® PT 1200E, Thomas Scientific, USA) at 2,500 rpm for 10 min to obtain the water-in-oil primary emulsion (W1/O). The resultant primary emulsion (W1/O) was further emulsified in 100 ml of aqueous polyvinyl alcohol (PVA) solution (5% w/v) to form a water-in-oil-in-water (W1/O/W2) emulsion. Nanospheres were prepared by homogenization of the W1/O/W2 emulsion for 10 min. After homogenization, the emulsion was kept overnight on a magnetic stirrer at 25°C to allow evaporation of the organic solvent. Then, a solution of low-molecular-weight chitosan (50–190 KDa; Sigma-Aldrich) at 5 mg/ml was added to the nanosphere suspensions with magnetic stirring for 1 h for coating. The chitosan-coated PLGA-encapsulated trivalent vaccine complex (Chi/PNPs-IV+Sc+Sp) was recovered by centrifugation at 5,000×g for 30 min at 4°C and washed three times (centrifugation at 5,000×g for 10 min at 4°C) with distilled water. The final product was stored at 4°C.



2.4 Vaccine Preparation

For primary and booster immunization via immersion, the vaccine complex (Chi/PNPs-IV+Sc+Sp) was suspended in 30 ml of distilled water prior to vaccination. Thus, the approximate antigen concentrations in 1 ml of the vaccine correspond to the following: VHSV: 3.25 × 108.8 virus/ml; S. parauberis type I: 2.16 × 109 CFU/ml; M. avidus: 4.33 × 105 ciliates/ml.



2.5 Experimental Design for Immunization Trial

Olive flounder fingerlings (n = 260) (11.2 ± 0.5 g) were randomly distributed into two experimental groups with 130 fish per group and reared in 500-L FRP recirculating tanks supplied with UV-treated seawater maintained at 20°C. The groups were designated as Immersion and NVC control (non-vaccinated challenged) groups. For primary immunization, Immersion group fish were distributed in two plastic aquaria (n = 65 fish/aquarium), each containing 2 L of seawater with 15 ml of Chi/PNPs-IV+Sc+Sp vaccine solution (containing 4.875 × 109.8 virus, 3.24 × 1010 CFU, and 6.495 × 106 ciliate antigens), immersed for 2 h with vigorous aeration, and transferred back to the original tank after immersion. Fifteen days post-initial immunization (300 ⁰ days), a booster dose was administered using the same method. The NVC control group remained untreated.



2.6 Sampling

Three fish per time point from the Immersion and NVC control groups were randomly selected for sampling at 48 h post-initial vaccination (hpiv), 48 h post-booster vaccination (hpbv), and before challenge (35 days post-initial vaccination, dpiv). Blood serum, anterior kidney, spleen, gill, and skin (portion from caudal peduncle site) tissue samples were collected from both groups at each time point for further analysis of immune parameters.



2.7 Challenge Study

The challenge study was conducted separately for each of the three pathogens at their respective susceptible temperature conditions: 15°C for VHSV, 26°C for S. parauberis type I, and 20°C for scuticociliate. For each pathogen, 40 fish (17.0 ± 0.7 g) from the two experimental groups at 35 dpiv were transferred to the respective challenge facility in three plastic aquaria per group (two aquaria with 15 fish each for mortality study and one aquarium with 10 fish for post-challenge sampling) containing 25 L of UV-treated seawater. For the three experiments, fish from both the Immersion and NVC control groups were intraperitoneally injected with the respective pathogens homologous to the vaccine strain, with challenge doses as follows: VHSV, 100 µl of VHSV (105.8 TCID50virus/fish); S. parauberis type I, 100 µl of S. parauberis type I (1.6 × 109 CFU/fish); and M. avidus, 100 µl of scuticociliate (5 × 104 cells/fish). Mortality patterns and clinical signs of VHS and streptococcosis were observed in each group daily for 20 days post-infection, whereas for scuticocilliosis, observation was performed for 27 days post-infection. The relative percentage of survival (RPS) was calculated by the following formula (24): RPS = [1 – (%Mortality in vaccinated group/%Mortality in control group)] × 100. From the remaining aquaria (apart from RPS analysis) in both groups of each challenge experiment, kidney and spleen tissue samples from three fish per time point were randomly sampled at 24, 48, and 96 h post-challenge (hpc), whereas blood serum was collected at 48 hpc.



2.8 Competitive ELISA for Specific Antibody Quantification in Experimental Fish

Specific antibody (against VHSV, S. parauberis type I, and M. avidus) quantification in the fish sera was performed using competitive enzyme-linked immunosorbent assays (c-ELISA), as described in our previous protocol (16) with required modifications. For VHSV c-ELISA, VHSV (108 TCID50/ml) diluted in coating buffer (carbonate–bicarbonate buffer, pH 9.6) was used as the antigen. Serum samples (diluted at 1:40 in 1% bovine serum albumin [BSA] in PBS-T) were used as test samples; commercially available mouse monoclonal antibody (MAb) against VHSV glycoprotein (G; Enbiogene, Korea; 1:100 dilution in 1% BSA in PBS-T) was used as the competitive antibody. For S. parauberis type I c-ELISA, harvested bacteria diluted in PBS (adjusted to OD540 = 1) were used as the antigen. Serum samples (diluted at 1:40 in 1% BSA in PBS-T) were used as test samples; commercially available rabbit polyclonal antibody (PAb) against S. parauberis type I (Enbiogene) (1:200 dilution in 1% BSA in PBS-T) was used as the competitive antibody. For M. avidus c-ELISA, M. avidus (4.4 × 104 cells/ml) diluted in coating buffer (carbonate–bicarbonate buffer, pH 9.6) was used as the antigen. Serum samples (diluted at 1:40 in 1% BSA in PBS-T) were used as test samples; diluted rabbit PAb (1:200 in 1% BSA in PBS-T) against M. avidus YS2 strain (previously developed in our laboratory) was used as the competitive antibody. Following ELISA, the OD was recorded at 492 nm using a VERSA max microplate reader (Perkin Elmer, USA). The results were expressed as percentage inhibition (PI), derived by the following formula: PI = 100 − (mean OD492 of test sample × 100)/(mean OD492 of MAb/PAb). The three c-ELISA procedures are described in detail in Supplementary File 1.



2.9 Immune Gene Expression


2.9.1 RNA Isolation and cDNA Synthesis

Total RNA was extracted from the collected anterior kidney, spleen, gill, and skin samples from fish of two experimental groups (at 48 hpiv, 48 hpbv, and pre-challenge) as well as from anterior kidney and spleen samples of fish of both experimental groups per pathogen challenge at 24, 48, and 96 hpc using RNAiso Plus (Takara Bio Inc., Japan) according to the manufacturer’s protocols and quantified using a NanoDrop™ 1000 spectrophotometer (Thermo Fisher Scientific). The residual genomic DNA was removed using RNase-free DNase I (Takara Bio Inc.). Total RNA (1 µg) was reverse transcribed into first-strand cDNA using a ReverTra Ace® qPCR RT Kit (Toyobo, Japan) with oligo-dT primer and ReverTra Ace reverse transcriptase in 10 µl reaction volume according to the manufacturer’s protocol. The resulting cDNA was stored at −20°C.



2.9.2 Quantitative Expression Analysis of Immune Genes in Experimental Samples

Gene-specific primers for immune-related genes were designed using Primer3Plus based on available sequences from NCBI database and are listed in Supplementary File 1. To analyze gene expression, real-time PCR was performed in an Exicycler™ 96 Real-Time Quantitative Thermal Block (Bioneer, Korea) using SYBR Green AccuPower® PCR PreMix (Bioneer). Relative quantification of immune gene expression was estimated using the 2−ΔΔCt method (25). Real-time PCR is described in detail in Supplementary File 1.




2.10 Statistical Analysis

To analyze survival in the immunization experiment, Kaplan–Meier curve analysis and log rank test were carried out using GraphPad Prism5 Software, and survival curves were constructed in Microsoft Excel. The data generated for pathogen-specific antibody titers in serum and for gene expression in different tissue samples collected from the experiment groups at different time points were statistically analyzed using statistical package SPSS version 22 (SPSS Inc., USA). Each dataset was subjected to two-way analysis of variance (ANOVA) to determine the statistical significance within the group (time-wise) and between the groups (treatment-wise) as well as to evaluate the interaction effect. Post-hoc analysis followed by Duncan’s multiple range tests and an unpaired t-test were used to determine the significant differences in antibody titers and gene expression levels at different time points within and between the experimental fish groups. Statistical significance was set at p < 0.05. The results were expressed as mean ± standard error.




3 Results


3.1 Vaccine Efficacy and RPS

To determine the efficacy of the chitosan–PLGA-encapsulated trivalent vaccine, olive flounders were immunized and then separately challenged with VHSV, S. parauberis type I, and M. avidus. In the VHSV challenge experiment, majority of the infected fish in the NVC control group showed visible ascites at 3–5 days post-challenge (dpc) with the first mortality occurring at 6 dpc, whereas in the immunized groups, 4–5 fish out of 30 fish showed apparent bulging of the abdominal cavity relatively later at 7–8 dpc, and the remaining fish showed no remarkable macroscopic signs. The vaccine efficacy study revealed 66.63% RPS for the immunized group compared with 80% cumulative mortality in the NVC control group (Figure 1A). In the S. parauberis type I challenge study, the maximum percentage of total mortality in both experimental groups occurred during 1–3 dpc, with 100% and 46.7% cumulative mortality in the NVC control and Immersion groups, respectively, and 53.3% RPS in the Immersion group (Figure 1B). Meanwhile, for the M. avidus challenge study, 26 of 30 fish in the vaccinated group were devoid of any pathological signs and remained stable throughout the 27 days post-challenge, with 66.75% RPS with respect to 40% cumulative mortality in the NVC control group (Figure 1C).




Figure 1 | Survival curve of experimental trials showing cumulative mortality and relative percentage survival (RPS) of Immersion and NVC control groups of olive flounder (n = 30, two tanks with 15 fish/tank per group) challenged with virulent (A) VHSV (105.8 TCID50 virus/fish); (B) Streptococcus parauberis type I (1.6 × 109 CFU/fish); and (C) Miamiensis avidus (5 × 104 cells/fish) at 35 dpiv. Significant differences (*) by log-rank test were noted between the NVC control group and the Immersion group in the challenge trials with VHSV and S. parauberis type I, with p-values of 0.0346 and 0.0007, respectively, whereas no significant difference (p-value = 0.0666) was observed in the M. avidus challenge trial. *** significance level of p < 0.001 for log-rank test.





3.2 Specific Antibody Response

To quantify the antigen-specific antibody titers, sera were obtained from the vaccinated and NVC control groups at 48 h post-initial and booster vaccination, pre-challenge (at 35 dpiv), and at 48 hpc. During the vaccination period, the NVC control group showed a relatively low anti-VHSV (Figure 2A) antibody titer (PI: 12%–14%) compared to both anti-S. parauberis type I (Figure 2B) and anti-M. avidus (Figure 2C) antibody titers (PI: 18%–24%). However, at 48 hpc, the scuticociliate-challenged control fish displayed a sharp and significant (p < 0.05) rise in antibody titer (PI: ~65%) compared to the modest (PI: ~30%) increase (p > 0.05) in the VHSV- and S. parauberis type I-challenged fish. In contrast, the immunized fish demonstrated a steady and significant (p < 0.05) increase in antibody titers post-immunization and post-challenge, in which the anti-VHSV (Figure 2A) and anti-M. avidus (Figure 2C) titers increased to ~60% PI after primary immunization and reached up to 80% PI at 48 hpc, whereas the anti-S. parauberis type I (Figure 2B) antibody titer recorded >40% PI post-immunization period and peaked at ~60% PI post-challenge.




Figure 2 | Percentage inhibitions (PI) of specific antibodies against (A) VHSV, (B) S. parauberis type I, and (C) M. avidus in the fish sera of Immersion and NVC control groups were determined using competitive ELISA with MAb against VHSV-G protein and PAbs against S. parauberis type I and M. avidus YS2 and plotted at different time intervals post-immunization with Chi/PNPs-IV+Sc+Sp vaccine complex as well as at 48 hpc with the three pathogens. The PI activities (n = 3) against respective pathogens in the serum were individually plotted with lines adjoining the respective mean ± standard error as a function of time. Two-way ANOVA was performed with the dataset, and the p-values within the group (time-wise), between groups (treatment-wise), and for the interaction effect were evaluated to determine statistical significance (p < 0.05).





3.3 Expression Kinetics of Immune-Related Genes Post-Immersion Vaccination

To determine immune induction by the three antigens of the trivalent vaccine, we investigated the expression kinetics of various immune genes both at the skin and gill mucosal surfaces (immersion sites) as well as in the systemic tissues of the head kidney and spleen post-immersion vaccination. The gene expression profiles revealed that in the skin mucosa (Figure 3) of the immunized fish, primary immunization (48 hpiv) resulted in a strong and significant (p < 0.05) increase in the transcript levels of IgM (2.76-fold), IgT (3.86-fold), pIgR (6.26-fold), TLR 2 (2.25-fold), TLR 7 (1.82-fold), IL-1β (2.65-fold), IL-8 (2.65-fold), and C3 (1.86-fold) when compared to those in NVC control fish; however, at 48 hpbv, there was a decline in the transcript levels of all genes, which further decreased to the control levels at pre-challenge. Conversely, in the gill mucosa (Figure 4), except IL-1β (5.86-fold at 48 hpiv), all other analyzed immune genes showed upregulation (~2- to 3-fold) only after booster vaccination, with significant (p < 0.05) enhancement in the transcript levels of TLR 2, TLR 7, IL-8, and C3 at 48 hpbv and in pIgR at pre-challenge as compared with the NVC control fish. Likewise, the systemic tissues of the head kidney (Figure 5) and spleen (Figure 6) in the immunized fish displayed steady upregulation (~2- to 5-fold) in the transcript levels of most analyzed immune genes post-booster vaccination, with the exception of IL-1β and IL-8, which exhibited significant (p < 0.05) increases in the gene transcripts post-primary immunization. For C3 gene, transcript levels were significantly upregulated (p < 0.05) in the head kidney (3.36- to 3.84-fold) and spleen (2.26- to 3.44-fold) of the immunized fish after both initial and booster vaccination when compared to those of control fish.




Figure 3 | Relative expression of immune genes in skin tissue of olive flounder in the immersion vaccinated and NVC control groups. Expression levels of each gene were compared between the experimental groups relative to the naive control. The mean (n = 3) relative expression levels of IgM (A), IgT (B), pIgR (C), TLR 2 (D), TLR 7 (E), IL-1β (F), IL-8 (G), and C3 (H) were plotted with standard error at different time intervals post-immunization with the chitosan–PLGA-encapsulated trivalent vaccine. Two-way ANOVA was performed with each dataset. The p-values within the group (time-wise), between groups (treatment-wise), and for the interaction effect were evaluated to determine statistical significance (p < 0.05). Duncan’s multiple range test [homogenous subsets indicated by lowercase (x-z) for NVC control and (a-c) for Immersion group] within the groups (time-wise) and an unpaired t-test (indicated by asterisks * for significance level) between the groups at different time points were also performed to analyze the statistical differences. * denotes significance level of t-test between the 2 groups viz., *, **, *** are for p < 0.05 , 0.01 and 0.001, respectively.






Figure 4 | Relative expression of immune genes in gill tissue of olive flounder in the immersion vaccinated and NVC control groups. Expression levels of each gene were compared between the experimental groups relative to the naive control. The mean (n = 3) relative expression levels of IgM (A), IgT (B), pIgR (C), TLR 2 (D), TLR 7 (E), IL-1β (F), IL-8 (G), and C3 (H) were plotted with standard error at different time intervals post-immunization with the chitosan–PLGA-encapsulated trivalent vaccine. Two-way ANOVA was performed with each dataset. The p-values within the group (time-wise), between groups (treatment-wise), and for the interaction effect were evaluated to determine statistical significance (p < 0.05). Duncan’s multiple range test [homogenous subsets indicated by lowercase (x-z) for NVC control and (a-c) for Immersion group] within the groups (time-wise) and an unpaired t-test (indicated by asterisks * for significance level) between the groups at different time points were also performed to analyze the statistical differences. * denotes significance level  of t-test between the 2 groups viz., *, **, *** are for p < 0.05 , 0.01 and 0.001, respectively.






Figure 5 | Relative expression of immune genes in anterior kidney tissue of olive flounder in the immersion vaccinated and NVC control groups. Expression levels of each gene were compared between the experimental groups relative to the naive control. The mean (n = 3) relative expression levels of IgM (A), IgT (B), pIgR (C), TLR 2 (D), TLR 7 (E), IL-1β (F), IL-8 (G), and C3 (H) were plotted with standard error at different time intervals post-immunization with the chitosan–PLGA-encapsulated trivalent vaccine. Two-way ANOVA was performed with each dataset. The p-values within the group (time-wise), between groups (treatment-wise), and for the interaction effect were evaluated to determine statistical significance (p < 0.05). Duncan’s multiple range test [homogenous subsets indicated by lowercase (x-z) for NVC control and (a-c) for Immersion group] within the groups (time-wise) and an unpaired t-test (indicated by asterisks * for significance level) between the groups at different time points were also performed to analyze the statistical differences. * denotes significance level  of t-test between the 2 groups viz., *, **, *** are for p < 0.05 , 0.01 and 0.001, respectively.






Figure 6 | Relative expression of immune genes in spleen tissue of olive flounder in the immersion vaccinated and NVC control groups. Expression levels of each gene were compared between the experimental groups relative to the naive control. The mean (n = 3) relative expression levels of IgM (A), IgT (B), pIgR (C), TLR 2 (D), TLR 7 (E), IL-1β (F), IL-8 (G), and C3 (H) were plotted with standard error at different time intervals post-immunization with the chitosan–PLGA-encapsulated trivalent vaccine. Two-way ANOVA was performed with each dataset. The p-values within the group (time-wise), between groups (treatment-wise), and for the interaction effect were evaluated to determine statistical significance (p < 0.05). Duncan’s multiple range test [homogenous subsets indicated by lowercase (x-z) for NVC control and (a-c) for Immersion group] within the groups (time-wise) and an unpaired t-test (indicated by asterisks * for significance level) between the groups at different time points were also performed to analyze the statistical differences. ** denotes p < 0.01.





3.4 Expression Kinetics of Immune-Related Genes Post-Challenge

To elucidate the probable mechanisms behind the observed protective efficacy against individual pathogens in immunized fish, we further analyzed the kinetics of immunoglobulin (Ig) genes and other important immune genes in the anterior kidney and spleen of experimental fish post-challenge with VHSV (Table 1), S. parauberis type I (Table 2), and M. avidus (Table 3). Expression analysis revealed that all three Ig genes (IgM, IgT, and pIgR) and IL-1β were significantly (p < 0.05) upregulated in the vaccinated group in both tissues post-challenge with VHSV and S. parauberis type I. However, the differences in induction of the four genes between the immunized and NVC fish groups were much higher in the VHSV-challenged fish than in S. parauberis type I-challenged fish. Apart from Ig genes, other innate immune genes, namely, TLR 7, IFN-γ, Mx, and caspase 3 for VHSV and TLR 2, IFN-γ, and caspase 1 for S. parauberis type I, also displayed significantly (p < 0.05) higher upregulation in the immunized fish than in NVC control fish. In contrast, M. avidus challenge resulted in a modest increase in transcripts level of most of the genes, with significant (p < 0.05) differences between the immunized and NVC control groups observed only for IgT (at 48–96 hpc) and TNF-α (24 hpc) in the head kidney and for IL-1β (24 hpc), CD-8α (48 hpc), TNF-α (96 hpc), and caspase 3 (24–96 hpc) in the spleen. Another interesting result was the significant increase in the anti-inflammatory IL-10 gene transcripts in both the tissues of NVC control fish post-scuticociliate infection compared to the unaltered transcript level in the immersion group.


Table 1 | Relative expression of immune genes in anterior kidney and spleen tissues of olive flounder in the immersion vaccinated and NVC control groups at different time intervals post-challenge with virulent VHSV (105.8 TCID50 virus/fish).




Table 2 | Relative expression of immune genes in anterior kidney and spleen tissues of olive flounder in the immersion vaccinated and NVC control groups at different time intervals post-challenge with virulent S. parauberis type I (1.6 × 109 CFU/fish).




Table 3 | Relative expression of immune genes in anterior kidney and spleen tissues of olive flounder in the immersion vaccinated and NVC control groups at different time intervals post-challenge with virulent M. avidus (5 × 104 cells/fish).






4 Discussion

Among the 28 commercialized vaccines approved by the Korean government for olive flounder against various diseases to date, most are injection-based, and only two are delivered via immersion (26). However, the current disease status of olive flounders indicates that young small fingerlings, for which injection vaccines are highly stressful and non-feasible, are much more susceptible throughout their culture cycle to different diseases, such as VHSV, scuticociliatosis, and streptococcosis, resulting in high losses to the flounder industry. Thus, we developed a trivalent formalin-killed vaccine containing VHSV, S. parauberis type I, and M. avidus antigens and encapsulated it in chitosan–PLGA nanoparticles. After development, the vaccine was administered to olive flounder fingerlings via immersion involving a prime-boost immunization strategy, which were subsequently challenged with the three targeted pathogens to evaluate the efficacy and potency of the vaccine in stimulating protective immune responses in the host.

RPS analysis revealed that the immunized fish were moderately immune to all three pathogens, with 66.63%, 53.3%, and 66.75% RPS against VHSV, S. parauberis type I, and M. avidus challenges, respectively. The vaccine efficacy of 66.63% against VHSV is in line with our previous studies (16, 17), where we observed 60%–73% RPS in olive flounder immunized with a chitosan/PLGA-encapsulated monovalent VHSV vaccine; however, it is comparatively lower than the recorded protective efficacy (72%–89% RPS) of the immersion vaccine developed by Hwang et al. (27), who used Montanide IMS 1312 VG adjuvant with heat-inactivated VHSV. However, given the trivalent nature of our vaccine, the result is quite promising for countering VHSV infection in olive flounder farming. Regarding protective efficacy against S. parauberis type I, although the observed RPS of 53.3% is much lower than the results of previous studies at 75% RPS (4) and 100% RPS (28), it is important to consider here that both the studies involved administration of an inactivated vaccine via highly stressful intraperitoneal injection route as compared to the present non-stressful immersion route. To the best of our knowledge, as there are no reported studies regarding a mucosal vaccine against S. parauberis, the current immersion vaccination strategy yielding moderate efficacy is greatly helpful for future development of more efficient mucosal vaccines against S. parauberis type I for olive flounder. Considering the vaccine efficacy against M. avidus, we previously investigated an injected naked formalin-killed vaccine olive flounder immunization, which failed to exhibit any protection against the parasite (29). However, in the present study, as we encapsulated the FKC ciliate antigen with chitosan–PLGA particles and immunized using the immersion route, good efficacy (66.75% RPS) was obtained. Thus, it can be said that the encapsulation of the scuticociliate antigen with chitosan–PLGA particles positively influenced the targeted delivery of the vaccine via skin and gill surfaces (natural infection route for parasites), in turn triggering protective immune responses against the parasite. Similar observations were also reported in a study involving a microsphere-based scutica vaccine in turbot, where a chitosan-based microsphere for scuticociliate antigen elicited moderate (58%–60% RPS) protection (30), which supports our vaccination strategy against scuticociliates.

In addition to vaccine efficacy analysis, the current study quantified the specific antibody titers against VHSV, S. parauberis type I, and M. avidus post-vaccination and at 48 hpc. The anti-VHSV antibody titer in serum demonstrated an increasing trend from 48 hpiv in the immersion group, which remained significantly (p < 0.05) higher than that of the NVC control group throughout the immunization period, with further enhancement of the titer at 48 hpc with VHSV. These antibody titers can be correlated with the protection against VHSV challenge (RPS %) in the vaccinated fish when compared with the NVC control group, indicating that our vaccine was effective in stimulating the humoral immune response as well as production of anti-VHSV Ig. Moreover, the relatively low titers in the vaccinated fish obtained at various time points compared to those in our previous studies involving a monovalent VHSV vaccine (16, 17) might be due to antigen competition in stimulating specific antibodies, resulting in a reduction in the maximal antibody responses against individual pathogens in the immunized fish. Similarly, the anti-S. parauberis type I antibody titers in the immersion group also showed incremental increases post-immunization and were significantly (p < 0.05) higher than those of the NVC control group. The observed antibody titers in immunized fish serum were relatively lower than those previously reported for S. parauberis vaccination in olive flounder (4, 28), where the injection route was employed. Furthermore, the result regarding quantification of anti-M. avidus antibody revealed a steady and significant (p < 0.05) increase in titers in the vaccinated group compared to the NVC control group post-immunization. The increase in anti-M. avidus antibody titers obtained after immersion vaccination is quite encouraging, as similar results have been observed in studies of injection-based scuticociliate vaccines in flounder (29, 31) and turbot (30, 32–35), in which whole (formalin-killed), lysed, or other ciliate components (cilia or membrane) were used as the vaccine antigen. It is pertinent to mention here that the sharp rise in antibody titer in the NVC control group after M. avidus challenge, which narrowed the difference in titers between the two experimental groups to an insignificant (p > 0.05) level, might be the reason behind the relatively lower mortality in NVC control fish compared to that in immunized fish. This is in accordance with the parasite-induced enhancement of antibody titer in Ichthyophthirius multifiliis (Ich) parasite-infected rainbow trout (36). Moreover, the high antibody responses at 48 hpc against all the three pathogens can be explained by the fact that we employed c-ELISA to quantify the anti-pathogen humoral responses present in the sera, which were not only limited to the IgM responses but the sum total of anti-pathogen Ig responses (IgM/IgT) as well as other humoral factors; as IgT responses are much quicker unlike IgM (as observed from the strong induction of IgT gene expression post challenge in the systemic tissues), the high PI values can be correlated with it. Similar observations of IgT antibody response alongside IgM response in the serum of immunized Gilthead sea bream were observed post challenge with the parasite Enteromyxum leei, Photobacterium damselae subsp. Piscicida, and nodavirus (37). Therefore, considering the antibody titers and RPS, it can be inferred that our vaccine had a positive effect in stimulating humoral immunity of the vaccinated fish, thus providing protection against each of the three virulent pathogens.

In absence of standardized fish vaccine correlates, the expression kinetics of immune genes are generally employed for determining correlations in fish vaccine potency (38). In view of this, we included expression profiling of different classes of immune-related genes in the mucosal and systemic tissues of the experimental fish post-immersion immunization with the trivalent vaccine. Exposure to vaccine antigen leads to creation of the immunological memory, which elicits an enhanced response on subsequent encounters with the same antigen, resulting in adaptive immunity. The humoral components of the teleost adaptive immunity consist of Igs molecules, secreted from the plasma cells into blood and mucus, and are important parameters for evaluating vaccine potency (21, 39, 40). The present results showed a strong and significant (p < 0.05) increase in the transcript levels of IgM, IgT, and their receptor pIgR in the skin mucosa of immunized fish post-primary vaccination, after which the expression levels declined, whereas in gill mucosa and in the systemic tissues of the head kidney and spleen, all three genes steadily increased starting at 48 hpiv with significant (p < 0.05) upregulation recorded at 48 hpbv to the pre-challenge period compared to the control fish. Although this result does not give exact details regarding the simultaneous release of the three antigens and their individual contributions to Ig stimulation, the overall expression patterns can be correlated with the potency of our trivalent vaccine in inducing production of Ig-secreting cells in both the mucosal and systemic immune compartment of the immunized fish and facilitating antibody-dependent humoral immunity.

In addition, the current study investigated the expression profile of genes involved in toll-like receptor (TLR) pathways, such as TLR 2 and TLR 7 for S. parauberis type I and VHSV antigens, respectively. Similar to Ig expression, both TLR 2 and TLR 7 genes were significantly (p < 0.05) upregulated in the skin tissue post-initial vaccination, whereas in the gills, head kidney, and spleen, significant (p < 0.05) upregulation of the gene transcripts were observed post-booster dose with respect to those of the NVC control group. These increases in TLR 2 and TLR 7 gene transcript levels in the mucosal and systemic tissues of the immunized fish confirm the utility of nanoencapsulation for targeted delivery of the antigens to receptor cells, which may facilitate subsequent recognition and binding to induce effective innate immune responses against bacterial and viral antigens. Furthermore, we evaluated the expression of the pro-inflammatory cytokine IL-1β and CXC chemokine IL-8. Unlike Igs and TLRs, both IL-1β and IL-8 genes showed significant (p < 0.05) upregulation in transcript levels post-primary immunization in both the mucosal and systemic tissues of immunized fish compared with those in the control, indicating the induction of inflammatory response post-immunization, which helps in initiating other innate immune pathways (27, 41, 42). In addition, we examined the expression kinetics of complement factor C3, as the complement system plays an integral part in host defense irrespective of pathogen type (43). A significant (p < 0.05) increase in the C3 transcript level was observed in both the mucosal and systemic tissues of immunized fish post-primary and post-booster vaccination. This increase in the C3 transcript level post-vaccination indicates that the vaccine antigens (one, two, or all three) initiated the complement pathway, thus triggering the innate immunity in the host, which in turn may help in establishing immunological memory against different antigens to counter subsequent infection with the respective pathogens.

To determine correlations between the vaccine potency and the counteractive immune mechanisms against the three pathogens, we further examined the kinetics of important immune genes related to each pathogen in addition to adaptive immunity-related genes in the head kidney and spleen tissues of experimental fish post-intraperitoneal injection challenge with VHSV, S. parauberis type I, and M. avidus.

From the expression kinetics of immune genes analyzed post-VHSV challenge, it was observed that IgM gene transcripts were upregulated in the vaccinated group at all time points in both head kidney and spleen tissues, with significant (p < 0.05) differences observed at 48 hpc compared to the NVC control group, which showed no changes in transcript level. Unlike IgM, the IgT and pIgR gene transcripts were enhanced in both immunized and NVC control groups post-challenge, but the increase in vaccinated fish was much greater than that in NVC control fish. The Ig expression post-VHSV challenge is consistent with the findings of our previous studies with monovalent vaccines (16, 17), substantiating the definite role of the nanoencapsulated vaccine in channeling the adaptive humoral response against the virus. Notably, although the expression pattern for IgT in the head kidney coincides with our previous findings, the wide differences in the fold change was due to variation in the lower basal expression of IgT (Ct value ~35 compared to 37 previously) in the naive control fish. High and significant (p < 0.05) upregulation of IL-1β was also observed at early stages of infection in both tissues in the Immersion group compared to those in NVC control fish, suggesting a proactive inflammatory response in the immunized fish for combating the virus. Moreover, the study revealed a two- to threefold higher increase in the gene transcript level of TLR 7 [of pattern recognition receptor (PRR)-mediated innate response] in the vaccinated fish than in the NVC control fish in both the kidney and spleen, indicating improved recognition of virus-derived ssRNA antigens and subsequent induction of different downstream antiviral pathways (44, 45). Other than PRR-mediated response for determining the antiviral potency of viral vaccines in fish, analysis of the transcript changes in interferon-gamma (IFN-γ) and Mx genes are important correlates, as both these genes in their own way can help in restricting the overall proliferation of the VHSV infection; IFN-γ by triggering Th1 responses to induce cell-mediated cytotoxicity, and Mx by suppressing viral replication in infected cells (46–48). Thus, we analyzed the expression of IFN-γ and Mx genes. Both the vaccinated and NVC control fish (in the head kidney and spleen tissues) showed significant (p < 0.05) upregulation in IFN-γ and Mx transcript levels post-VHSV challenge, with the peak observed at 48 hpc, but the recorded transcript levels of both genes were approximately three to four times higher in the Immersion group than in the NVC control group, indicating a much stronger and transient T-cell-mediated cytotoxicity in the immunized fish, which ultimately resulted in improved survival. In addition, the study demonstrated significantly (p < 0.05) high induction of caspase 3, the final mediator of cell death (49–51), in the vaccinated fish at all the time points post-challenge compared to that of NVC control fish, reflecting a rapid apoptotic reaction in the vaccinated host, which may be due to T-cell-mediated or through perforin/granzyme pathway or by the virus itself, but in any case, the timely apoptotic reaction indicated by strong caspase 3 gene expression has helped in limiting viral proliferation, leading to improved protection against VHSV.

Our results of immune gene expression post-challenge with S. parauberis type I exhibited an increasing expression pattern for IgM, IgT, and pIgR genes at 24–96 hpc in the vaccinated group only, whereas in the NVC control group, the transcript levels remained in a subdued and static condition at all time points. These significant (p < 0.05) differences in Ig genes between the immunized and NVC control groups post-bacterial challenge can be correlated with their survival percentages, thus suggesting a key role of the vaccine-induced humoral immune responses in protecting the immunized fish against the bacteria. Apart from Igs, other innate immune genes, such as IL-1β, TLR 2, IFN-γ, and caspase 1, were also significantly (p < 0.05) upregulated in the immunized fish compared to those in NVC control fish. This finding further confirmed that our vaccine is effective in orchestrating an anti-bacterial defense mechanism in the immunized host, thus reducing the bacterial load and preventing severe pathogenesis. Moreover, the spleen tissue displayed an overall higher induction of the gene transcripts than the head kidney exhibited at all time points post-challenge with S. parauberis type I, indicating that the spleen is an important defense organ for fighting bacteria; however, the exact cause needs further investigation. Nevertheless, in the absence of relevant studies regarding gene expression post-vaccination against S. parauberis type I, our results provide critical baseline data for future works, substantiating the importance of our study.

Following M. avidus challenge, overall moderate expression levels of most immune genes were observed in both experimental fish groups. The specific antibodies generating Ig’s gene, i.e., IgM, IgT, and pIgR, showed higher transcript levels in the immunized fish than in the NVC control; however, the fold-change differences were not significant (p > 0.05), barring the distinctive upregulation of IgT (p < 0.05) noticed in the head kidney at 48–96 hpc. In addition, the gene transcript levels of the complement system (innate humoral response), including complement factors D and 3, C1q, and C-type lectin, exhibited similar increases in both experimental groups with insignificant fold-change differences between them (data not shown). Although these results can be attributed to improved protection in the immunized fish against scuticociliate challenge, they failed to provide conclusive evidence of the efficacy of our vaccine in triggering the humoral (innate or adaptive) immune responses against the parasite in the host. Moreover, the non-significant difference in the transcript levels between the immunized and control fish post-challenge can be explained by previous studies involving natural infection of ciliate in turbot, which reported that non-sensitized naive fish after countering the ciliates were able to neutralize them and release proteolytic protease, which in turn helps in generating specific antibodies (32) and complement components (52). Likewise, it was observed that the transcript levels of pro-inflammatory cytokine and chemokine genes (IL-1β, TNF-α, and IL-8) were higher in the vaccinated fish than in the NVC controls at all time points post-challenge, but distinct and significant (p < 0.05) fold-change differences were only noticed in the head kidney for TNF-α at 24 hpc and IL-1β at 48 hpc. Similar results were observed by several previous authors, who reported very weak or absent inflammatory reactions in fish following scuticociliate infection (53–55). Moreover, the significant increase in gene transcripts of the anti-inflammatory cytokine IL-10 in both tissues of NVC control fish compared with unchanged transcript levels in the immunized fish can be correlated with the immune evasion property of scuticociliates in bypassing the host inflammatory response (56, 57), which might have led to increased pathogenicity and mortality in the NVC control group. Furthermore, our results also revealed significantly (p < 0.05) higher upregulation of CD-8α and caspase 3 genes in the spleen of immunized fish compared to those in NVC controls, suggesting a probable T-cell-dependent apoptotic reaction in the parasite-infected cells leading to a reduction in parasite load. However, the exact mechanism responsible for improved survival in vaccinated fish as well as overall lower mortality in both experimental groups post-scuticociliate challenge requires detailed investigation in the future.

In conclusion, our study revealed that immersion delivery of a chitosan–PLGA-encapsulated trivalent vaccine is an effective immunization strategy for protection against three important diseases in olive flounder. From the immunization study, it was evident that the use of chitosan–PLGA for nanoencapsulation of the three antigens facilitated non-stressful administration to the targeted immune organs, which in turn helped in orchestrating pathogen-specific immune responses against VHSV, S. parauberis type I, and M. avidus. Our study is also unique and of significance because it provides critical insights and baseline information about the immune response post-immersion vaccination against S. parauberis type I and M. avidus. Thus, it can be inferred that the formulated trivalent mucosal vaccine can protect olive flounder throughout its culture cycle, and with further refinement, the vaccination strategy can become an important prophylactic measure in the flounder industry against VHS, streptococcosis, and scuticociliatosis diseases.
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A virosomal vaccine inducing systemic/mucosal anti-HIV-1 gp41 IgG/IgA had previously protected Chinese-origin rhesus macaques (RMs) against vaginal SHIVSF162P3 challenges. Here, we assessed its efficacy in Indian-origin RMs by intramuscular priming/intranasal boosting (n=12/group). Group K received virosome-P1-peptide alone (harboring the Membrane Proximal External Region), Group L combined virosome-rgp41 plus virosome-P1, and Group M placebo virosomes. Vaccination induced plasma binding but no neutralizing antibodies. Five weeks after boosting, all RMs were challenged intravaginally with low-dose SHIVSF162P3 until persistent systemic infection developed. After SHIV challenge #7, six controls were persistently infected versus only one Group L animal (vaccine efficacy 87%; P=0.0319); Group K was not protected. After a 50% SHIV dose increase starting with challenge #8, protection in Group L was lost. Plasmas/sera were analyzed for IgG phenotypes and effector functions; the former revealed that protection in Group L was significantly associated with increased binding to FcγR2/3(A/B) across several time-points, as were some IgG measurements. Vaginal washes contained low-level anti-gp41 IgGs and IgAs, representing a 1-to-5-fold excess over the SHIV inoculum’s gp41 content, possibly explaining loss of protection after the increase in challenge-virus dose. Virosomal gp41-vaccine efficacy was confirmed during the initial seven SHIV challenges in Indian-origin RMs when the SHIV inoculum had at least 100-fold more HIV RNA than acutely infected men’s semen. Vaccine protection by virosome-induced IgG and IgA parallels the cooperation between systemically administered IgG1 and mucosally applied dimeric IgA2 monoclonal antibodies that as single-agents provided no/low protection – but when combined, prevented mucosal SHIV transmission in all passively immunized RMs.
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Introduction

The first cases of unexplained acquired immunodeficiency syndrome in young individuals, later termed AIDS, were described approximately 40 years ago, and the causative agent, HIV-1, was discovered in 1983 (1). Since the beginning of the AIDS pandemic, HIV has infected ~75.7 million individuals and caused 32.7 million deaths (UNAIDS). Approximately 90% of all new HIV infections are the result of mucosal exposures, including sexual and perinatal transmission events. During HIV sexual transmission, the genital and rectal tissues are the main virus entry points where primary infection foci are established, from which the virus spreads into the intestinal tract and other host organs. Newly transmitted HIV strains almost exclusively use CCR5 as coreceptor (R5 strains) and are relatively difficult to neutralize (tier 2 strains). In general, a newly infected individual harbors one predominant strain initially, the so-called transmitted founder virus. This is the case even if the source person harbors a multitude of HIV quasi-species.

Despite intense efforts by multiple groups, there is no safe and effective vaccine against HIV/AIDS. A number of Phase 3 clinical trials showed lack of efficacy (2–4), with the one exception of the RV144 trial that showed a 31.2% reduction in the risk of HIV acquisition among the vaccinees, compared to individuals given placebo (5). Most vaccine strategies involving HIV envelope immunogens focused on gp120, gp140, or gp160 and did not include analyses of mucosal immune responses in trials performed in nonhuman primate (NHP) models or humans. Notable exceptions include studies performed by the team of Robert-Guroff (6, 7) who tested mucosal delivery of vaccine antigens through either the intranasal or intratracheal routes [reviewed in (8)].

Furthermore, subunit vaccine administration has often involved a single parenteral route (9–11) or sometimes by single mucosal administration (12, 13), but rarely involved combined mucosal and intramuscular (i.m.) immunizations as was done with virosomal vaccines (14, 15). Our team and others have postulated that an effective HIV/AIDS vaccine must be capable of eliciting both systemic and mucosal immune protection for maximal protection of different mucosal portals of entry. However, due to the compartmentalized mucosal and systemic immune systems, the induction of strong immune responses in various local and distant mucosal tissues and in the systemic compartment is challenging. The traditional parenteral immunization involving the i.m. or subcutaneous (s.c.) routes can elicit circulating B and T cells that generally remain mostly in the periphery.

The approach of an HIV vaccine immunization regimen combining the classical i.m. immunization route with mucosal boosting using the intranasal (i.n.) route was proposed as an alternative to induce systemic as well as mucosal anti-HIV immunity. This notably different vaccine strategy was evaluated with unadjuvanted influenza virus-based virosomes displaying HIV gp41 antigens; vaccine-induced systemic and mucosal antibody (Ab) responses were assessed in Chinese-origin rhesus macaques (RMs) that were immunized via two routes followed by intravaginal simian-human immunodeficiency virus (SHIV) challenges (14). The gp41 antigens were derived from Env regions highly conserved across multiple HIV clades and strains (Figure 1). These virosomes are lipid-based particles reconstituted in vitro from influenza viruses but devoid of nucleic acids and thus non-infectious (Figure 2). One population of virosomes was assembled to display on their surface Peptide 1 (P1), an extended version of the Membrane Proximal External Region (MPER) of HIV gp41, to generate virosome-P1. Another virosome population displayed recombinant, truncated gp41 (virosome-rgp41); rgp41 is devoid of the immunodominant region that contains the KLIC motif as well as other domains homologous to human host proteins. The combined vaccine preparation that consists of virosome-P1 plus virosome-rgp41, is termed MYM-V201 (Figure 2).




Figure 1 | HIV gp41-derived antigens used with virosomes. (A) Scheme illustrating the various regions of HIV gp120 and gp41 with the signal peptide (SP), variable regions #1 to #5 (V1-V5), conserved domains #1 to #5 (C1-C5), gp41 fusion peptide (FP), the two helix regions 1 and 2 (HR1 and HR2), the membrane-proximal external region (MPER), and the transmembrane domain (TM). The numbers indicated correspond to the amino acid position in the HxBc2 gp160 sequence, with some of the key neutralizing gp41 epitope sequences (QARILAVERY, 2F5, 4E10, 10E8) to show their location. (B) The recombinant gp41 antigen (rpg41) covers the amino acid sequence 540-664 with a deletion from 593-617, followed by leucine and glutamic residues from the cloning site and a 4-histidine tag sequence ending with a C-terminal cysteine for lipidation. The last 16 rgp41 residues on the C-terminal end (residues 649-664) overlap with the first 16 amino terminal residues of the P1 peptide. Of note, the originally described P1 sequence covers the gp41 residues 649-683, and it was subsequently modified by adding the natural leucine residue (649-684) on the C-terminal end, followed by serine and cysteine residues to improve peptide solubility, stability, upscaling as well as allowing lipidation. This modified P1 sequence and the rgp41, respectively, were anchored onto separate virosomes and used for nonhuman primate studies.






Figure 2 | Production schema to generate HIV-1 gp41 virosomes. The production of unadjuvanted placebo virosomes (MYM-VP01), as well as unadjuvanted virosome-P1 (MYM-V101) and virosome-rgp41 (MYM-V102) is based on components derived from influenza virus membranes. Step 1, inactivated influenza A/H1N1 is solubilized with detergent; Step 2, nucleocapsids are discarded; Step 3, the viral membrane lipids with the native influenza hemagglutinin (HA) and neuraminidase (NA) are recovered and used as carriers for vaccinal antigens. The following steps are specific to each virosomal vaccine: Step 4a for placebo virosomes; only synthetic phospholipids are mixed with the influenza virus-derived components, while the antigen P1 (Step 4b, blue rods) or rgp41 (Step 4c, pink rods) is mixed with synthetic phospholipids. During gradual removal of the detergent in Steps 5a-5c, placebo virosomes (6a), virosome-P1 (6b), and virosome-rgp41 (6c) are gradually assembled in vitro. To generate the HIV-1 liquid virosomal vaccine, virosome-P1 (MYM-V101) and virosome-rgp41 (MYM-V102) are then diluted, combined, and mixed to achieve the target antigen concentration of the final HIV-1 vaccine MYM-V201. Quality control is performed to verify that values for particle size, particle population homogeneity, antigen and HA content are within the predefined specificities.



The initial study in Chinese-origin RMs evaluated only the combination of virosome-P1 plus virosome-rgp41 (but not single-agent virosomes). Control RMs received placebo virosomes devoid of HIV gp41 antigens (14), and two groups of vaccinees were given either four i.m. immunizations or two i.m. immunizations followed by two i.n. boosts, respectively. All animals were challenged intravaginally by repeated low-dose exposures to SHIVSF162P3, an R5-tropic, tier 2, clade B strain; the challenge SHIV encoded a heterologous gp41 sequence compared to that in the immunogens. Priming via the i.m. route followed by i.n. boosting was remarkably effective: 100% of the animals were protected and did not seroconvert to SIV Gag, a viral protein absent in the vaccine. However, protection was not sterile as some animals had low-level viral RNA blips just at the limit of detection (14).

Attempts to identify correlates of protection were made in this initial study (14); no links were found with any Ab parameters from the systemic compartment, and no neutralizing antibodies (nAbs) were detected in serum samples. However, protection was linked to mucosal Ab characteristics; there was a correlation with neutralizing IgG found in vaginal fluids as well as IgG-mediated antibody-dependent cellular cytotoxicity (ADCC) activity, again only from vaginal IgGs. Furthermore, vaginal IgAs from vaccinated animals blocked virus transcytosis in cell-culture assays.

The study summarized above stands out also because it was performed in Chinese-origin RMs – as opposed to the standard subspecies, Indian-origin RMs. Most SHIV strains have been adapted to Indian RMs, although they replicate in animals of the Chinese subspecies. The pathogenicity of some SIV and SHIV strains differs between the two subspecies, predominantly because Indian-origin RMs have been used to optimize the replicative capacity and virulence of primate immunodeficiency viruses used for vaccine challenge studies. In addition, since most vaccine efficacy studies have made use of Indian RMs, this allows for estimation of relative vaccine efficacy in comparison to other vaccine approaches.

Here we report a repeat study performed in Indian-origin RMs conducted at a different animal facility with the combination of unadjuvanted virosomes-P1 plus virosomes-rgp41, termed MYM-V201, using repeat low-dose intravaginal challenges. We included an additional group to evaluate animals vaccinated with the single-agent unadjuvanted virosomes-P1. The rationale for including the latter group is the successful conclusion of a Phase 1 clinical study with virosomes-P1 in low-risk women (15), where this vaccine was safe and immunogenic. However, no efficacy data existed from NHP studies regarding virosome-P1 as single immunogen.

The current study demonstrated significant protection for the combination of virosomes-P1 plus virosomes-rgp41 that – depending on the read-out – ranged from 78% to 87% during the first SHIV challenge phase, i.e., challenges #1 to #7, up to the day of but not including challenge #8 (termed Challenge Phase I). However, when the SHIV inoculum was increased by 50% as in the earlier study in Chinese RMs (14), protection was lost. Single-agent virosomes-P1 showed no efficacy throughout both SHIV challenge phases. We conclude that the combination of the two HIV gp41 virosomes, virosomes-P1 plus virosomes-rgp41, was safe, immunogenic, and effective as long as the intravaginal SHIV inoculum was within a 100-fold excess over the HIV RNA levels found in the semen of acutely infected men (16), or within a 70,000-fold excess of the median semen viral RNA content men who were part of HIV discordant heterosexual couples (17).



Materials and Methods

Three groups of 12 Indian-origin female rhesus macaques (RMs; Macaca mulatta) were enrolled; the animals were housed at the Southwest National Primate Research Center (SNPRC), San Antonio, Texas, USA. Approval for all procedures was received from the Institutional Animal and Care and Use Committee of the Texas Biomedical Research Institute. The RMs were maintained according to the guidelines established by the Animal Welfare Act and the NIH Guide for the Care and Use of Laboratory Animals, with protocols approved by the local ethical committee.

All RMs were negative for Mamu B*08 and Mamu B*17 alleles. Prior to enrollment, peripheral blood mononuclear cells (PBMC) of all RMs were tested for their ability to support the replication of challenge virus, SHIVSF162P3 (18, 19); p27 levels in culture supernatants were measured using the SIV p27 Antigen Capture Assay kit (ABL Inc.). Only RMs able to support challenge SHIV replication were selected for the study.


Animal Randomization and Enrollment

In order to avoid imbalance in covariates likely to influence outcomes that may result from an unfortunate instance of simple random sampling, the method of rerandomization (20) was employed to randomly assign RMs to four groups: three experimental groups of 12 animals (Groups K, L and M) as well as a titration group (n=6) to confirm the infectious challenge virus dose (a second titration group (n=6) was enrolled later). Covariates to be balanced across groups were age, weight, number of males with which each animal was previously co-housed, and number of offspring (Table 1). For each of 500,000 completely random allocations to study group, the Mahalanobis distance (21) was computed as the scaled difference between vectors formed in such a way that all pairwise differences in covariates between groups were computed for a given randomization instance, with the scaling matrix block-diagonal, with each block obtained as the generalized inverse of the covariance matrix of the variables of interest from all animals available for randomization. A cutoff value was chosen such that ~5% of the best (most balanced) potential randomizations were eligible to be selected for use. The subset was further limited by requiring no cells in the contingency table of FcR3A by group to be 0, no group would have fewer than 4 of the individuals previously co-housed with no males, and no group would have fewer than two Mamu A*01-positive animals, and two animals which had already been designated for the titration group were always assigned to this group. In order to enable randomization hypothesis tests across the three study groups, the final set of eligible randomizations to be used were then obtained via implementation of the same method but excluding those randomized to the titration group, by retaining those with the dissimilarity metric less than the median of those used in the first round (Table 1).


Table 1 | Distribution of demographic factors across Indian RMs of the different study groups.





Liquid Virosome Manufacturing

HIV-derived antigens inserted into the virosome membrane were previously described (14, 15, 22, 23). The synthetic P1 lipopeptide (amino acid sequence 649-683 of gp41) was produced by Bachem AG (Bubendorf, Switzerland). The recombinant gp41-derived antigen (amino acid 540-664 with a deletion of 25 amino acids from 593-617, plus a C-terminal 4xHis-tag for purification followed by a free cysteine) was expressed in E. coli and purified as trimers under non-denaturing conditions by PX’Therapeutics (Grenoble, France). Lipidation of the C-terminal cysteine of the rgp41 to 1,2-Dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-[4-(p-maleinimidomethyl)cyclohexane-carboxamide]) (N-MCC-DPPE, Corden Pharma, Liestal, Switzerland) allowed antigen anchorage into the virosome lipid membrane produced under liquid form, as described (14). The antigens were dissolved in 100 mM octaethylene glycol monododecyl ether (OEG, Sigma, Buchs, Switzerland) prepared in HN buffer (50 mM HEPES pH 7.4, 142 mM NaCl) and added to the virosome excipients during manufacturing. The final HIV-1 liquid virosomal vaccine MYM-V201 for the i.m. route (0.5 ml) contained 85 µg/ml hemagglutinin (HA), 90 µg/ml P1, 130 µg/ml rgp41, and was supplied in HN buffer pH 7.4. For the i.n. formulation, a similar dose was delivered but in 0.2 ml volume (0.1 ml per nostril) using the BD Accuspray. Nanoparticle tracking analysis (NTA) for the virosome particle size was performed on a Malvern NS300 instrument. Dynamic light scattering (DLS) to determine virosome population homogeneity based on the polydispersity index (PDI) was performed on a Malvern Zetasizer Nano. Microbiological quality was determined according to E.P. section 5.1.4. Absence of specific microorganisms was demonstrated according to E.P. section 2.6.13 - Pseudomonas aeruginosa and Staphylococcus aureus.



Immunizations

Four weeks before the first virosome administration, Groups K, L, and M were given 10 μg of HA from inactivated influenza virus (strain A/Brisbane/59/2007 H1N1) to mimic the pre-existing natural or vaccine-induced anti-influenza immunity in humans. This influenza virus was propagated in the allantoic cavity of embryonated eggs and purified as described (24). The vaccine doses were 45 µg of P1 and 65 µg of rgp41 for each of the i.m. and i.n. immunizations. The immunization schedule for the RMs in Groups K, L, and M is depicted in Figure 3; all investigators and veterinary staff were blinded during the vaccinations.




Figure 3 | Study design and timeline for vaccine administration and virus challenges. For three groups of 12 Indian rhesus macaques, inactivated influenza virus was given intramuscularly 4 weeks (week -4) before the first intramuscular vaccine dose (week 0), which was followed by the second intramuscular vaccine dose at week 7. The third and fourth vaccine doses were given intranasally at weeks 14 and 24, respectively. Intravaginal SHIVSF162P3 virus challenges were performed from week 29 to week 51. The challenges were stopped after a given animal became persistently viremic (>10,000 copies/ml) or after 22 challenges. During the vaccination phase, the study was performed blinded. For Groups K and L, blinding was maintained throughout the entire study; Group M animals were recognized as controls after immunogenicity analyses for anti-P1 peptide antibody reactivity prior to starting the SHIVSF162P3 challenges.





Virus

The challenge virus, SHIVSF162P3 (a tier 2, R5 clade B strain (18, 19), was kindly provided by Dr. Nancy Miller, NIAID (NIH-AIDS Research and Reference Reagent Program (NIH-ARRRP)); the genome of this SHIV contains the env, tat, rev, and vpu genes of HIV-1 SF162 inserted into the backbone of the pathogenic SIVmac239. The stock was grown in RM PBMC; it had a p27 concentration of 183 ng/ml and 3.5 x 105 50% tissue culture infectious doses (TCID50)/ml as measured in TZM-bl cells. Using ELISA, the total gp41 concentration present in the virus stock was found to be 11 ng/ml. Therefore, the gp41 concentration was 0.13 ng/ml for the first seven challenges (virus stock diluted 1/86 to obtain 15 TCID50), and 0.19 ng/ml for the subsequent challenges (virus stock diluted 1/57 to obtain 22 TCID50 as measured in RM PBMC); these gp41 concentrations were used to estimate the approximate molar ratio of gp41 antigen molecules to specific Ab molecules in vaginal fluid.

The SHIVSF162P3 stock used in the Chinese RM study (14) was no longer available for our study in Indian RMs. Hence, the new virus stock was tested in RMs by intravaginal titration experiments, as in vivo infectivity for a given challenge route is the gold standard. Our most important criterion was to achieve persistent viral infection using approximately the same number of intravaginal challenges, at the same time intervals, as in the original study (14). We enrolled a total of 12 Indian RMs in the titration to extrapolate the new SHIVSF162P3 stock’s intravaginal challenge dose. The latter was also expressed as TCID50 (measured in Indian RM PBMC) to show that its infectivity was in the same order of magnitude as that of the stock used previously in Chinese RMs. Importantly, TCID50 measurements are only operational terms but not absolute units of measure. TCID50 values for any given stock vary from lab to lab for the following reasons: i) PBMC collected from RM donors are virus target cells that cannot be standardized given outbred nature of RMs; ii) TCID50 data also depend on the cell culture conditions and individual laboratory procedures, and iii) assay readout sensitivity can vary greatly. Consequently, TCID50 values measured in primary RM PBMC give only order-of-magnitude information rather than absolute values.



Intravaginal SHIV Challenges

Following similar timeline and virus TCID50 doses as described in the Chinese RM study (14), five weeks after the second i.n. boost (week 29), all animals were inoculated intravaginally with low-dose virus once or twice per week, with 15 TCID50 of the heterologous SHIVSF162P3 for the first 7 challenges and 22 TCID50 for challenges 8 to 22. The veterinary procedures outlined in Chenine et al. (25) were used; RMs undergoing vaginal SHIV challenges were not treated with hormones.



Plasma Viral RNA Levels

Plasma vRNA was isolated by QiaAmp Viral RNA Mini-Kits (Qiagen, Germantown, MD, USA); vRNA levels were measured by quantitative reverse-transcriptase polymerase chain reaction (RT-PCR) for SIV gag sequences (26, 27). Assay sensitivity was 50 copies/ml.



Statistical Methodology to Assess Vaccine Efficacy

Time-to-event methodology was used to evaluate the occurrence of primary and secondary endpoints. As the intravaginal challenges were not equally spaced, the time variable is presented and analyzed in units of study days, rather than number of challenges. The endpoints analyzed included: time to first viremia, defined as the first observation of viral load >50 copies/ml; time to peak viremia, using the study day of observed peak viral load; and time to persistent systemic infection (PSI), in which the endpoint is reached when viral RNA is ≥10,000 copies/ml. As the challenge dose was increased from the 8th challenge onward (Challenge Phase II), results are presented overall (Challenge Phases I plus II) and also with endpoints censored on day 32, the date of the 8th challenge (Challenge Phase I).

Randomization tests were used to compare endpoints across group. The survival (28) and interval (29) packages for R statistical software were used to compute the corresponding log-rank test statistic for each eligible randomization instance, with p-values obtained as the number of test statistics exceeding the value of the statistic for the actual randomization. As a sensitivity evaluation of the randomization test method, the standard log-rank p-value obtained from the null distribution, which assumes random allocation, rather than the restricted allocation described above, was also computed. Vaccine efficacy is computed as one minus the ratio of infection rates (vaccinated vs control group), with supportive confidence intervals obtained by the exact conditional binomial method, assuming Poisson distribution of endpoints within each group (30). No adjustment for multiplicity was done.



ELISA Ab Assays

HIV-1 gp41-derived antigens for ELISA plates. The P1 peptide powder stock was dissolved first in hexafluoroisopropanol prior adding protease-free sterile water for obtaining a solution stock at 0.7 mg/ml in 10% hexafluoroisopropanol. P1 peptide was then diluted at 2 µg/ml. The frozen rgp41 stock was thawed and diluted with cold phosphate-buffered saline (PBS) pH 7.4 to obtain a solution at 2 µg/ml.

To coat 96-well MaxiSorp flat bottom plates (Nunc), 0.1 ml of freshly prepared antigen solution was added to wells (0.2 µg/well). Plates were wrapped into aluminum foil and incubated 16 h at 4°C. The next day, plates were washed four times with 300 µl/well with PBS pH 7.4 with Tween 20 at 0.05% (PBST) prior adding 300 µl/well of casein as blocking reagent (Abcam, ab 171535), followed by a 2 h incubation at 37°C. Plates were then washed four times with 300 µl/well with PBST and 100 µl of diluted sera, positive RM serum controls, and human monoclonal antibodies (mAbs) 2F5 (31) and 98.6 (32), both from NIH-ARRRP were added to the appropriate wells, plates were wrapped in aluminum foil, and incubated for 2 h at 37°C. Plates were then washed 8x with 300 µl/well with PBST and 100 µl of diluted rabbit anti-monkey IgG horse radish peroxidase (HRP) into PBST (Sigma, A2054, dilution according to the supplier’s recommendation) were added to wells and plates wrapped in aluminum foil prior placing them into the incubator at 37°C for 1 h. Wells were then washed 8x with 300 µl/well, followed by the addition of 100 µl of substrate (TMB single solution, Life Technologies) and plates incubated in the dark (wrapped in aluminum foil) at room temperature for 10-15 min or until the color signal was considered strong enough, then the reaction was stopped by the addition of 100 µl/well of 1 M H2SO4 and the optical density of the reaction was read at 450 nm.



Neutralization Assays

NAbs were measured as a function of reduction in luciferase (Luc) reporter gene expression after a single round of infection in either TZM-bl cells (33, 34), TZM-bl/FcγRI cells (35) or A3R5 cells (36). TZM-bl cells (also called JC57BL-13) were obtained from the NIH-ARRRP, as contributed by John Kappes and Xiaoyun Wu. This is a HeLa cell clone engineered to express CD4 and CCR5 (37) and to contain integrated reporter genes for firefly luciferase and E. coli beta-galactosidase under control of an HIV-1 long terminal repeat (LTR) (38). The cells were engineered by stable transduction to express human FcγRI cells, which made them ultra-sensitive for detecting gp41 MPER-specific nAbs (35).

For assays in TZM-bl and TZM-bl/FcγRI cells, a pre-titrated dose of virus was incubated with serial 3-fold dilutions of heat-inactivated (56°C, 30 min) serum samples in duplicate in a total volume of 150 μl for 1 h at 37°C in 96-well flat-bottom culture plates. Freshly trypsinized cells (10,000 cells in 100 μl of growth medium containing 75 μg/ml DEAE dextran) were added to each well. One set of control wells received cells + virus (virus control) and another set received cells only (background control). After 48 h of incubation, 100 μl of cells was transferred to a 96-well black solid plate (Costar) for measurements of luminescence using the Britelite Luminescence Reporter Gene Assay System (PerkinElmer Life Sciences). Neutralization titers are the dilution (serum/plasma samples) or concentration (mAbs) at which relative luminescence units (RLU) were reduced by 50% or 80% compared to virus control wells after subtraction of background RLUs. Assays in TZM-bl and TZM-bl/FcγR1 cells used a rhesus PBMC-grown stock of SHIVSF162P3.R157.

A3R5 (A3.01/CCR5), a derivative of the A3.01 human lymphoblastoid cell line that naturally expresses CD4 and CXCR4, was engineered to express CCR5 (36). The A3R5 assay was performed with Env.IMC.LucR viruses as described (36). Briefly, serum and plasma samples were assayed at 3-fold dilutions ranging from 1:20 to 1:43,740. Neutralization titers are the sample dilution at which RLU were reduced by 50% as compared to RLU in virus-control wells after subtraction of background RLU in cell-control wells. Assays in A3R5 cells used SHIV-SF162P3.LucR infectious molecular clone produced by transfection in 293T cells.



Antibody-Dependent Cellular Phagocytosis

The ADCP assay was adapted from (39). Briefly, gp140 SHIVSF162p3 and the recombinant Mymetics gp41 antigens were biotinylated using sulfo-NHS LC-LC biotin, coupled to yellow-green, fluorescent Neutravidin 1 μm beads (Invitrogen, F8776) for 2 h at 37°C and washed two times in 0.1% bovine serum albumin (BSA) in PBS. Ten μl/well of coupled beads were added to 96-well plates with 10 μl/well of diluted sample for 2 h at 37°C to form immune complexes. After incubation, the immune complexes were spun down, and supernatants were removed. THP-1 cells were added at a concentration of 2.5 x 104 cells/well and incubated for 18 h at 37°C. After incubation, the plates were spun down, the supernatant was removed, and cells were fixed with 4% paraformaldehyde (PFA) for 10 min. Fluorescence was acquired with a Stratedigm 1300EXi cytometer. Phagocytic score was calculated using the following formula: (percentage of FITC+ cells) * (the geometric mean fluorescent intensity (gMFI) of the FITC+ cells)/10,000. A polyclonal HIVIg pool available from the NIH AIDS Reagent Program was used as a positive control. Serum from a human HIV-seronegative donor was used as negative control.



Antibody-Dependent Neutrophil Phagocytosis

The ADNP assay was adapted from Karsten et al. (40); gp140 SHIVSF162p3 and the recombinant Mymetics rgp41 antigens were coupled to beads and immune complexes were formed as described for ADCP. Neutrophils were isolated from fresh whole ACD-anticoagulated blood using EasySep Direct Human Neutrophil Isolation kit (Stem Cell, 19666), resuspended in R10 medium, and added to plates at a concentration of 5x104 cells/well. The plates were incubated for 30 min at 37°C. The neutrophil marker CD66b (Pacific Blue conjugated anti-CD66b; BioLegend, 305112) was used to stain cells. Cells were fixed for 10 min in 4% PFA. Fluorescence was acquired with a Stratedigm 1300EXi cytometer and phagocytic score was calculated as described for ADCP.



HIV-1-Specific Binding Antibody Multiplex Assay

HIV-1-specific antibodies were measured by HIV-1 Binding Antibody Multiplex Assay (BAMA) for IgG and IgA as described (41–44). For IgA assays, the samples were depleted by Protein G for sensitivity of IgA detection. The following antigens were used for both IgG and IgA assays: Bio-MPR.03 (MPER) (NEQELLELDKWASLWNWFDITNWLWYIR), MYM gp41 (vaccine gp41 from Mymetics), MYM-P1-PE (P1 from Mymetics), SP62 (MPER-2F5 epitope, QQEKNEQELLELDKWASLWN), gp41 (recombinant MN, Immunodiagnostics) and for IgA, two antigens that corresponded with decreased HIV-1 risk in RV144 were included: 00MSA 4076 gp140 (clade A gp140), A1.con.env03 140 (consensus clade A gp140) (45, 46). Assays were run under GCLP compliant conditions, including tracking of positive controls by Levy-Jennings charts using 21CFR Part 11 compliant software. Positive controls included a HIVIG and SHIVIG (DBM5, purified IgG from SHIV-infected RMs kindly provided by Dr. Mario Roederer, Vaccine Research Center). Additional positive controls included 2F5 IgG, 7B2 IgG, 4E10 IgG and purified RM IgA and negative controls included in every assay were blank well control and uncoupled beads. Antibody measurements were acquired on a Bio-Plex instrument (Bio-Rad, Hercules, CA, United States) using 21CFR Part 11 compliant software and the readout is in Mean Fluorescence Intensity (MFI). The preset assay criteria for sample reporting are: coefficient of variation (CV) per duplicate values for each sample were ≤15% and >100 beads counted per sample. The preset positivity criteria were: 1. MFI-blank well-blank bead ≥antigen specific MFI cutoff (95th percentile of W0 or 100 MFI) and 2. MFI-blank well-blank bead > 3X W0 MFI-blank well-blank bead and 3. MFI-blank well > 3X W0 MFI-blank well.



Fc Array Method

Fc array analysis was performed blinded to group as described (47, 48) to evaluate polyclonal Ab responses. Briefly, plasma was centrifuged for two min at 14.8 x g, then aliquoted and analyzed for binding to a panel of antigens listed in Supplementary Table 1. Plasma was diluted 1:1,000 for detection reagents (Supplementary Table 2) of tetramerized Fcγ receptors (Source: Duke Protein Production Facility) and anti-rhesus IgG (Source: Southern Biotech). For increased sensitivity, detection reagents C1q (Source: Sigma) and anti-human IgA (Source: Southern Biotech) were collected with a plasma dilution of 1:250, along with a replicate of the anti-rhesus IgG. Data collection was performed using Luminex Exponent version 4.2 software.



Antibody-Dependent Cellular Cytotoxicity Assay

We utilized the flow-based GranToxiLux (GTL) assay to test the samples. Recombinant HIV-1 Con-S gp140 was used to coat the cells in the GTL assay (49, 50). The cut-off for positivity in the GTL assay was >8% of Granzyme B activity. The recombinant gp140 was chosen because it is the best immunogen to capture anti-Env binding Abs; gp140 was selected to detect the presence of ADCC responses directed against gp120 and gp41 epitopes. We also tested the samples using the Luciferase-based (Luc) ADCC assay against the SHIVSF162P3.5 that expresses the Luciferase reporter genes (51). The analysis of the results was conducted after subtracting the background detected with the pre-immunization samples. After background subtraction, results would be considered positive if the percent specific killing is >15%. The ADCC laboratory tested samples collected from the pre-immune and immunized animals at weeks 25, 26, 29, and 33.



Immuno-PCR Imperacer® for Mucosal Ab Quantification

Imperacer® combines the ELISA-based method with the qPCR technique to amplify the artificial DNA, conjugated to the detecting molecule (52–55). As previously described (23), DNA-labeled P1 and DNA-labeled rgp41 (Chimera proprietary expertise) were used in bridging assays to quantify specific IgG and IgA antibodies and DNA-labeled IgG anti-IgG or anti-IgA to quantify total IgG and IgA antibodies in a sandwich Imperacer assay. This method is very sensitive (lower detection limit for the current bridge assay is ≥ 0.001 ng/ml), specific, and species independent, as it can detect a broad range of antibody concentrations of any isotype and from any animal origin. Real-time PCR signals were converted to approximate antibody concentrations (ng/ml) by analysis against a reference antibody curve. These antibody concentrations were provided only as indicative values.




Results


Overall Goal and Study Strategy

The prime goal of the current study was to confirm the strong protection, which had been reported for the efficacy study performed earlier in Chinese RMs (14), in the more widely used Indian RM subspecies. Thus, detailed immunogenicity analyses were contingent on first demonstrating the reproducibility of vaccine protection, and a “go/no-go” decision to initiate intravaginal SHIV challenges involved only a minimal confirmation of vaccine immunogenicity. Since both experimental Groups K and L (Figure 3) had received virosomes displaying the P1 peptide, we measured anti-P1 Ab responses using ELISA. For each animal, plasma samples collected before the first vaccination and at specific time points during and post vaccination were tested. Animals from Groups K and L had measurable anti-P1 Abs compared to autologous pre-immune samples (data not shown); the anti-P1 responses in two of the three groups led us to start the SHIV challenges.

In Group M (given placebo virosomes; Figure 3), no anti-P1 Abs were detectable. Only two scientists leading the NHP study were aware that Group M RMs were controls; veterinary staff directly involved in the animal experiments did not know the status of any of the three groups during the ensuing SHIV challenges. Regular viremia levels were assessed immediately to decide whether SHIV challenges should continue for any given RM; the experimental design called for stopping challenges once an RM reached vRNA levels ≥104 copies/ml.



Vaccine Efficacy During Intravaginal SHIV Challenge Phase I

As the primary goal of this current vaccine efficacy study in Indian RMs was to confirm the efficacy observed in Chinese RMs (14), SHIV challenges were performed as in the original study in two phases, starting with 15 TCID50 (as assessed in RM PBMC) for the first seven challenges (Challenge Phase I, Figures 4A–C), followed by a 50% increase of the inoculum from challenge 8 onwards (Challenge Phase II, Figures 4D–F). The results of the plasma vRNA loads for Challenge Phase I up to day 32 are shown in Figures 4A–C. During this time span, Groups L and M showed significant differences by three parameters (Table 2). Using time-to-first viremia, efficacy was 78.4% (p=0.0456); using time-to-peak viremia, efficacy was 85.3% (p=0.0359), and time-to-persistent systemic infection (PSI, defined as vRNA loads ≥104 copies/ml), efficacy was 87% (p=0.0319) (Figure 5). In contrast, the analysis of vRNA loads of Group K versus M revealed no protection. We conclude that compared with control Group M, Group L animals had significant vaccine protection during Challenge Phase I; these animals had been vaccinated with the combination of virosomes displaying either P1 or rgp41 (Figure 3).




Figure 4 | Plasma viral RNA (vRNA) loads after repeated low-dose intravaginal challenges with the tier 2 R5 SHIVSF162P3. (A–C) Challenge Phase I, comprising the first seven intravaginal challenges with plasma vRNA loads up to day 32, just before challenge #8. (D–F) Challenge Phases I (days 0-32) and II (day 32 to end of study). For challenge Phase II, the SHIVSF162P3 dose had to be increased by 50% to follow the same experimental strategy used in the initial study in Chinese macaques (14). Horizontal dotted line (A–F), limit of detection 50 vRNA copies/ml (25). Vertical dotted line on day 32 in all panels, start of Challenge Phase II at the increased virus dose. Red ticks, day for each intravaginal SHIV challenge in all panels. †animal 30648 (M8) died of unrelated causes on day 46.




Table 2 | Vaccine efficacy estimates and comparisons.






Figure 5 | Time to event endpoints, by study day, for SHIV Challenge Phase I (A–C). This included the first 7 challenges and the time up to but not including challenge #8, when the challenge virus dose was increased. Endpoints include (A) time to first viremia; (B) time to peak viremia; and (C) time to persistent systemic infection (PSI). For interval-censored endpoints (time to first viremia, time to PSI), blocks in figures indicate periods with no plasma samples taken, over which the time to event curve is linearly interpolated. There were no significant differences among Groups K, L, and M when the entire study was analyzed (Challenges Phases I and II; for a total of 22 SHIV challenges; data not shown). Statistical analyses were performed by Dr. Chris Gast.





Loss of Vaccine Efficacy During Intravaginal SHIV Challenge Phase II

Following the blueprint of the study in Chinese RMs (14), the SHIV inoculum had to be increased by 50% from intravaginal challenge #8 onwards. One week later, five previously aviremic RMs in Group L became infected and progressed to PSI (Figure 4E; red dots in green box, Figure 6). The protection seen during Challenge Phase I was no longer seen, and Group K versus Group M again showed no evidence of protection. An in-depth statistical analysis of both Challenges Phase I and II can be found in Table 2.




Figure 6 | Sudden loss of protection in Group L one week after challenge #8 when the virus dose was increased by 50%. On day 38, five Group L animals lost protection (green box). We hypothesize that vaccine-induced mucosal antibodies were quite protective during Challenge Phase I, when only two breakthrough infections occurred. However, the additional antigen load in the 50% higher challenge virus dose overwhelmed vaccine protection in a large fraction of Group L animals immediately after the dose escalation – akin to flood water overtopping the dam, leading to flash floods and inundation. The implication of this “dam” hypothesis is that the immunogenicity of the virosome platform may need to be increased to boost both mucosal and systemic immune defenses for facing the virus doses administered during experimental intravaginal SHIV challenges in primate models estimated to exceed the HIV-1 inocula passed between infected men to their female partners (please see text).



The abrupt loss of protection in Group L immediately following exposure to the higher challenge virus dose implies a threshold effect, according to which vaccine-induced host immune defenses were able to hold the incoming virus at bay as long as the inoculum was not overpowering. Essentially, the situation from challenge #8 onwards is akin to a flash flood overcoming protection provided by a dam (Figure 6; please see Discussion). Nevertheless, our analysis is focused on Challenge Phase I in an attempt to identify and describe any protective immune responses observed to be associated with the protection that was evident only in Phase I; importantly, our primary analysis was not limited to this part of the overall study.



Vaccine-Induced Systemic Antibody Responses in Group L

Given the significant protection seen in Group L during Challenge Phase I, we decided to proceed with analyzing the vaccine-induced antibody responses over time, including pre-immunization, during the i.m. and i.n. vaccine administrations, and at week 29, the day of the first virus exposure (Figure 7). Individual data points reflect values of each experimental RM. Animals represented by red symbols had breakthrough infections during Challenge Phase I; their anti-rgp41 IgG responses revealed no obvious link with the SHIV challenge outcome.




Figure 7 | Vaccine-induced anti-HIV-1 gp41 plasma IgG responses in Group L measured by ELISA with rgp41. The timeline for the intramuscular (i.m.) and intranasal (i.n.) immunizations is given in Figure 3. Plasma samples collected at the time points indicated were assessed for each individual vaccinee in Group L. Data for the two animals with early breakthrough infection during Challenge Phase I are indicated in red symbols; data for vaccinees that remained aviremic during the first 15 challenges or longer are indicated in blue symbols. No clear pattern emerged for either subset of vaccine recipients.



Next, we sought to determine whether the sudden loss of protection seen in Group L vaccinees might be due to decreases in vaccine-induced, antigen-specific Ab levels. On day 38, the first plasma samples collected after the 50% challenge SHIV dose escalation, revealed that five of the Group L animals had sudden breakthrough infection (large red dots in green boxes, Figures 6, 8, animals L1, L5, L7, L9, and L10). Figure 8 shows the anti-rgp41 (blue lines) and anti-P1 IgG responses (green lines) during the intravaginal SHIV challenges. There were no drops in the antigen-specific IgG responses just preceding the breakthrough infections; however, shortly after viremia became apparent, there was a marked boost in the vaccine-induced Ab responses, especially in animals L1, L11, and L12. Clearly, waning of vaccine-induced Ab responses did not account for the breakthrough infections seen after the SHIV dose escalation for challenge #8.




Figure 8 | Antigen-specific IgG concentration in plasma samples and viral RNA (vRNA) loads over time. Each panel represents data for one rhesus macaque of Group L that had been vaccinated with the combination of virosome-P1 + virosome-rgp41. Red circles in green squares, RMs with breakthrough infection 6 days after increasing the SHIV challenge dose by 50% on day 32 (challenge #8; please see ). Red dotted line, limit of detection for vRNA [50 copies/ml (25)]. Black dotted line, ≥ 104 plasma vRNA copies/ml, threshold for Persistent Systemic Infection (PSI). Red ticks, time points at which each animal underwent SHIVSF162P3 challenges. Once vRNA levels were ≥104 copies/ml, no further virus challenges were administered. The number of SHIVSF162P3 challenges thus varied for each animal. Immediately following challenge #8 at the 50% higher virus dose, many Group L animals had breakthrough infections, which were not linked to decreases in anti-P1 or anti-rgp41 plasma IgG levels.





Neutralizing and Binding Anti-SHIV Antibody Responses

Next, we assessed whether Group L vaccinees had developed nAbs against the challenge virus, the tier 2 SHIVSF162P3. None were detected at any time points in the plasma/serum samples examined (data not shown). This finding prompted us to examine the epitope specificity of the vaccine-induced IgGs by Binding Antibody Multiplex Assay (BAMA); the data are shown in Figure 9. Consistent with the lack of nAb responses in the functional assays, no reactivity was found against the 2F5 epitope (56) by IgG BAMA in Group L animals (Figure 9, top panels). This epitope, recognized by the broadly neutralizing mAb 2F5, is located in the MPER, and reactivity to this epitope would have been expected in animals vaccinated with virosomes displaying the P1 peptide. However, the experimental RMs had high background reactivity, including controls in Group M (Figure 9), possibly due to antigen mimicry between HIV gp41 regions and microbiome antigens (57, 58). For Group L, the anti-gp41 antibody responses were generally much higher during the vaccination phase compared to anti-P1 antibody responses (panels MYM gp41 versus MYM-P1-PE; Figure 9). In parallel, plasma IgA responses were also tested by the BAMA methods; no responses were found (data not shown).




Figure 9 | IgG Binding Antibody Multiplex Assay (BAMA) response magnitude measured by Mean Fluorescence Intensity (MFI), for the vaccine groups L and M, by time point and antigen (Methods). Dots are colored by response status with boxplots displaying distributions among positive responders. Baseline (pre) and negative samples are shown in shades of grey color; blue and black dots show positive samples for Groups L (immunized with the combination of virosome-P1 + virosome-rgp41) and M (given placebo virosomes), respectively. Response rates [percent positive, and ratio of number of positive samples/total number of samples] are shown for each combination. Lines join the same animal over time. High background reactivity against some gp41 antigens is notable for some animals.



IgG responses specific for the rgp41 antigen were tested in RMs of Groups L and M (Figure 9, 3rd row of panels from top). No background reactivity was detected in any preimmune samples. Among Group L vaccinees, 7 out of 12 RMs mounted such IgG reactivity during the vaccination phase (blue symbols, Figure 9; 3rd left panel). After the SHIV challenges resulted in infection, these specific anti-rgp41 IgG responses formed de novo in 3 out of the 11 control Group M animals.



Fcγ-Related, Antigen-Specific Functional IgG Activities

Next, we performed Fc array analysis to examine the IgG features between Groups L vs M and K vs M. Briefly, plasma from the experimental animals at the time points indicated were incubated with beads conjugated to target antigens of interest followed by detection with FcγR, lectins, as well as IgG and IgA detection reagents. The data are presented as volcano plots that depict the fold change and significance of differences between the experimental groups versus control Group M (Figure 10). Between one week and two weeks after the second i.n. boost, Group L showed clear, specific reactivity compared to Group M; significant differences were also present on the day of the first SHIV challenge (Figure 10, top row, 4th panel). The difference was no longer noticed on the day of SHIV challenge #7. In contrast, none of the time points showed any significant differences in volcano plots comparing Group K vs Group M.




Figure 10 | Volcano plots depicting fold change and significance of differences in Fc Array antibody features between immunization Groups L (top, given virosome-P1 + virosome-rgp41) and K (bottom given single-agent virosome-P1) and the control arm (Group M given placebo virosomes). Symbol shapes indicate Fc specificity and color indicates Fc characteristic. Horizontal lines indicate statistical significance by Mann-Whitney U test, with p = 0.05 indicted by the black dotted line, and a Bonferroni-adjusted significance threshold indicated in the red dotted line. Group comparisons of antibody profiles at time points including pre-immunization (pre), one or two weeks after the 2nd intranasal boost, the day of the 1st SHIV challenge, and the day of the 7th SHIV challenge are reported; please see Figure 3.



We ascribe the differential outcome of the Fcγ arrays, and the functional assays for Fcγ-related activities, to differences in assay sensitivity, with the Fcγ array being significantly more sensitive. Overall, the volcano plots revealed significant differences between vaccinees in Group L and controls in Group M with regards to antigen-specific FcγR2A, FcγR2B, FcγR3A, and FcγR3B. Figure 11 highlights specific reactivity to P1 peptide (top panels) and rgp41 (bottom panels). The three experimental groups are color coded as in other figures (Black, Group M; green, Group K; blue, Group L). After the second i.n. boost and on the day of challenge #1, the levels of antigen-specific IgG binding to FcγR2A-4 are increased in Group L vaccinees, compared to the levels in the other two groups.




Figure 11 | Levels of FcγR2a-4 binding (left) and total IgG (right) specific for the P1 peptide used as an immunogen (top) and recombinant gp41 from the HxBc2 strain (bottom) over time. Immunization groups are indicated in color; green, Group K; blue, Group L; black, Group M. Time points include pre-immunization (pre), one and two weeks after the 2nd intranasal boost, the day of the 1st SHIV challenge, and the day of the 7th SHIV challenge (please see Figure 3). Median fluorescent intensities (MFI) are reported for each antibody characteristic; group medians are represented by the bar with Tukey’s box and whiskers.



Prompted by the finding of increased antigen-specific IgG to FcγR2A, we sought to correlate increased binding with functional activities. FcγR2A is preferentially expressed on phagocytes, including macrophages, monocytes, neutrophils, and dendritic cells, and plays a role in phagocytosis. Thus, we examined plasma samples for ADCP and ADNP.

Overall, antigen-specific functional activities of the samples were low, with only a few data points above the negative control. On the day of challenge, neither ADCP nor ADNP were above background (Figure 12). Importantly, the samples with increased ADCP at week 33 (four weeks after the initiation of SHIV challenges) also demonstrated increased ADNP activity, suggesting the observed responses were vaccine-induced, as ADNP and ADCP activity often track together. Although Ab titers were not evaluated as part of the ADCP/ADNP assays, the weak functional responses coupled with the lack of detectable antigen-specific glycan suggests that relatively low-titer responses were elicited in the vaccine trial.




Figure 12 | Antibody-dependent Cellular Phagocytosis (ADCP) (top) and Antibody-dependent Neutrophil Phagocytosis (ADNP) (bottom) were assessed against gp140 SHIVSF162p3 (left) and the recombinant Mymetics rgp41 (right) antigens. Immunization groups are indicated in color; green, Group K; blue, Group L; black, Group M. Time points include pre-immunization (pre), one and two weeks after the 2nd intranasal boost, the day of the 1st SHIV challenge, and the day of the 7th SHIV challenge (please see Figure 3). Phagocytic scores are reported for each assay; group medians are represented by the bar with Tukey’s box and whiskers.





Mucosal Antigen-Specific IgG + IgA Responses

Finally, we sought to determine the concentrations of antigen-specific IgG + IgA in vaginal washes using the ultrasensitive Imperacer® assay (Methods) that takes advantage of PCR amplification in the last step of an ELISA. This assay allows measurements of Ab concentrations with a sub-ng/ml sensitivity. Vaginal washes were collected at weeks 15 and 25, which corresponds to one week after the first or second i.n. boosts, respectively. Only the sum of the IgG + IgA responses could be determined (Figure 13). Week 25 corresponds to four weeks prior to the first intravaginal SHIV challenge; no vaginal wash samples were collected after this time point to avoid introducing microabrasions that could compromise mucosal barrier integrity. Of note, absolute antigen-specific Ab responses were higher in Group L compared to Group K – possibly explaining the initial vaccine protection seen in Group L vaccinees but not in Group K animals.




Figure 13 | Antigen-specific antibody concentrations (ng/ml) measured in vaginal washes with the Imperacer® assay (Methods). Group K (green circles) was immunized with single-agent virosome-P1 (P1 alone), Group L (blue circles) received the combination of virosome-P1 plus virosome-rgp41 (P1+rgp41), whereas Group M was given placebo virosomes (black symbols). (A–D) The sum of antigen-specific IgG plus IgA is given at the weeks after intranasal (i.n.) boosts indicated; (A, B) anti-P1 responses, and (C, D) anti-rgp41 responses.






Discussion

Here we demonstrate that i) the combination of the HIV gp41 virosomes, i.e., virosomes-P1 plus virosomes-rgp41, achieved significant protection in Indian-origin RMs during the SHIV Challenge Phase I; ii) analysis of correlates of protection revealed no nAb responses, consistent with lack vaccine-induced anti-gp41 MPER Abs. However, by Fc array analysis, protection in Group L was significantly associated with increased FcγR2/3(A/B) across several time points compared to control Group M; iii) protection in Group L was lost in Challenge Phase II when the virus inoculum was increased by 50%; iv) estimates of the SHIV challenge inoculum in comparison with vRNA levels founds in the semen of men with acute HIV infection indicated protection against intravaginal challenge in the Indian RMs was at a high level as long as the SHIV inoculum did not exceed HIV RNA levels in semen of men with acute HIV infection by >100 fold (16); and v) single-agent virosomes-P1 provided no protection throughout Challenge Phases I and II and thus cannot be considered for clinical development. Importantly – during Challenge Phase I – we have confirmed that the combination of virosomes-P1 plus virosomes-rgp41 protects significantly against intravaginal SHIV challenges. Thus, the safety and efficacy of the gp41 virosomal platform, described earlier for Chinese-origin RMs, has been confirmed in Indian macaques.

Analysis of the correlates of protection in Group L using serum/plasma samples did not reveal significant Ab responses to the MPER epitope, a possible explanation for the lack of nAb responses. Furthermore, no significant ADCC (data not shown), ADCP or ADNP activities were detected in the vaccinees’ serum samples. However, Fc array analysis revealed a significant association between the protection in Group L during Challenge Phase I with increased FcγR2 or FcγR3/AB expression at several time points in comparison to control Group M. Cell-mediated immune responses were not measured and are unlikely to be significant following the i.m. priming/i.n. boosting vaccine strategy. In summary, our new finding is the positive correlation of Group L protection during Challenge Phase I with FcγR status.

Why did most of the Group L animals lose protection when exposed for the first time to a 50% higher SHIV challenge dose? It appears that the vaccine-induced Ab defenses became overwhelmed - akin to a dam suddenly inundated by a flash flood. Of note, eight RMs in Group L became viremic one week after being confronted with the higher challenge virus dose, while no new SHIV acquisitions occurred in the control Group M. This situation let us to postulate that the antigen load in the higher Challenge Phase II inoculum tilted the balance such that vaccine-induced Ab defenses could no longer hold the invading infectious virus at bay. In the current RM study, the gp41 content of the virus inoculum during the challenge Phase I was approximately 0.127 ng/ml and 0.193 ng/ml during Phase II, respectively (estimates from gp41 ELISA and the virus dilution factor). Based upon the vaginal wash samples for which the specific IgG + IgA content was determined (Figure 13), antigen-specific antibodies at the mucosal front line were at best 2-3 fold in excess over the gp41 load in the virus inoculum. Given these experimental conditions, a 50% increase in the antigen load in challenge inoculum was sufficient to disturb the delicate balance between antibodies and antigens, like a dam no longer high enough to stem the incoming viral antigen flood.

The protection in Group L, ranging from 78 to 87 percent depending on the readout parameter, begs the question whether the combination of gp41 virosomes used for this Group will likely be protective in preventing HIV transmission in humans. We compared the vRNA content of the SHIV inoculum with published reports of HIV RNA levels found in semen specimens of infected men at different stages after HIV acquisition. According to one estimate (17), during Challenge Phase I, the SHIV RNA content was 70,000 times higher than the median HIV RNA content in human semen. When the SHIV dose was increased for Challenge Phase II, the challenge dose given to the Indian RMs exceeded the HIV RNA content in infected men’s semen by approximately 105,000 fold. Another study by Pilcher et al. (16) estimated HIV RNA content in semen of infected men as function of time after becoming infected.

The current HIV virosomal vaccine MYM-V201 that has no added adjuvant can elicit a front-line mucosal defenses that could prevent male-to-female HIV transmission, provided the viral RNA levels in the men’s semen is low, as in those observed subjects with chronic HIV infection when HIV RNA copies may range between 100 to 10,000 copies/ml (16, 17, 59) representing ~50 to 5,000 virions/ml. The latter can be largely outnumbered thousands of times by the vaccine-induced anti-gp41 antibodies. However, preventing HIV transmission from acutely infected men with 100,000 to 2 million RNA copies/ml in their semen may be more difficult and require a vaccine formulation triggering stronger mucosal antibody defenses. Assuming that each virion has no more than 15 Env gp160 trimers on its surface (60) or 45 gp120/gp41 proteins, then 1 million virions/ml in the semen would represent ~45 million molecules of gp41/ml.

What are the major differences of the virosome vaccine efficacy studies performed in Chinese RMs versus Indian-origin macaques? The earlier study performed in China had yielded 100% protection of a small group of animals against repeated intravaginal SHIV challenges, using the same strain SHIVSF162P3. None of the animals given virosomes-P1 plus virosomes-rgp41 by two i.m. priming immunizations followed by two i.n. boosts seroconverted to SIV Gag, an antigen not present in the vaccine. Of note, sterilizing immunity was not achieved in all Chinese RMs, although viremia blips were low and then disappeared. During Challenge Phase I in the Indian RMs, a high degree of protection was also achieved, although not all animals remained below the threshold of 10,000 plasma vRNA copies/ml typically associated with seroconversion after the acute viremia phase. A key difference between the two studies is the age of the females. In China, the animals were 2.5 years old on average at the start of the vaccination, just at the age of becoming sexually mature. None had any offspring, and none had been mated. In contrast, the Indian-origin RMs available were older, with a mean age of 7.8 to 9.6 years depending on the experimental group and had diverse reproductive histories. This significant age difference could have influenced vaccine immunogenicity. It is becoming clear that older animals do not have the same levels of antiviral immune responses when compared to juvenile/young ones, resulting in better protection of young animals against virus challenges via the intrarectal (61) or intravaginal routes (Dr. Genoveffa Franchini, personal communication; Bissa et al., submitted). An additional variation between the studies performed in China versus Texas is environment, likely associated with differences in the microbiota, which are increasingly recognized as a determining factor for vaccine immunogenicity (62, 63); reviewed (64). Lastly, while all six control Chinese RMs became viremic (14), this was not the case in our more diverse, larger control Group M consisting of much older Indian-origin RMs. After the initial seven ivag SHIV inoculations (Challenge Phase I), followed by 15 SHIV inoculations at the 50% increased dose (Challenge Phase II), three Indian RMs in control Group M had remained aviremic. We decided to go beyond the original request to repeat the earlier study (14) and administered 1 ml of undiluted virus stock as a single, high-dose challenge to animals that were still aviremic at the end of both Challenge Phases I + II. Of the three aviremic Group M RMs, one animal (M8) became viremic and PSI positive; this result had no impact on the conclusion of the study’s Challenge Phases I & II.

Vaccine efficacy of Group K given single-agent virosomes-P1 needs to be discussed briefly. This group showed no statistically significant protection throughout the entire course of the study, including Challenge Phase I. As such, virosome-P1 alone is no longer considered a potential candidate for clinical development. Of note, the titers of anti-P1 Ab levels were low, and no anti-MPER Ab responses were detectable in the epitope mapping analysis. Such, the single-agent virosomes-P1 vaccine was neither immunogenic nor protective. The epitope analysis also revealed high background levels against P1; the latter may be due to the recently described cross reactivity between gp41 antigens and bacterial antigens (57, 58, 65). As such, the immunogenicity of virosome-P1 may have been compromised by the tolerogenic effects of cross-reactive bacterial antigens.

The low immunogenicity of the combined HIV-1 virosomal vaccine MYM-V201 (see Figure 2) in Indian RMs seen in the current study, particularly for the P1 peptide antigen, contrasts with the original studies in Chinese macaques (14) and the human Phase 1 trial in healthy women (15), for which good anti-P1 antibody responses were reported. In women, a single injection of the virosomal single-agent MYM-V101 containing only unadjuvanted virosomes-P1 led to > 90% seroconversion for the specific serum IgG and IgA, and serum titers and vaginal antibody levels were high with peaks after the third vaccination corresponding to the first i.n administration.

We cannot exclude the possibility that different methods and reagents could have influenced the outcome for the different studies. Another potential explanation may be related to genetic differences between Indian and Chinese macaques. In addition, the two NHP studies were conducted in different geographical locations (China versus USA), with different water and food supplies and animal housing conditions, all of which may have influenced the microbiota of mucosal tissues and skin. Cross-reactivity between antibodies recognizing host commensal microbial antigens and HIV gp41 has been described (65), and homologies between human host proteins and HIV gp41 antigen (57, 58) could contribute to reducing the antibody responses toward gp41 vaccinal antigens.

The vaccine efficacy study described here used MYM-V201 (virosomes-P1 plus virosomes-rpg41) without additional adjuvants. The virosomal platform by itself has self-adjuvanticity mostly due to the influenza virus-derived HA antigens. In addition, a new function for peptide P1 has recently been discovered: its ability to act as a mucosal adjuvant for unrelated antigens (66). Given the sudden loss of protection when the SHIV challenge dose was changed at the start of Challenge Phase II, adding additional viral antigens could be considered to increase the number of viral targets and thus overall immunogenicity. The unadjuvanted virosomal platform on its own is known to be a weak inducer of T-cell immune responses when compared to viral vectors, but the virosome formulation can be adapted to generate better cell-mediated immunity.

In sum, the combination of unadjuvanted HIV gp41 virosomes consisting virosomes-P1 plus virosomes-rgp41 was safe, immunogenic, and protective in Indian-origin RMs during Challenge Phase I. It should be noted that the challenge route was intravaginal – quite different from all other preclinical AIDS vaccine development studies that mostly used the intrarectal challenge route. We have assessed the amount of virus required to achieve persistent systemic infection in macaques using atraumatic challenges through different mucosal routes (25). The least amount of virus was required for the intrarectal route, followed by the intravaginal route, where eight times more virus was needed to achieve persistent systemic infection in naïve animals; the highest viral doses were needed for oral challenge in adult animals. Given that the vaccine-induced Ab responses appeared to be limiting as shown by the sudden collapse of protective defenses at very beginning of Challenge Phase II, it would be of interest to examine the vaccine efficacy of the gp41 virosomal platform against repeated low-dose intrarectal challenges in NHP models.
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Endpoints Group Vaccine Global Randomization Randomization test p-value, 95% Confidence Interval for
Efficacy (%) (standard) Test' pairwise comparisons Vaccine Efficacy?

Analysis of SHIV Challenge Phases | & Il (full duration)

Time to first viremia Kvs M 11.6 0.5671 (0.5611) 0.8299 (-163.2, 69.7)
LvsM -54.6 0.6278 (-335.9, 41.9)
Time to peak viremia Kvs M 10.3 0.8872 (0.8904) 0.7601 (-167.3, 69.3)
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Time to PSI Kvs M 123 0.7177 (0.7060) 0.7327 (-161.2, 70.0)
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Analysis of SHIV Challenge Phase | (prior to challenge dose escalation)
Time to first viremia Kvs M 64.6 0.0704 (0.0712) 0.1213 (-55.0, 94.1)
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"Primary inference drawn from randomization tests; standard p-value included for sensitivity analysis of global test for difference across all groups.
2Confidence intervals do not account for constrained randomization and are to be considered supplementary.
*Value <0.05.
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Group K: virosomes-P1 Group L: virosomes-P1 + virosomes-gp41 Group M: Control Titration Group p-

(n=12) (n=12) (n=12) (n=6) value’

Age, mean years (SD) 7938 6 (5.2) (6.0 7.8(6.1) 0.960
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Genetic screening:
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Intermediate 4 (33%) 7 (68%) 6 (33%) 4 (67%)
Mamu Negative 8 (67%) 10 (83%) 8 (67%) 4 (67%) 0.815
A*01 Positive 4 (33%) 2 (17%) 4 (33%) 2 (33%)

Kruskal-Wallis test for continuous variables, Fisher Exact test for categorical variables.
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p-value: time—0.895; treatment—0.065; interaction—0.945 p-value: time—0.081; treatment—0.000; interaction—0.043

TNF-o NVC control 2.01+0.15* 2.24 £ 0.57° 1.77 + 0.52% 1.29 £ 0.14* 1.09 + 0.14* 1.12+0.10
Immersion *3.39 + 0.32° 210+ 0.08* 2.81 +0.45% 1.73 £0.22% 2.24 +0.47% **1.80 + 0.08%

p-value: time—0.394; treatment—0.036; interaction—0.172 p-value: time—0.656; treatment—0.002; interaction—0.328

IL-8 NVC control 2.28+0.27% 3.45 + 0.40% 4.08 + 1.14% 2.60 + 0.39% 3.78 + 0.19% 3.32+0.97%
Immersion 3.84 + 0.55% 4.95+ 1.38° 5.16 + 1.64% 3.17 £ 0.63% 7.95 +2.34% 6.59 + 1.70°

p-value: time—0.338; treatment—0.124; interaction—0.975 p-value: time—0.098; treatment—0.026; interaction—0.377

CD-8o. NVC control 1.87 £ 0.49* 1.70 £ 0.36* 175 £0.14* 0.64 +0.18* 1.38 £ 0.249 155+ 0.24Y
Immersion 2.33 +0.68° 2.39 + 0.65° 2,60 + 0.52% 1.09 + 0.65% *2.98 + 0.24° 2.48 + 0.49%°

p-value: time—0.968; treatment—0.133; interaction—0.929 p-value: time—0.009; treatment —0.008; interaction—0.349

Caspase 3 NVC control 1.39 + 0.25" 1.47 + 0.55" 1.06 + 0.25" 0.87 + 0.08* 1.70 + 0.30” 2.81+0.18
Immersion 1.38 £ 0.26% 210+ 0.37° 1.90 + 0.46% **1.35 + 0.03% 3.63 + 1.01° *4.05 + 0.39°

p-value: time—0.553; treatment—0.139; interaction—0.514

p-value: time—0.001; treatment—0.008; interaction—0.325

Mean (n = 3) expression levels of each gene relative to the naive control are tabulated with standard error at different time intervals. Two-way ANOVA was performed with each dataset, and
the p-values within the group (time-wise), between groups (treatment-wise), and for the interaction effect were evaluated to determine statistical significance (p < 0.05). Duncan’s multiple
range test (homogenous subsets indicated by lowercase [x-z] for NVC control and [a-c] for Immersion group) within the groups (time-wise) and an unpaired t-test (indicated by asterisks *
for significance level) between the groups at different time points were also performed to analyze the statistical differences.

* denotes significance level of t-test between the 2 groups viz., * and ** are for p < 0.05 and 0.01 respectively.
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IgM NVC control 0.95 + 0.35" 0.52 +0.11% 0.45 + 0.06* 0.89 + 0.31% 1.38 + 0.50% 1.25 £ 0.34%
Immersion 1.37 £0.14% 1.19 £ 0.38° **1.86 + 0.26% 3.68 £ 1.12% 2,65 +1.08% 2.98 + 1.06%

p-value: time—0.395; treatment—0.001; interaction—0.158 p-value: time—0.947; treatment—0.013; interaction—0.638
IgT NVC control 1.66 + 0.43% 1.50 + 0.63* 1.68 £ 0.73* 207 £ 1.11% 2.31 +1.51% 3.28 +1.37%
Immersion 2.29 + 0.39° *4.25 + 0.07%° *8.90 + 2.47° 3.48 +1.17% 6.71 +1.35% 6.70 £ 2.71%

p-value: time—0.030; treatment—0.002; interaction—0.033 p-value: time—0.389; treatment—0.039; interaction—0.654
plgR NVC control 1.29 + 0.22% 112 £0.18* 1.20 + 0.28* 497 £ 044 522+ 0.72 2.60 + 0.27%
Immersion 2,95 + 0.41%° 2.58 + 0.69% **4.52 + 0.42° *10.97 + 1.08% *10.20 + 0.512 **13.59 + 2.07%

p-value: time—0.070; treatment—0.000; interaction—0.077 p-value: time—0.931; treatment—0.000; interaction—0.029
IL-1B NVC control 19.95 + 1.68¥ 17.22 + 466" 3.70 + 0.89* 828.24 + 5718 105.87 + 10.25% 11.85 + 1.29%
Immersion **80.59 + 9.59° 26.43 + 3.45° *10.36 + 2.19% *+2874.30 + 9.98° **368.58 + 40.80% *39.25 +9.13%

p-value: time—0.000; treatment—0.000; interaction—0.000 p-value: time—0.000; treatment—0.000; interaction—0.000
TLR 2 NVC control 1.21 +0.29% 1.08 + 0.33° 1.23 £ 0.52* 1.26 +0.17% 1.01 £ 0.07% 0.99 + 0.14*
Immersion 1.97 +0.16% 2,02 +0.26% 242+ 043 **3.40 + 0.20° *2.29 + 0.30° *2.33£0.18%

p-value: time—0.705; treatment—0.006; interaction—0.839 p-value: time—0.005; treatment—0.000; interaction—0.074
IFN-y NVC control 3.27 £ 1.17% 2.37 +0.63" 1.71 £ 0.56* 439+ 067" 3.49 +1.10% 1.92 +0.28*
Immersion *13.58 + 1.76° *8.37 £ 1.47° *6.49 + 0.96° »*17.36 + 1.21° 5.61+0.13° 2.81 0172

p-value: time—0.009; treatment—0.000; interaction—0.085 p-value: time—0.000; treatment—0.000; interaction—0.000
Caspase 1 NVC control 1.49 £ 0.277 1.05 £0.21Y 0.70 + 0.08* 25.78 + 1.90" 23.98 + 5.48" 9.41 + 409*
Immersion 239+ 0422 4.30 + 1.29% 6.32 + 0.88° *33.03 + 1.37°% 46.44 £ 10.79* *47.06 + 7.39%

p-value: time—0.107; treatment—0.000; interaction—0.015

p-value: time—0.493; treatment—0.001; interaction—0.082

Mean (n = 3) expression levels of each gene relative to the naive control are tabulated with standard error at different time intervals. Two-way ANOVA was performed with each dataset, and
the p-values within the group (time-wise), between groups (treatment-wise), and for the interaction effect were evaluated to determine statistical significance (p < 0.05). Duncan’s multiple
range test (homogenous subsets indicated by lowercase [x-z] for NVC control and [a-c] for Immersion group) within the groups (time-wise) and an unpaired t-test (indicated by asterisks *
for significance level) between the groups at different time points were also performed to analyze the statistical differences.

* denotes significance level of t-test between the 2 groups viz., * *** are for p < 0.05, 0.01 and 0.001, respectively.
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IgM NVC control 0.92 + 0.30 1.04 £ 0.09* 0.99 + 0.11% 0.86 + 0.06" 0.56 + 0.10% 0.71 £ 0.15%
Immersion 1.72 £ 0.08% *6.65 + 1.63° 5.63 + 1.70% 2.34 +0.67° *2.25 + 0.29° 2.03 £ 0.67%

p-value: time—0.054; treatment—0.001; interaction—0.067 p-value: time—0.835; treatment—0.001; interaction—0.903

IgT NVC control 13.04 £ 3.17° 14.58 + 3.43° 8.39 + 3.02% 4.81 +1.20° 4.84 +1.87° 370 + 1.31%
Immersion *63.30 + 17.46% **103.19 + 17.56% *90.84 + 18.872 *13.91 £ 2.83% *16.21 £ 2.31% **11.24 + 0.96°

p-value: time—0.310; treatment—0.000; interaction—0.316 p-value: time—0.293; treatment—0.000; interaction—0.601

plgR NVC control 1.83+0.18* 12,94 + 2.87Y 6.09 + 1.62* 3.68 + 1.53* 6.26 + 1.78* 10.11 £ 3.147%
Immersion *26.47 + 4.64% 71.34 £ 21.24% *65.49 + 18.66% *25.23 £ 7.33% *31.18 + 4.14% 55.84 £ 19.19%

p-value: time—0.082; treatment—0.000; interaction—0.281 p-value: time—0.125; treatment—0.001; interaction—0.355

IL-1B NVC control 0.46 + 0.23* 20.04 +3.32 5.75 + 1.40% 7.71 £ 1.06" 111.20 + 42.64¥ 6.69 +2.17¢
Immersion *7.99 + 1.24% ~68.74 + 9.79° *12.24 + 1.46° 29.51 +9.98% *251.30 + 12.02° 42.34 £ 14.09*

p-value: time—0.000; treatment—0.000; interaction—0.000 p-value: time—0.005; treatment—0.001; interaction—0.000

IFN-y NVC control 7.16 £ 2.91% 194.43 + 17.89Y 26.55 + 6.72% 18.57 + 5.14% 130.69 + 12.17Y 14.29 £ 2.20°
Immersion 2424 £ 7.77% *610.32 + 130.07° 43.71 £ 6.85% 23.49 + 2,022 *247.58 + 22.35° *36.08 + 6.05%

p-value: time—0.000; treatment—0.005; interaction—0.004 p-value: time—0.000; treatment—0.000; interaction—0.001
Mx NVC control 1.06 + 0.33* 94.05 + 17.99" 68.53 + 17.79” 13.63 + 5.26° 169.56 + 9.12Y 201.92 + 51.28"
Immersion *5.16 + 0.96° 341.53 + 92.52° *261.19 = 41.77° 35.60 + 8.65% ***574.40 + 36.72° 317.16 + 41.91°

p-value: time—0.001; treatment—0.001; interaction—0.035 p-value: time—0.000; treatment—0.000; interaction—0.000

TLR7 NVC control 0.74 + 0.20 2.07 +0.45% 2.56 + 0.67" 3.12+1.30% 3.72 + 0.68" 3.56 + 1.60"

Immersion 2.21+0.62% 561+ 1.37° 5156+ 1.57° 6.90 + 2.35° 10.36 + 2.92% 8.46 + 2.78%

p-value: time—0.042; treatment—0.007; interaction—0.569 p-value: time—0.637; treatment—0.011; interaction—0.793

Caspase 3 NVC control 1.41£0.21% 1.22 £0.22° 3.16 + 0.16” 0.86 + 0.28" 1.03 £ 0.33° 1.86 + 0.39%

Immersion *4.14 + 0.64° **16.25 + 2.63° **12.58 + 1.23° *3.05 + 0.64° *4.38 +0.87% 6.23 + 1.83%

p-value: time—0.001; treatment—0.000; interaction—0.001

p-value: time—0.102; treatment—0.001; interaction—0.504

Mean (n = 3) expression levels of each gene relative to the naive control are tabulated with standard error at different time intervals. Two-way ANOVA was performed with each dataset, and
the p-values within the group (time-wise), between groups (treatment-wise), and for the interaction effect were evaluated to determine statistical significance (p < 0.05). Duncan’s multiple
range test (homogenous subsets indicated by lowercase [x-z] for NVC control and [a-c] for Immersion group) within the groups (time-wise) and an unpaired t-test (indicated by asterisks *
for significance level) between the groups at different time points were also performed to analyze the statistical differences.

* denotes significance level of t-test between the 2 groups viz., * *** are for p < 0.05, 0.01 and 0.001, respectively.
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LecA
alone

% infected (culture) 75.0
% infected (ELISA) 75.0

# infected males 10 of 12
([ELISA)
# infected females 8 of 12
([ELISA)

LecA + Lead Adjuvant Formulation
Candidate #1 ‘PS’

476
47.6
6of 11

4 of 10

LecA + Lead Adjuvant Formulation
Candidate #2 ‘PP’

40.9
27857
50of 11

1of 11

LecA + Lead Adjuvant Formulation
Candidate #3 ‘SS’

45.8
4M.7"
7of12

3of 12

LecA dose for all groups was 10 1ig. *p < 0.05 by two-sided Fisher’s exact test without correction for multiple comparisons. *'p < 0.01 by two-sided Fisher's exact test with the Holm-Sidak

correction for multiple comparisons.
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LecA alone LecA + GLA-3M-052 Liposomes ‘PP’ LecA + 3M-052 Liposomes LecA + GLA Liposomes
% infected (culture) 65.2 2175 34.8 50.0
% infected (ELISA) 652 26.1* 34.8 45.8
# males infected (ELISA) 8of12 50f12 6of 11 50f12
# females infected (ELISA) 7 of 11 1of 11 20f12 6of 12

L ecA dose for all groups was 10 ig. *p < 0.05 by two-sided Fisher’s exact test without correction for multiple comparisons. *'p < 0.05 by two-sided Fisher's exact test with the Holm-Sidak

correction for multiple comparisons.
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Group Description*
#

7 PO +
antioxidant

5 PO + tonicity
agent

15 DPPC, Mid
ratio

3 PO

19 DSPC, Mid
ratio

12 DMPC, Mid
ratio

17 DOPC, High
ratio

1 DMPC, Low
ratio

16 DSPC, High
ratio

8 DPPC, Low
ratio

9 DOPC, Mid
ratio

14 DSPC, Low
ratio

10 DOPC, Low
ratio

2 POC

13 DPPC, High
ratio

18 DMPC, High
ratio

20 PSO (less
LecA)

4 PSO (less
3M052)

6 PO +
viscosity
agent

1 LecA alone

IFN-y

0.984
0.971
0.932

0912
0.963

0.978
0.975
0.952
0.987
0.990
0.973
0.971
0.974

0.890
0.966

0.967
0.862
0.809

0.947

Fecal
IgA

0.981
0.990
0.874

0.936
0.715

0.762
0.908
0.858
0.842
0.863
0.658
0.971
0.796

0.960
0.962

0.814

17A

0.861

0.868

0.871

0.621
0.873

0.844

0.886

0.681

0.990

0.818

0.695

0.935

0.755

0.558
0.921

0.699

Bone

Marrow  Marrow
ASC IgA ASC IgG

0.919

0.839

0.924

0.845
0.861

0.694

0.721

0.782

0.832

0.653

0.649

0.990

0.831

0.815
0.981

0.870

0.663

Bone

0.914

0.762

0.937

0.868
0.919

0.691

0.795

0.867

0.850

0.689

0.786

0.990

0.855

0.801
0.963

0.866

0.648

serum
19GT

0.822
0.746
0.912

0.740
0.828

0.990
0.904
0.858
0.878
0.829
0.737
0.936
0.801

0.651
0.946

0.777

serum

IgG2a/
1gG1
ratio

0.990

0.590

0.736
0.745

0.614

0.863

0.633

0.674

Immuno-
genicity
Score
(female)
0.896
0.854
0.903

0.834
0.941

0.765
0.720
0.844
0.817
0.687
0.788
0.931
0.792

0.780
0.891

0.735

0.570

0.722

Immuno-
genicity
Score
(male)
0.920
0.833
0.778

0.757
0.703

0.771
0.874
0.749
0.877
0.898
0.666
0.826
0.775

0.725
0.697

0.804

0.781

Overall
Immuno-
genicity
Score

0.932

0.859

0.857

0.815
0.840

0.781

0.818

0.810

0.859

0.830

0.738

0.889

0.804

0.766
0.803

0.785

0.766

Overall
Adjuvant
Stability
Score**

0.886
0.683
0.669

0.687
0.598

0.628
0.591

0.562

0526

N/A

N/A

Combined
Overall
Score

0.909

0.766

0.757

0.749
0.709

0.700

0.696

0.675

0.672

0.611

0.610

0.573

N/A

N/A

LecA dose was 10 g for all groups except for the POC formulation (5 1ig) and the PSO-less LecA (0.5 ig). *PO, Prediicted Optimal formulation from dose optimization DOE; PSO, Predicted
Sub-Optimal formulations from dose optimization DOE; POC, Proof-of-Concept formulation (same as group #15 from the dose optimization DOE); DMPC, DPPC, DSPC, DOPC refers to
acyl chain structure of liposomal lipids; High, Mid, Low refers to phospholipid: PEGylated lipid ratios. See Supplementary Table 7 for additional formulation composition details. **See
Supplementary Table 8 for detailed adjuvant stability results. Color scale: higher desirability index values are light blue, lower desirability index values are dark blue.
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Lead GLA* 3M-052* Primary PEG-ylated Cholesterol* o-tocopherol* Buffer pH Particle Size

Candidate (mg/ (mg/ml)  phospho lipid* phospho lipid* (mg/ml) (mg/ml) (ammonium diameter Polydisp-ersity
Name ml) (mg/ml) (mg/ml) phosphate) (Z-ave, nm) Index (Pdl)
PS 1.04 0.36 +/- 3.10 +/- 0.10 0.92 +/- 0.02 0.86 +/-0.08  0.06 +/- 0.00 25 mM 583 814 +/-14 0.169 +/- 0.014
+/- 0.00 (DPPC) (DSPE-PEG2000)
0.01
PP 1.04 0.39 +/- 3.21 +/- 0.09 0.92 +/- 0.05 0.90 +/-0.04  0.06 +/- 0.00 25 mM 585 90.8+/-28 0218 +/-0.013
+/- 0.01 (DPPC) (DPPE-PEG2000)
0.01
SS 1.02 0.36 +/- 2.89 +/- 0.1 0.84 +/- 0.03 0.80 +/-0.02  0.06 +/- 0.00 25 mM 575 854 +/-12 0217 +/- 0.005
+/- 0.01 (DSPC) (DSPE-PEG2000)
0.01
Proof-of- 0.52 0.19 +/- 6.06 +/- 0.22 2.00 +/-0.12 1.88 +/- 0.07 = 25 mM 576 67.3+/-16 0217 +/- 0.008
concept +- 0.00
0.01

*Dose amounts (Lg) correspond to 0.01*concentration (i.e. 1 mg/ml GLA in the adjuvant formulation results in delivery of 10 g of GLA after mixing with antigen/diluent and delivering 20 vl
total volume to the nares).
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Antigen Delivery/Adjuvant Model

Results

Ref.

Porphyromonas gingivalis
40k-OMP cT Mouse

40k-OMP FIt3L expression plasmid or CT  Mouse

Hemagglutinin A (25-kDa antigenic region) MBP (fusion) Mouse

RgpA (hgp44 domain) FlaB or FlaB (fusion) Mouse

GroEL CpG ODN or CT Mouse

- Serum IgM, IgG, and IgA responses

- Salivary, nasal, and fecal IgA responses

- Serum IgG: IN > SL > PO ?

- Salivary IgA: IN = SL > PO #

- CT required for IgA responses and strengthened IgG response
- 19G reduces co-aggregation of P. gingivalis and Streptococcus gordonii
- Serum IgG and IgA responses

- Salivary IgA response

- FIt3L expression plasmid or CT required for IgA responses
- Serum Ab responses: CT > FIt3L expression plasmid

- Reduced P. gingivalis-mediated alveolar bone loss

- Serum IgG and IgA responses

- Salivary IgA response

- MBP required for IgA responses

- Serum Abs decreased P. gingivalis viability in vitro

- Reduced P. gingivalis-mediated alveolar bone loss

- Serum IgG and salivary IgA responses

- Adjuvant: FlaB (fusion) > FlaB > none

- Serum IgG: IN > SL 2

- Reduced P. gingivalis-mediated alveolar bone loss

- Serum IgG and salivary IgA responses

- CpG ODN or CT required for Ab responses

(143)

(106)

(107)

(115)

(166)

“diffierent dosing was used per administration route.

40k-OMP, 40-kDa outer membrane protein; Ab(s), antibody(-ies); CpG ODN, CpG oligodeoxynucleotides; CT, cholera toxin; FlaB, a major flagellin of Vibrio vulnificus; Fit3L, FMS-like
tyrosine kinase 3 ligand; GroEL, a homolog of heat shock protein 60; IgA/G/M, immunoglobulin A/G/M; IN, intranasal; MBP, maltose-binding protein of E. coli; PO, per os; RgpA, Arginine-

specific gingipain; SL, sublingual.
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Antigen Delivery/Adjuvant Model Results Ref.
Aggregatibacter actinomycetemcomitans
Fimbrial oligopeptide  Liposome Mouse - Serum IgG and salivary IgA responses (90)
IL-4 expression plasmid - Serum IgG: IM > PO > IN °
CcT - Salivary IgA: IN > PO >IM 2°
Serotype b-specific BSA (fusion) Mouse - Serum IgM, IgG, and IgA responses 97)
polysaccharide CTB - No significant salivary Abs response
- Serum IgA: IN > SC P
- Serum IgG: SC > IN *°
- BSA (fusion) and CTB required for significant Ab induction
Fusobacterium nucleatum
Whole cells Mouse - Serum IgG response (109)
(UV-inactivated) - Abs reduce biofilm formation and VSC production in vitro
- Reduced P. gingivalis/F. nucleatum-induced gingival swelling
FomA cT Mouse - Serum IgG and IgA responses (146)
- Salivary and nasal IgA responses
- CT required to induce significant Ab levels
FomA Inactivated carrier: Mouse - Serum IgG response (110)
Escherichia coli - Abs reduce F. nucleatum co-aggregation with P. gingivalis, biofilm formation and VSC
production
- Reduced P. gingivalis/F. nucleatum-induced gingival swelling
Fusobacterium nucleatum and Porphyromonas gingivalis
Truncated FomA FlaB (fusion) Mouse - Serum IgG and salivary IgA responses (114)
RgpA (Hgp44 domain) - FlaB (fusion) is a potent mucosal adjuvant
- Divalent vaccine Abs reduced F. nucleatum-mediated biofilm formation, co-aggregation of P.
gingivalis and Treponema denticola, and P. gingivalis-host cell interactions in vitro
- Reduced P. gingivalis/F. nucleatum-induced alveolar bone loss: Divalent vaccine > monovalent
vaccines
Porphyromonas gingivalis
Fimbriae CcTB Mouse - Serum IgG and IgA responses (100)
- Salivary, nasal, and pulmonary IgA responses
- CTB enhanced Ab titers, especially salivary IgA
- Reduced P. gingivalis-mediated alveolar bone loss
Fimbriae CT Mouse - Serum IgM, IgG, and IgA responses (136)
- 1gG and IgA responses in saliva and nasal wash
- Salivary IgA and IgG: IN > PO
FimA (DNA) DNA plasmid: Mouse - Serum IgG and salivary IgA responses 89)
FimA - Serum IgG: IN = IM
IL-15 - Salivary IgA: IN > IM
- IL-15 enhanced salivary IgA response
FimA (DNA) DNA plasmid: Mouse - Serum IgG and salivary IgA responses (112)
FimA - Reduced P. gingivalis-induced alveolar bone loss
CTLA4 - CLA4 enhanced Ab responses and alveolar bone loss reduction
FimA (DNA) DNA plasmid: Rat - Salivary IgA responses
Hemagluttinin 2 (DNA) ~ FimA - Salivary IgA: plasmid excl. IL15 = plasmid incl. IL15 < plasmid excl. IL15 + CpG ODN (30 pg) (102)
HA2 - Significantly lower levels of COX-2 and RANKL in rats vaccinated with the plasmid excl. IL15 +
+1L15 CpG ODN (30 g)
+ CpG ODN
FimA protein DNA plasmid: Mouse - Serum IgG and IgA responses (147)
FIt3L - Salivary IgA response
CpG ODN - The DNA plasmid strengthened the Ab responses
- IgA inhibits P. gingivalis binding to salivary statherin
40k-OMP CT Mouse - Serum IgM, IgG, and IgA responses (143,
- Salivary, nasal, and fecal IgA responses 148,
- Serum IgG: IN>SL > PO ? 149)
- Salivary IgA: IN =~ SL > PO #
- CT required for IgA responses and strengthened IgG responses
- 1gG reduces co-aggregation of P. gingivalis and Streptococcus gordonii
40k-OMP mCTA/LTB or CT Mouse - Serum IgG and IgA responses (108)
- Salivary IgA response
- IgG inhibited coaggregation and hemagglutinin activities of P. gingivalis in vitro
- mCTA/LTB and CT enhanced Ab production
- Less IgE when using mCTA/LTB adjuvant compared to CT
- Reduced P. gingivalis-mediated alveolar bone loss
Outer membrane poly (:0) Mouse - Serum IgG and IgA responses 93,
vesicles - Salivary and nasal IgA responses 150,
- Salivary IgA: IN > SC 2° 151)
- Poly (I:C) enhanced Ab responses
- Serum Abs decreased P. gingivalis viability in vitro
- Decreased numbers of P. gingivalis in the oral cavity
Hemagglutinin A (25-  MBP (fusion) or CT Mouse - Serum IgG and IgA responses (111)
kDa antigenic region) - Salivary IgA response
- MBP (fusion) or CT required for Ab responses
- Reduced P. gingivalis-mediated alveolar bone loss
- Accumulation in neuronal tissues: MBP (fusion) < CT
Hemagglutinin B MPL, GPI-0100, alum, Mouse - Serum IgG and salivary IgA response (98,
CTB, LT, or LT (E112K) - Vaginal IgG and IgA response 152)
- Salivary IgA: IN > SC *°
- All adjuvants enhanced Ab responses, especially the LTs
- Serum IgG: surface-expressed Ag > cytoplasm expressed Ag
RgpA (DNA) HVJ envelope vector Mouse - Serum IgG and salivary IgA responses ©1)
- Salivary IgA: IN > ID (gene gun) *°
- Reduced P. gingivalis-mediated alveolar bone loss
RgpA (hgp44 domain)  FlaB or FlaB (fusion) Mouse - Serum IgG and salivary IgA responses (115)
- Adjuvant: FlaB (fusion) > FlaB > none
- Serum IgG: IN>SL?
- Reduced P. gingivalis-mediated alveolar bone loss
Kgp (HArep domain) CTB, CTB (fusion), MPL, Mouse - Serum IgG response (99,
orLT - Salivary and vaginal IgA responses 153)
- Serum IgG: SC >IN ?
- All adjuvants enhanced Ab responses, especially the CTBs
- Abs reduce P. gingivalis invasion of epithelial cells in vitro
GroEL CpG ODN Mouse - Serum IgM, IgG, and IgA responses (101)
- Salivary and nasal IgA responses
- CpG ODN required for Ab responses
- Reduced P. gingivalis-mediated alveolar bone loss
Eikenella corrodens
Lysine decarboxylase carbigen'M Dog - IN immunization induced a serum IgA response that remained throughout the study period (113)

“dlifferent dosing was used per administration route.
Pdifferent adjuvants were used for different administration routes.
40k-OMP, 40-kDa outer membrane protein; Ab(s), antibody(-ies); Ag, antigen; alum, aluminum potassium sulfate; BSA, bovine serum albumin; COX-2, cyclooxygenase-2; CpG ODN,
CpG oligodeoxynucleotides; CT, cholera toxin; CTB, cholera toxin subunit B; CTLA4, cytotoxic T lymphocyte-associated antigen 4; FimA, fimbrillin; FlaB, a major flagelin of Vibrio vulnificus;
FIt3L, FMS-lie tyrosine kinase 3 ligand; FomA, Fusobacterial outer membrane protein A; GPI-0100, a fractionated quillaja saponin derivative; GroEL, a homolog of heat shock protein 60;
HVJ, hemagglutinating virus of Japan; ID, intradermal; IgA/E/G/M, immunoglobulin A/E/G/M; IL-4/15, interleukin 4/15; IM, intramuscular; IN, intranasal; LT, heat-labile enterotoxin of
Escherichia coli; MBP, maltose-binding protein of E. coli; mCTA/LTB, chimere combining subunit A of mutant cholera toxin E112K with subunit B of heat-labile enterotoxin from E. coli;
MPL, monophosphory! lipid A; PO, per os; poly (I:C), polyriboinosinic polyribocytidylic acid; RANKL, Receptor activator of nuclear factor kappa-B ligand; RgpA, Arginine-specific gingipain;
SC, subcutaneous; SL, sublingual: VSC, volatile sulfur compounds.

- SC immunization induced a temporary serum IgG response®
- No significant effect on dental plague formation
- Reduced gingivitis in both IN and SC vaccinated groups
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Antigen Delivery/Adjuvant Model Results Ref.
Aggregatibacter actinomycetemcomitans
Fimbrial oligopeptide Liposome Mouse - Serum IgG and salivary IgA responses (90)
IL-4 expression plasmid CT - Serum IgG: IM > PO > IN 2°
- Salivary IgA: IN > PO >IM 2°
Fusobacterium nucleatum
FomA protein Live carrier: Lactobacillus acidophilus ~ Mouse - Serum IgG and salivary IgA responses (105)
- Abs reduce P. gingivalis - F. nucleatum coaggregation in vitro
- Reduced P. gingivalis/F. nucleatum-induced gingival swelling
Porphyromonas gingivalis
Whole cells Hamster - Serum and salivary Ab response (96)
(formalin-inactivated) - Serum Ab: SC > PO °
- No significant reduction in P. gingivalis colonization
Fimbriae CcT Mouse - Serum IgM, IgG, and IgA responses (136, 137)
- 1gG and IgA responses in saliva and fecal extract
- Salivary IgA and IgG: IN > PO @
- Higher antibody levels with CT
Fimbriae Liposome Mouse - Serum IgM, 1gG, and IgA responses 92, 94, 95)
GM-53 or MDP-Lys(L18) - Salivary IgA response
- Serum IgG: SC > PO 2P
- Salivary IgA: PO > SC &P
- Adjuvant: GM-53 > MDP-Lys(L18)
FimA (residues 55-145 or 226-337)  Live carrier: Streptococcus gordonii Rat - Serum IgG and IgA responses (103)
- Salivary IgA response
- Reduced P. gingivalis-induced alveolar bone loss
FimA (residues 1-200 or 201-337) CTB (fusion) Mouse - Serum IgG and fecal IgA responses (138)
- No serum IgG and lower level of fecal IgA in absence of CTB
Hemagglutinin A Live carrier: Salmonella Typhimurium ~ Mouse - Antigen-specific serum antibody response (139)
Hemagglutinin B Live carrier: Salmonella Typhimurium ~ Mouse - Serum IgG and IgA responses (140-142)
- Salivary, biliary, vaginal, and fecal IgA responses
- Serum IgG: surface-expressed Ag > cytoplasm expressed Ag
40k-OMP CT Mouse - Serum IgM, 1gG, and IgA responses (143)
- Salivary, nasal, and fecal IgA responses
-Serum IgG: IN> SL > PO
- Salivary IgA: IN~ SL > PO #
40k-OMP CT or CpG ODN Mouse - Serum IgG and IgA responses (104)

- Salivary IgA response
- Adjuvant: CpG ODN > CT > None
- Reduced P. gingivalis-induced alveolar bone loss

Adifferent dosing was used per administration route.

bdlifierent adjuvants were used for diflerent administration routes.
40k-OMP, 40-kDa outer membrane protein; Ab(s), antibody(-ies); Ag, antigen; CpG ODN, CpG oligodeoxynucleotides; CT, cholera toxin; CTB, cholera toxin subunit B; FimA, fimbrillin;
FomA, Fusobacterial outer membrane protein A; GM-53 & MDP-Lys(L18), acyl derivatives of muramylpeptides; IgA/G/M, immunoglobulin A/G/M; IL-4, interleukin 4; IM, intramuscular; IN,
intranasal: PO, per 0s;SC, subcutaneous; SL, sublingual.
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LecA (ug/dose) GLA (ug/dose) 3M-052 (ug/dose) Phospholipid (ug/dose)

average 9.93 9.86 3.77 29.40
min 927 8.67 2.50 24.00
max 10.00 10.00 4.00 50.44
Doses selected for subsequent studies 10 10 4 34

*Desirability scores among the top 25 predicted optimal responses represented in this table ranged from 0.837 to 0.849 with an average desirability score of 0.843.





OPS/images/fimmu.2021.683157/im1.jpg
D= {/d" xd5* X... X dn"





OPS/images/fimmu.2021.683157/im2.jpg





OPS/images/fimmu.2021.683157/table1.jpg
Biological Assay type  Assay target Weight (1-5, 5 being most Function Rationale

sample important)
Spleen Cytokine bead IFN-y 5 Maximize  IFNy correlates with protection in humans and mice (6, 12)
array
Stool ELISA IgA 5 Maximize ~Fecal IgA correlates with protection in humans (5)
Spleen Cytokine bead IL-17A 4 Maximize Depletion of IL-17A increases susceptibility in mice (7)
array
Bone marrow ELISpot IgA 3 Maximize Plasma cells are necessary for durable IgA mediated immunity
(13)
Bone marrow ELISpot IgG 2 Maximize Plasma cells are necessary for durable IgG mediated immunity
(19)
Blood ELISA I9G 2 Maximize ~Serum IgG antibody titers are indicative of systemic
immunogenicity (14)
Blood ELISA 1gG2a/IgG1 2 Maximize 1gG2a/lgG1 ratio correlates with Th1 immunity (15)

ratio
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Group Component Dosing IFN-y Fecal IL- Bone Bone serum serum Overall Overall Overall Score
# (LecA, GLA,3M-052, IgA 17A Marrow Marrow IgGT  IgG2a/IgG1 Score Score (Male and
DPPC)* ASC IgA ASC IgG ratio (Female) (Male) Female)

21 HLHL 0.818 0.874 0.962 0.815 0.916 0.856 0.683 0.800 0.811 0.852
10 H HHL 0.953 0.902 0.836 0.668 0.836 0.831 0.840 0.871 0.754 0.849
22 HHHH 0.783 0.943 0.723 0.990 0.990 0.990 0.579 0.802 0.786 0.841
15 Proof-of-concept 0.868 0.990 0.755 0.593 0.729 0.787 0.507 0.828 0.643 0.773
14 H, M, M, M 0.988 0.585 0.934 0.694 0.759 0.715 0.557 0.746 0.709 0.754
13 M, M, H,M 0.990 0.617 0.990 0.536 0.696 0.693 0.711 0.771 0.671 0.753
24 M, L, M, M 0.957 0.695 0,673 0.726 0.746 0.711 0.516 0.701 0.713 0.732
16 HHLH 0.954 0.600 0:826 0.549 0.627 0.566 0.311 0.673 0.576 0.654
7 Hyl,HiH 0.826 09385 0.199 0.851 0.858 0.843 0.629 0.659 0.595 0.653
20 M, M, M, M 0.888 0.648 0.575 0.528 0.665 0.681 0.474 0.651 0.692 0.648
6 M, M,M,M 0.816 0.858 0.249 0.617 0.620 0.707 0.562 0.650 0.502 0.604
2 M, M, M, L 0.743 0.715 0.348 0.537 0.637 0.630 0.455 0.437 0.650 0.577
28 M, H,M,M 0.762 0.496 0.279 0.644 0.763 0.761 0.456 0.580 0.456 0.545
5 HHLL 0.784 0.639 0.269 0.410 0.529 0.626 0,362 0.492 0.449 0.507
9 M, M, M, H 0.908 0.644 0.796 0.605 0,625 0.574 0.010 0.499 0.472 0.490
25 MM LM 0.805 0.800 0.197 0.827 0.418 0.404 0.296 0.261 0.263 0.369
4 HLLL 0.782 10.266"0.271 0.387 0.203 0.387 0.351 0.380 0.327 0.366
27 M, M,M,M 0.871 0,687 0010 0,647 0,761 0.766 0.435 0.362 0.283 0.336
8 ;L H L 0.774 0493 0.193 0.073 0.173 0.491 0.990 0.281 0.286 0.285
3 LH,.L.L 0,855 _10108880.285 0.377 0.224 0.143 0.592 0,298 0,137 0.238
17 HLLH 0.255 0.205 0.010 0.106 0.516 0.471 0.338 0174 0.079 0.141
1 LLLH 0.394 0.210 0.010 0.222 0.446 0.010 0,460 0.123 0.116 0.125
18 Ly H: Li:H 0211 _0.076 0.010 0.298 0.395 0.235 0125 0.134 0.055 0.105
23 LHHH 0.010 0.223 0.010 0.403 0.336 0,490 0.631 0.092 0.080 0.086
29 LecA alone (H) 0.112 0.010 0,259 0.196 0.443 0.010 0.460 0.131 0.039 0.085
12 LM MM 0.081 0.069 0.010 0.185 0,377 0.024 0.764 0.088 0.044 0.075
19 L,.L,H.H 0.114 0.154 0.010 0.010 0.010 0.317 0.837 0.040 0.087 0.060
1 LHHL 0.010 0.067 0.010 0.311 0.230 0.174 0.738 0.045 0.043 0.057
26 LLLL 0.083 0.022 0.010 Q0.178 0.139 0.010 0.460 0.084 0.018 0.048

*H, High; M, Mid; L, Low. For LecA and GLA; H,10 ug; M, 1 uig; L,0.1 ug. For 3M-052; H,4 ug; M,0.4 ug; L,0.04 ug. For DPPC; H,216 g; M, 72 1ig; L,24 1ig. Color scale, higher desirability

index values are light blue; lower desirability index values are dark blue.
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