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Abstract:
							                           
We discuss the suitability of innate immune stimulation in acute respiratory infection post-exposure prophylaxis. The induction of innate immunity can be used to reduce susceptibility to immune-evasive pathogens (coronavirus, influenza virus, respiratory syncytial virus and rhinovirus). After the emergence of multiple SARS-CoV-2 variants, scientists are debating whether new variants could affect vaccine efficacy and how antigens could be redesigned to compensate. In addition, there is insufficient vaccine production to cover universal demand, and equitable vaccine distribution is a global challenge. Given these factors, non-specific immune stimulators may be suitable for a quick first response in the case of a suspected or early respiratory infection. Our group completed several HeberNasvac studies in healthy volunteers and patients with respiratory infections, and is currently starting large clinical trials in patients with early SARS-CoV-2 infections. This nasal formulation of hepatitis B vaccine has demonstrated its capacity to stimulate innate immunity markers (TLR3, TLR7 and TLR8 in tonsils) at the virus’ entry site, in systemic compartments (HLA class II in monocytes and lymphocytes) and in the activation of dendritic cells, lymphocytes and other cell lines in vitro and ex vivo. In addition, research generated by the current pandemic may obtain results useful for treating other acute respiratory infections, which have long been main drivers of mortality among older adults and in early childhood.
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INTRODUCTION

Innate (or nonspecific) immunity plays a key role in shaping antiviral defenses. RNA viruses are detected by toll-like receptors (TLR), among other innate immune receptors, specifically TLR7 and TLR8, while TLR3 recognizes double-stranded RNA (dsRNA) intermediates formed during viral replication. To avoid detection, coronaviruses (CoVs) and other RNA viruses that cause respiratory infections have developed evasive strategies.[1]

Older adults and people with underlying health conditions are at higher risk of developing severe clinical manifestations of COVID-19. This could be associated with less responsive innate immunity ligands, altered immune responses—both in quality and quantity—changes in the cytokine milieu and lower expression of co-stimulatory signals.[2] Thus, intrinsic host factors may contribute to disease severity and mortality.[3]

Intranasal (IN) stimulation of innate immunity receptors using TLR agonists decreases mortality in mice using the mouse model of lethal infection with SARS-CoV and influenza A virus (IAV).[4,5]  Pre- and post-exposure prophylaxes following non-specific immune stimulation with Hiltonol (a TLR3 agonist), before and after administering a lethal dose of mouse-adapted SARS-CoV, resulted in a 100% survival rate.[4] A second study, using commercial TLR3, TLR7/8 and TLR9 agonists, reduced mortality rates in mouse-adapted SARS-CoV—infected 12-month-old mice when  they were administered up to 3 days before the lethal SARS-CoV challenge. The TLR3 agonist either completely or partially prevented death in 22-month-old IAV-infected mice following intravenous or intraperitoneal administration, respectively, highlighting the effect of innate immune stimulation even in very old animals.[5] In vitro mouse-adapted SARS-CoV replication inhibition in human epithelial cells treated with a TLR3 agonist, and the reduction in survival of polyinosinic:polycytidylic acid (poly(I:C)-treated TLR3 knockout mice further confirmed the role of TLR3 signaling in the induced protection.[5]




IMPORTANCE


Stimulation of innate immunity against SARS-CoV-2 opens new options for post-exposure prophylaxis and early therapy for other respiratory viruses. This article describes HeberNasvac used as a mucosal innate immunity stimulator and discusses its clinical potential.







DEVELOPMENT

HeberNasvac (coded CIGB2020 when used as a non-specific immune stimulator) is a mucosal and parenteral therapeutic vaccine; a liquid formulation containing a recombinant hepatitis B core and surface antigens HBcAg and HBsAg, produced at the Genetic Engineering and Biotechnology Center (CIGB) in Havana, Cuba. It contains 100 μg of each antigen in 1.0 mL of saline-phosphate buffer. In 2015, Cuba’s national regulatory authority approved its use in the country for chronic hepatitis B therapy, and it has also been subject to clinical trials in Japan, Bangladesh and other Asian countries.[6,7] The proteoliposomal and nucleoprotein composition of HBsAg and HBcAg, respectively, organized in a virus-like structure, facilitates its ability to stimulate dendritic cells[8] and activate B and T cells,[9] which results in a strong adaptive Th1 immune response.[10]

The clinical and pharmacological results of HeberNasvac in hepatitis B patients[6–10] show evidence of innate immune stimulation at the nasopharyngeal and oral mucosa, the main entry sites of SARS-CoV-2. We explored its effect on the local RNA receptor expression (TLR3, TLR7 and TLR8) and other innate immunity markers (Table 1).

A phase 1/2 open-label, randomized clinical trial was conducted in 46 hospitalized patients ≥60 years old, of both sexes, with symptoms of respiratory infection (78.3%), or asymptomatic, but close contacts of SARS-CoV-2 patients.[11] The study was approved by the Center for State Control of Medicines, Equipment and Medical Devices (CECMED) and listed in the Cuban Registry of Clinical Trials, RPCEC00000306-En.[12] Twenty-four patients received HeberNasvac in the study group by both intranasal (IN) and sublingual (SL) routes (100 μg of each antigen in a volume of 1 mL). The product was administered daily by SL route for 14 days and by IN route at days 1, 7 and 14. The 22 patients allocated to the control group did not receive HeberNasvac. Both groups received the standard treatment defined by the Cuban Ministry of Health. The adverse events were studied only in vaccinated volunteers. A total of eight different adverse events were detected in five patients (20.8% of treated patients). Local adverse events consisted in nasal drops (0.58%), sneezing (0.3%), and otalgia (0.3%). Fever (0.3%) and asthenia (0.3%) were reported as systemic adverse events. None of the adverse events was classified as serious, half of them were unrelated, 25% possibly related, and 25% related to the product (nasal drops and sneezing). Most adverse events disappeared without treatment (62.5%) or after a pharmacological treatment in the case of fever and otalgia (32.5%). One patient required treatment due to pneumonia, which was related to the basal condition according to causality analysis. In summary, the administration of HeberNasvac simultaneously by IN and SL routes was safe and well tolerated.

The first PCR test, conducted five days after beginning treatment, detected one positive patient in the treatment group and two in the control group. A subsequent serological study using ELISA detected 50% participants positive to SARS-CoV-2 in the treated group and 41% in the control group, suggestive of a previous infection. There was no difference in the evolution of respiratory symptoms. Among the three PCR-positive patients, one from the control group developed pneumonia, diarrhea, edema, and fatigue and after discharge; fatigue and shortage of breath remained for 42 days. The other two patients (one in each group) remained with mild symptoms.[11]

No significant differences appeared in the hematological and blood chemistry analyses between patients treated with HeberNasvac and the control group. Preliminary evidence indicated a reduction in the symptomatic phase in treated patients; a mean of 13.75 (standard deviation, SD 10.80) symptomatic days in the control group vs. 10.12 (SD = 9.43) days in the treated group.[11] IN/SL HeberNasvac administration stimulated innate immune markers at local and systemic compartments; a significant proportion of treated patients had higher gene expression of RNA receptors (TLR3, TLR7 and TLR8) in their oropharyngeal mucosa (tonsils) as well as a significant increase of HLA class II expression in lymphocytes and monocytes from peripheral blood mononuclear cells (PBMC), characterized by 20% and 55% increases in mean fluorescence intensity (MFI), respectively[11] (Table 1).




table 1









	Evidence (Ref. or RPCEC id.)
	Study design
	Objective
	Results



	Background: in vitro and in vivo studies



	Immune modulatory and antiviral effects of HeberNasvac[7]
	In vitro study of PBMC and pulsed DCs from vaccinated CHB patients.
	Evaluation of cytokines in sera, stimulated PBMC and DCs from CHB patients, as well as the antiviral effect of the product.
	Significantly higher levels of IL-1β; IL-6; IL-8; IL-12 and TNFα than in unvaccinated CHB patients (control) (p <0.05). Antiviral effect associated with cytokine stimulation.



	Immune modulatory and antiviral effects in vitro and in animal models[8–10]
	In vitro stimulation of dendritic cells, B & T cells.
	Assessing HeberNasvac capacity to increase the markers of innate immunity at molecular and cellular levels and its impact on adaptive immune modulatory response.
	Dendritic cells pulsed in vitro induce stronger adaptive immune response & subvert tolerance when injected in tolerogenic transgenic mice.[8] B & T cells activation.[9] Th1 pattern of response after IN administration and Th1 immune modulating effect.[10]



	Multi-agonist effect on TLRs, MyD88/ TRIF pathways and antiviral effects[14]
	In vitro studies stimulating HepaRG cells with HBcAg and HeberNasvac.
	Assessment of the capacity of HeberNasvac and their antigens to increase markers of innate immunity at molecular and cellular levels linked to a functional antiviral assay. Treatment: Cells were treated in vitro and in specific cases reinfused to animals.
	Multi-TLR agonist effect in TLR2, TLR3, TLR7, TLR8, TLR9 cells. Increased stimulation of adaptors MyD88; TRIF, NF-kb & IRF3, and molecules involved in antigen presentation (HLA class I, HLA class II, B7.1; B7.2, IFNa and IFNb and other cytokines).These genes increased their expression (>2x) with statistical signification. Innate immune stimulation triggered strong antiviral effect in infected HepaRG cells (similar to Entecavir’s effects).



	Human studies



	Safety and local (IN & SL) effects on innate immune markers[11] RPCEC00000306
	Open-label, controlled and randomized phase 1/2 clinical trial in post-exposure prophylaxis of patients with acute respiratory infections or SARS-CoV-2(+).
	Assessment of safety and local and systemic immune modulatory effects in a cohort of patients (symptomatic, 78.3%) or asymptomatic but exposed to SARS-CoV-2 positive patients. Treatment: 24 patients received HeberNasvac, 3 IN doses on days 0, 7 and 14, and a SL dose daily, for 14 days. 22 patients did not receive the product (control group). All patients received the standard treatment.
	Safe and well tolerated in patients with acute respiratory infections. Higher proportion of patients with increased TLR-related genes in tonsils compared to the non-treated controls. Day 8: TLR3, 44.4% vs. 0%**; TLR7,66.6% vs. 0%*** and TLR8, 50.0% vs. 8.3%* Higher  MFI % of HLA-class II marker in PBMC’s monocytes (55%; p = 0.023) and lymphocytes (20%; p = 0.008) in treated vs. non-treated groups. Preliminary evidence of reduction in number of days with symptoms in treated patients. Mean (SD): 10.12 (9.43) in treated vs. 13.75 (10.80) in controls.



	SARS-CoV-2 pre-exposure prophylaxis:  safety and effect[13]
	Open-label, single arm pilot study in healthcare workers and their household contacts.
	Assessment of the prophylactic effect in 20 highly exposed volunteers by detecting infection or disease worsening in the SARS-CoV-2(+). Treatment: 20 volunteers received 3 IN doses on days 0, 7, and 14 SL administrations every day.
	In a 6 months follow-up period, 4 out of 20 volunteers were SARS-CoV-2(+). The infected patients were older, with comorbidities. Clinical evolution, CT scans, and symptoms evidenced mild progression: 3 patients developed slight cough and 1 patient (55 years old, with diabetes and hypertension) required noninvasive oxygen therapy (2L), symptoms vanished on day 5. Safety: the treatment was safe and well tolerated, 340 doses, 1.18% were associated with an AE (nasal drops and sneezing), no systemic AE reported, all AE were mild and did not required treatment.



	Immune- modulating effect in healthy volunteers[13]
	Open-label, single arm pilot study in volunteers treated with one standard IN administration.
	Assessment of the cytokine production of PBMC from 10 healthy volunteers receiving 1 HeberNasvac dose. Treatment: 1 IN administration, extraction after 24 hours.
	Significant increase in PBMC-induced production of cytokines compared to pre-immune values. IFNg (4.5X); TNFa (9.1X); TGFb (5.4X); IL-2 (2.3X); IL-10 (3.1X). Early cytokine induction (24 hours after stimulation).











AE Adverse Events
CHB chronic hepatitis B
DC dendritic cells
HBcAg Hepatitis B core antigen
IN intranasal
MFI mean fluorescence intensity
PBMC peripheral blood mononuclear cells
RPCEC Cuban Public Registry of Clinical Trials
SL sublingual
TLR Toll-like receptors
 The value of p <0.05 (*); 0.01 (**) and 0.001 (***) correspond to statistically significant; very significant or highly significant differences.








HeberNasvac safety and efficacy in SARS-CoV-2 pre-exposure prophylaxis was studied in two open-label, single-arm pilot studies in a high-incidence area of Dhaka, Bangladesh. The first assessed the drug’s prophylactic effect in 20 highly-exposed volunteers (healthcare workers and their household contacts) by detecting infection or disease. Results showed a limited number of infected volunteers after six months’ follow-up and mild disease progression in those who tested SARS-CoV-2–positive.[13] The second study was conducted in ten healthy volunteers treated with one standard IN administration of HeberNasvac to determine immunomodulatory and antiviral cytokine expression.

Several immunomodulatory and antiviral cytokines were induced very early, as soon as 24 hours after IN administration[13] (Table 1). A third study in 15 recently-infected SARS-CoV-2 patients immunized as described by Fleites[11] showed no severe COVID-19, and no patient required ventilation.[Aguilar JC, Akbar SMF, clinical trial report, unpublished data] A group of patients with mild or moderate COVID-19 proceeded to severe clinical manifestations of infection during the study. However, these patients remained stable and were discharged from hospital, leading to the approval of a larger clinical trial.

Immunomodulatory effects found in clinical trials were consistent with in vitro immunomodulatory and antiviral effects detected at cellular and molecular levels in previous studies with peripheral blood mononuclear cells (PBMC) and other cells in culture; chronic hepatitis B (CHB) patients and animal models of immune tolerance[7–9] (Table 1). In particular, HBcAg showed a multi–toll-like receptors (multi-TLR) agonist effect, stimulating in vitro dendritic cells and lymphocytes, as well as human hepatoma (HepaRG) cells (infected or not), increasing expression of TLR2, TLR3, TLR7, TLR8 and TLR9 and their signal transduction pathways; MyD88 (Myeloid Differentiation Factor 88), TRIF, IRF3, NF-kB (NF-kappaB).[11,14] The high RNA content associated with HBcAg—15% to 25% RNA/protein, w/w— stimulates TLR3, TLR7 and TLR8 expression,[11,14,15] implicating stimulation of  both MyD88-dependent and TRIF-dependent pathways. This merits the induction of class I/II HLA co-stimulatory molecules B7.1 and B7.2 (CD80/86), type I interferons and other cytokines. Taken together, a set of molecules involved in antiviral immune defense is innervated, consistent with the immunomodulatory and antiviral effects found both in animal models and in vitro.[8–10]

HeberNasvac administration device (dropper vs. spray), posology and dosing are now being optimized in a second study approved by CECMED, the Cuban regulatory authority, for this new use (RPCEC00000326-En, ongoing).[12] Two other protocols have been registered and are pending CECMED approval: a phase 2/3 clinical trial in SARS-CoV-2–positive patients during early stages of infection, aimed at preventing progression to severe COVID-19 (RPCEC00000353-En),[12] and an intervention study on post-exposure prophylaxis for acute respiratory infections (ARI) in older adults (aged >60 years) to include persons exposed to SARS-CoV-2, and household contacts of confirmed cases (RPCEC00000356-En).[12] These clinical trials should be completed in 2021–2022.

Recent transcriptomic studies of SARS-CoV-2–in vitro infected cells recommend the use of TLR3 and TLR7/8 agonists for early immune stimulation.[16] Studies in newborn calves infected by bovine coronaviruses have shown the down-regulation of the TLR3 gene, compared to the expression of the same gene in newborn calves infected by bovine rotavirus, further indicating that TLR3 is a target during CoV infection[17] and that stimulation of these TLRs may be appropriate for early COVID-19 therapy and SARS-CoV-2 pre- and post-exposure prophylaxis. The multi-TLR agonistic effect of HBcAg stimulates both MyD88-dependent and independent pathways, resulting in synergistic antiviral responses such as those previously described for the combination of TLR ligands.[18,19] The agonistic effect of HBcAg on TLR2 and TLR7 has already been described;[20,21] however, we reported for the first time the simultaneous innervation of TLR3/TLR7 and TLR8 genes,[11,14] a rare quality for a single compound.
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Figure 1



Figure 1: Pathways of TLR-mediated activation induced in differentiated HepaRG cells in culture by HBcAg, the antigen of HeberNasvac comprising the RNA ligands of the TLRs involved in RNA-virus recognition (TLR3, TLR7, and TLR8)















HeberNasvac’s effect on innate immunity markers was detected as early as day four of treatment and continued up to day eight. Three daily sublingual (on days one to three) and one intranasal (on day one) administrations may be as effective as a schedule of seven administrations for increasing the proportion of patients with higher expression of the receptors and mediators required to detect SARS-CoV-2 and prevent pathogenesis. Such a rapid innervation of the innate immune system is also an attractive property.[13]

Other groups are studying the stimulation of the cytoplasmic RNA receptor RIG-I as a prophylactic and therapeutic protection against SARS-CoV-2 infection in mice.[22] Post-exposure prophylaxis or early therapy in SARS-CoV-2 infections rapidly activate innate immunity, triggering a fast and effective adaptive response, counteracting the virus’ evasive mechanisms.[1]

Another SARS-CoV-2 mechanism to evade innate immunity (considered a virus evolutive advantage) was recently described in the variant of concern (VOC) B.1.1.7 (alpha).[23] In this variant, subgenomic RNA overexpresses open reading frames (Orf) proteins Orf9b and Orf6, two well-known innate immunity antagonists,[23] making VOC alpha more effective than the original Wuhan wildtype SARS-CoV-2 variant in suppressing the host’s innate immune response in airway epithelial cells. Orf9b and Orf6 interact with TOM70, a mitochondrial protein required for mitochondrial antiviral-signaling protein (MAVS) activation, an RNA-sensing adaptor. The emergence of new VOCs alpha and delta, both of which show increasing transmissibility and severity, further supports the role of immune evasion on pathogenesis, and calls attention to innate immune stimulators for post-exposure prophylaxis and early therapy. HeberNasvac acts to a) improve SARS-CoV-2 RNA detection by stimulating TLR3, TLR7 and TLR8 expression,[11,14] and b) through direct antiviral/immunomodulatory activities as an efficient inducer of interferons and related cytokines.[7–10] TLR-mediated activation is induced by HBcAg, the antigen of HeberNasvac comprising the RNA ligands of the TLRs involved in RNA virus recognition (TLR3, TLR7, and TLR8). Figure 1 describes the pathways of TLR-mediated activation induced in differentiated HepaRG cells by HBcAg, the antigen of HeberNasvac comprising the RNA ligands of the TLRs involved in RNA virus recognition (TLR3, TLR7, and TLR8).

Few products are being evaluated as prophylactic and therapeutic immunomodulators in SARS-CoV-2 infection. The Bacillus Calmette–Guérin (BCG) vaccine was introduced early in the pandemic in several countries as an innate immunostimulant; however, shortages of BCG vaccines and their limited availability for pediatric immunization prevented widespread use.[24] Other immunomodulators being studied are interferons (IFN);[25] their intranasal/inhaled administration has received ongoing attention since the early days of the COVID-19 pandemic. A novel nasal IFN formulation (Nasalferon) received regulatory approval for emergency use in SARS-CoV-2 pre- and post-exposure prophylaxis in Cuba.[26] Since the beginning  of the pandemic, two parenterally-administered products, HeberFERON (IFN alfa 2b and gamma) and Heberon (IFN alfa 2b), were included in the Cuban guidelines for SARS-CoV-2 treatment.[27]

Local stimulation of the innate immune system by SL administration using preparations of inactivated bacteria has been used to prevent recurrent respiratory infections.[28] IN administration of the adenovirus influenza vaccine prevents death in mice infected with lethal respiratory pathogens.[27] The US Food and Drug Administration (FDA) approved a phase 2 trial of the nasal influenza vaccine candidate T-COVID (Altimmune, Gaithersburg, MD, USA), a recombinant adenovirus influenza vaccine, for use in early SARS-CoV-2 infection therapy.[29]

In patients with severe COVID-19, HLA-DR expression on monocytes and myeloid dendritic cells (mDCs) is reduced. Plasmacytoid DCs, mDCs and CD14+ monocytes of COVID-19 patients are less responsive to stimulation with bacterial (TLR2/TLR4/TLR5) and viral (TLR3/TLR7/TLR8) ligand cocktails compared to healthy controls, indicating that innate immune cells in COVID-19 patients are functionally impaired.[30]

HeberNasvac’s immunostimulatory effect supports its use in post-exposure prophylaxis and therapy for SARS-CoV-2 and, most likely, for other respiratory infections. Commercial agonists stimulating TLR3, as Poly (I:C) and TLR7/8 (CL097M-012), also innervate antiviral, inflammatory and humoral pathways, decreasing viremia and resulting in clinical improvement in dengue-infected monkeys;[31] in cancer, the relevance of TLR3 stimulation is currently under study.[32] Taken together, the stimulatory properties of HeberNasvac, and HBcAg in particular, may open new prophylactic and therapeutic opportunities.

A quarter century ago, the molecular mechanisms of the innate immune system were practically unknown. Adjuvants and immunomodulators were selected by trial and error,[33] and some were described as IFN inducers. Today we understand some of these mechanisms, and we know that innate immunity can be trained.[34] Long-term stimulation of innate immune responses (trained immunity), by certain live vaccines, cytokines, toll-like receptors and adjuvants, induces heterologous protection against infection through epigenetic, transcriptional and functional reprogramming of innate immune cells. The induction of trained immunity can be applied to reduce susceptibility to and severity of SARS-CoV-2 infection.[34,35]

Products with HBcAg’s demonstrated properties—now initiating phase 2/3 trials—may induce an adaptive immune response if administered soon after infection by viral respiratory pathogens such as SARS-CoV-2. These innate immunostimulatory and modulatory mechanisms are currently used in the development of novel treatments for non-respiratory viruses, as has been the case with HeberNasvac antigens in developing a therapeutic vaccine for HIV, the formulation of which includes HBsAg, HBcAg and the HIV multiepitopic vaccine candidate CR3;[36] and the development of a nasally-administered vaccine against SARS-CoV-2 named Mambisa that is under study in protocols RPCEC00000345-En and RPCEC00000382-En.[12]




CONCLUSIONS

Innovative innate immunostimulators such as HeberNasvac may become useful tools for pre- and post-exposure prophylaxis and early therapy in SARS-CoV-2 and other respiratory infections. The knowledge generated by the SARS-CoV-2 pandemic will be useful in confronting respiratory infections in general, which remain a main cause of mortality worldwide. Due to the emergence of SARS-CoV-2 variants, we should be prepared for prolonged coexistence with this pathogen. Innate immunostimulators for nasal or sublingual use, suitable for pharmacy distribution and self-administration, may become a first therapy after symptom onset, and suitable for prophylactic treatment of at-risk contacts, especially among older adults and persons with comorbidities.
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HBeAg particles, alone or as part of HeberNasvac, stimulate expression of TLRs and other innate immunity markers in cells from
oropharyngeal scrapings, as well as several cell types in culture, i.e. dendritic cells, B and T cells and hepatocytes in
culture.[8,9,11,14] Signaling through MyD88-dependent and TRIF-dependent pathways results in higher expression of IFN and
other proinflammatory cytokines, HLA class Ul stimulation and costimulatory molecules. HBcAg multi-agonist effect is used as a
to0l to overcome the evasive mechanism described for SARS-CoV-2 and other respiratory pathogens.[1]






