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Introduction

It has been known for over half a century that mixing an antigen with its cognate antibody in an immune complex (IC) can enhance antigen immunogenicity. However, many ICs produce inconsistent immune responses, and the use of ICs in the development new vaccines has been limited despite the otherwise widespread success of antibody-based therapeutics. To address this problem, we designed a self-binding recombinant immune complex (RIC) vaccine which mimics the larger ICs generated during natural infection.





Materials and methods

In this study, we created two novel vaccine candidates: 1) a traditional IC targeting herpes simplex virus 2 (HSV-2) by mixing glycoprotein D (gD) with a neutralizing antibody (gD-IC); and 2) an RIC consisting of gD fused to an immunoglobulin heavy chain and then tagged with its own binding site, allowing self-binding (gD-RIC). We characterized the complex size and immune receptor binding characteristics in vitro for each preparation. Then, the in vivo immunogenicity and virus neutralization of each vaccine were compared in mice.





Results

gD-RIC formed larger complexes which enhanced C1q receptor binding 25-fold compared to gD-IC. After immunization of mice, gD-RIC elicited up to 1,000-fold higher gD-specific antibody titers compared to traditional IC, reaching endpoint titers of 1:500,000 after two doses without adjuvant. The RIC construct also elicited stronger virus-specific neutralization against HSV-2, as well as stronger cross-neutralization against HSV-1, although the proportion of neutralizing antibodies to total antibodies was somewhat reduced in the RIC group.





Discussion

This work demonstrates that the RIC system overcomes many of the pitfalls of traditional IC, providing potent immune responses against HSV-2 gD. Based on these findings, further improvements to the RIC system are discussed. RIC have now been shown to be capable of inducing potent immune responses to a variety of viral antigens, underscoring their broad potential as a vaccine platform.
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Highlights

	Self-binding immune complexes increase immune receptor C1q binding 25-fold over traditional immune complexes.

	Antigen-specific antibody titers increased by up to 1,000-fold using self-binding immune complexes compared to traditional immune complexes.

	Improved neutralizing and cross-neutralizing antibodies against HSV-2 and HSV-1.






1 Introduction

Antibodies are one of the most widely produced therapeutic agents, comprising the largest share of the global biopharmaceutical market. In 2021, the one-hundredth antibody therapy was approved by the FDA (1). While antibodies by themselves are highly useful, it is becoming increasingly common to fuse antibodies to other proteins of interest to imbue them with desirable properties. Fusion to IgG antibody often provides enhanced solubility and stability of the fusion partner due to the inherent stability of IgG molecules and allows simple and highly efficient purification via protein A/G affinity chromatography (2). Additionally, IgG fusions may have extended serum half-life, as IgG are protected from degradation in endosomes due to their ability to bind neonatal Fc receptor (FcRn) (3).

Though less explored, IgG fusion molecules also have additional properties uniquely suited to the creation of potent vaccines. Antibody-antigen complexes are directly taken up by antigen-presenting cells such as dendritic cells, macrophages, and B cells via the interactions of the IgG Fc with FcRn receptors (3–5), complement receptors (6, 7), and Fcγ receptors (8). However, not all antibody-antigen molecules are potent immunogens. When repetitive antigens are bound by antibody, they form larger immune complexes (ICs) which are more potent activators of immune receptors than monomeric antibody-bound antigen. For instance, the complement receptor C1q requires simultaneous engagement of its six head regions with six IgG Fc regions, and thus monomeric antibody poorly activates complement, whereas multimeric ICs potently activate complement (9, 10). Complement activation leads to iC3b coating of the ICs as well as release of complement anaphylatoxins, resulting in the recruitment of immune cells to the site of vaccination, deposition of complexed antigen onto follicular dendritic cells, and subsequent stimulation of both B cell and T cell immunity (11, 12). In a similar fashion, larger ICs, but not monomeric antibody-bound antigen, can efficiently cross-link low affinity Fcγ receptors, leading to further enhanced uptake and stimulation by antigen presenting cells (13).

To harness the benefits of IgG fusions, several vaccine platforms have been designed. Perhaps the simplest method is to simply fuse an antigen of interest to the IgG Fc (2, 14). The most successful example of this strategy is a SARS-CoV-2 vaccine consisting of interferon-α, the pan HLA-DR-binding epitope (PADRE), and the SARS-CoV-2 spike receptor binding domain fused to IgG1 Fc. Compared to immunization with the receptor binding domain alone, the Fc fusion was found in higher abundance in lymph nodes, and safely generated strong Th1, Th2, CD8+ and neutralizing antibody responses in rhesus macaques (15) and in humans (16, 17). Intriguingly, a vaccine comprising herpes simplex virus (HSV) 2 glycoprotein D (gD) fused to an IgG Fc could be efficiently administered mucosally, as FcRn receptors mediate uptake of IgG across mucosal epithelial surfaces (18). In a different strategy, mixing specific antibodies with antigens to form an immune complex (IC) has been used to focus immune responses towards favorable antigenic sites on tick-borne encephalitis virus (19) and HIV (20). Vaccination with sialylated ICs targeting influenza hemagglutinin was found to improve the breadth and potency of anti-influenza antibodies by selecting for high affinity B cells (21). These studies underscore the unique benefits of IgG fusion vaccines.

While some Fc fusions may spontaneously form multimeric structures capable of engaging complement and low affinity Fcγ immune receptors (10, 22), their stability and antigenicity appear to be strongly dependent on the characteristics of the fusion partner, such as whether the fused antigen forms multimers (23). Therefore, strategies have been developed to generate consistently immunogenic antigen-antibody structures. In one strategy, antigen was delivered on an IgG1 containing the IgM tailpiece and coexpressed with the J chain, forming pentameric and hexameric molecules (24). These constructs efficiently engaged C1q and low affinity Fcγ receptors, providing robust B cell and T cell immunity in mice and in human adenotonsillar tissue against the dengue virus envelope protein (25). This strategy was also successful when used to orally deliver an antigen derived from porcine epidemic diarrhea virus (26).

We designed a vaccine platform consisting of self-multimerizing ICs capable of forming highly immunogenic clusters with antigens of interest, called recombinant immune complexes (RICs) (27–30). In this system, the antigen is fused to the well-characterized mAb 6D8 which has been tagged with its own binding site, allowing multiple antigen-antibody molecules to bind to each other to form larger complexes. In the present study, to investigate the key differences between traditional IC and the RIC system, we compared the immunogenic properties of herpes simplex virus 2 (HSV-2) glycoprotein D (gD) delivered either via traditional monomeric IC or via self-interacting multimeric RIC.




2 Results



2.1 Production and characterization gD-IC and gD-RIC

To create a traditional IC targeting HSV, the neutralizing mAb HSV8, which recognizes a conformational epitope in gD (31), was expressed in plants and purified along with the soluble ectodomain from HSV-2 gD (amino acids 26-331) containing a 6-histidine tag (Figure 1, constructs “HSV8” and “gD”). By SDS-PAGE, HSV8 formed bands at ~150 kDa, while gD formed bands around ~48 kDa, which is expected for glycosylated gD (Figure 2A). HSV8 readily detected gD via nonreducing western blot (Figure 2A) but not by reducing western blot (data not shown). To further verify the binding of plant-made HSV8 and gD in solution, an ELISA was performed. HSV8 showed robust binding to gD at concentrations as low as 3 nM (Figure 2B), indicating that IC formation occurs readily in solution.




Figure 1 | Schematic representation of the constructs used in this study. (A) Representations of the human IgG1 monoclonal antibody HSV8 and 6-histidine tagged glycoprotein D (gD) from HSV-2. When mixed, HSV8 can bind up to two gD molecules forming an immune complex (IC). (B) The recombinant immune complex (RIC) construct contains the 6D8 monoclonal antibody with C-terminal fusion to gD connected via linker with the epitope tag “e.” This construct forms self-binding clusters via the interaction of the 6D8 variable regions with the epitope tag “e” on another gD-RIC molecule. This interaction results in the formation of larger immune complexes.






Figure 2 | Purification of gD constructs and antibody binding assay. (A) SDS-PAGE and Western blots of the plant-made purified gD constructs. The gD samples were run under reducing conditions, whereas the antibody and RIC constructs were run under nonreducing conditions. The Western blots were probed with either HSV8 (for gD-6H) or H170 (for gD-RIC) to recognize gD, or with an anti-human IgG (H+L) HRP-conjugated antibody. (B) An ELISA was performed to test the binding between plant-made gD and HSV8. Purified gD was bound to the plate, probed with various concentrations of HSV8, and detected with anti-human IgG-HRP conjugate. Points represent mean OD450 ± standard deviation from two replicates.



Next, an RIC vector targeting HSV was created by inserting the DNA sequence encoding HSV-2 gD (amino acids 26-331) at the C-terminus of the heavy chain of the human IgG1 6D8 tagged with its own binding site (Figure 1, construct “gD-RIC”). When purified gD-RIC was probed with HSV8 or anti-human IgG by western blot, a band was seen around the expected size of ~218 kDa for fully formed gD-RIC containing both human IgG1 and gD antigen (Figure 2).




2.2 gD-RIC form larger complexes with improved immune receptor binding compared to gD-IC

To determine whether gD-RIC form larger complexes than gD-IC, both constructs were analyzed by sucrose gradient sedimentation using the monomeric antibodies 6D8 and HSV8 as controls. Since gD-RIC contains potentially two gD molecules per antibody molecule, gD-IC were also prepared by preincubating HSV8 with gD at a molar ratio of 1:2. Whereas gD-IC did not display notable differences in density compared to the controls, gD-RIC was found to sediment substantially faster, forming a broad peak consistent with the formation of large heterogenous complexes (Figure 3).




Figure 3 | Sucrose gradient density profile of gD-IC and gD-RIC. Using HSV8 and 6D8 mAbs as controls, gD-IC and gD-RIC were separated by sucrose gradient sedimentation using 5/10/15/20/25% discontinuous sucrose layers. The protein concentration of each fraction was analyzed by spectrophotometry and representative results from three independent experiments are shown; direction of sedimentation is left to right. The peak concentration was arbitrarily assigned a value of 1.



Complement receptor C1q preferentially binds multimeric IgG, with hexamer or larger complexes having the strongest binding (9). All antibody constructs were expressed in plants silenced for the plant-specific glycans fucose and xylose, which has been shown to improve antibody immune receptor binding (29, 32). The mAbs 6D8 and HSV8 showed minimal binding to C1q, while gD-HSV8 IC showed somewhat improved binding (Figure 4A, p < 0.05). By stark contrast, gD-RIC showed a 25-fold increase in C1q binding compared to gD-IC (Figure 4A, p < 0.001, compare gD-RIC column 3, representing 25-fold dilution, to gD-IC column 1, undiluted). Low affinity receptor FcγRIIIa binding was also measured by ELISA. Both IC and RIC (Figure 4B, p < 0.05) displayed improved FcγRIIIa binding compared to monomeric controls, with RIC showing the highest binding (Figure 4B, p < 0.05).




Figure 4 | C1q and FcyRIIIa binding. Immune receptor binding ELISA of gD-IC and gD-RIC. ELISA plates were coated with 15 μg/ml (A) human C1q and (B) human FcyRIIIa and incubated with 5-fold serial dilutions of each construct starting at 10 μg/ml, using HSV8 and 6D8 mAbs as monomeric controls. Constructs were detected using polyclonal goat anti-human IgG-HRP. Mean OD450 values from three samples are shown ± standard error. Three stars (***) indicates p < 0.001 and one star (*) indicates p < 0.05 between the indicated columns using one-way ANOVA with Tukey’s post-test for multiple comparisons. ns, not significant.






2.3 gD-RIC are highly immunogenic in mice compared to gD-IC

To test the in vivo immunogenicity of each construct, BALB/c mice were immunized three times with 4 μg gD delivered either as gD-IC or gD-RIC without adjuvant. After each dose, the resulting mouse serum was analyzed for gD-specific antibody titers by ELISA. Strikingly, mice immunized with gD-RIC produced titers that exceeded those of the IC-immunized mice by 332-fold, 1162-fold, and 33-fold after doses 1, 2 and 3 respectively (Figure 5A, p < 0.001). gD-RIC produced 5-fold higher levels of IgG2a antibodies compared to gD-IC (Figure 5B, p < 0.05). Finally, the neutralization of herpes simplex virus 2 (HSV-2) using serum from gD-IC or gD-RIC immunized mice was compared. gD-RIC serum neutralized HSV-2 significantly more than gD-IC serum (Figures 6A, B, p < 0.001). To assess the cross-neutralizing potential of the immune serum, neutralization with HSV-1 was also performed. gD-RIC serum cross-neutralized HSV-1 significantly more than gD-IC serum (Figures 6C, D, p < 0.001).




Figure 5 | Mouse immunization and serum titers. BALB/c mice (6 per group) were immunized three times three weeks apart subcutaneously with a dose that would deliver 4 μg gD for each construct or with PBS as a control. Mouse serum samples was collected on days 28, 56, and 86 for doses 1, 2, and 3 respectively. (A) Serially diluted mouse serum was analyzed for total gD-specific IgG production by ELISA. The endpoint was taken as the reciprocal of the greatest dilution that gave an OD450 reading at least twice the background. Three stars (***) indicates p < 0.001 by one-way ANOVA using Tukey’s post-test comparing the indicated columns. (B) Dose 3 mouse serum samples were serially diluted 5-fold starting at a 1:100 dilution and analyzed for IgG2a production by ELISA. Mean OD450 values from three samples are shown ± standard error. Three stars (***) indicates p < 0.001 by one-way ANOVA using Tukey’s post-test comparing the indicated columns.






Figure 6 | Neutralization of HSV-2. Plaque reduction neutralization 50 (PRNT50) assays of (A, B) HSV-2 or (C, D) HSV-1 were performed using serially diluted mouse serum samples from dose 3. Data represent the mean and standard error from four samples for HSV-2, or six samples for HSV-1. Three stars (***) indicates p < 0.001 by student’s t-test. Representative images showing virus plaques from 3 replicate serum-containing wells and 3 replicate control wells are shown for both HSV-2 and HSV-1.







3 Discussion

HSV infection of neonates has as high as a 50% chance of developing disseminated disease or encephalitis, with current drug options still leaving approximately 70% of neonates with long-term neurological sequelae (33). Neonatal infection often occurs (55%) if the mother becomes infected for the first time during pregnancy, whereas there is minimal risk if the mother has previously been infected (<1%), likely due to the transfer of maternal antibodies (34–36). Building on these findings, it has recently been shown that vaccination of the mother can also prevent neonatal HSV infection in a mouse model (37). These results underscore the need for safe, effective, and cheap HSV vaccines. In the present study, we show that a self-binding antibody complex formed with gD (gD-RIC) induces robust gD-specific antibody production and neutralizes both HSV-1 and HSV-2, strongly outperforming a traditional IC composed of gD simply mixed with a neutralizing antibody (gD-IC) (Figures 5,  6).

Past research has repeatedly demonstrated that the delivery of IC composed of an antigen mixed with antisera can enhance the immune response towards a given antigen compared to antigen delivery alone (38). However, many studies have found inconsistent results, including reduced immunogenicity of IC vaccines and, despite being studied for over half a century, IC-based therapeutics have failed to produce a single FDA-approved vaccine (39, 40). In this study, both vaccine preparations contain equivalent total amounts of both antibody and antigen delivered in the same ratio: approximately one antibody molecule per two gD molecules. Nevertheless, gD-RIC produced strikingly higher immune responses, up to 1,000-fold higher antigen-specific antibody titers after 2 doses (Figure 5A). The immunogenicity of a given IC depends strongly on the individual properties of each antibody and the characteristics of its cognate antigen (2, 27, 40). For instance, an IC formed by repetitive antigens can spontaneously form larger immune complexes, whereas IC composed of monomeric antigen and monoclonal antibodies cannot form larger complexes (Figure 1A). Several important immune receptors have evolved to preferentially activate in the presence of highly complexed antibody bound to repetitive pathogen epitopes, including complement receptor C1q, which initiates the complement cascade, and the low affinity receptor FcγRIIIa, considered to be one of the main effector FcγRs on immune cells (13). Monomeric antigen-antibody complexes have reduced capacity to induce strong immune responses because they cannot activate these pathways (41–43). An IgG fusion vaccine targeting dengue virus envelope protein domain III produced stronger B cell and T cell responses when delivered in a polymeric form compared to a monomeric form in human adenotonsillar tissue (25). Consistent with this prior work, our data shows that gD-RIC forms large complexes with strongly improved ability to bind C1q and greater overall antigenicity (Figures 3–6). By contrast, gD-IC forms smaller complexes with severely impaired immune receptor binding and antigenicity (Figures 3–6). An optimal vaccine must be cost-effective, eliciting strong responses with as few doses as possible. Only after the third dose did the IC group achieve a mean titer equivalent to a single dose of RIC (Figure 5A), highlighting the ability of gD-RIC to produce very strong immune responses with minimal doses without adjuvant. We have previously found that an Ebola RIC produced large heterogenous complexes (44), though with somewhat reduced C1q binding and immunogenicity compared to the present study due to incorporation of endogenous plant glycans (data to be presented elsewhere). Oligomeric antigen-antibody vaccine preparations such as RIC have now been shown to strongly enhance antigen immunogenicity using a variety of antigens, including tetantus toxin (45), Ebola glycoprotein 1 (44, 46), dengue virus envelope protein (24, 25, 47), human papillomavirus L2 (28), Zika virus envelope (29, 30), and a short 23 amino acid peptide comprising the ectodomain of influenza matrix 2 protein (data to be presented elsewhere), underscoring their broad potential to consistently and efficiently induce strong immune responses to a variety of large and small antigens.

It could be argued that the potent immunogenicity observed by gD-RIC is due in part to a mouse immune response directed against human IgG1. Notably, gD-IC and gD-RIC contain identical amounts of human IgG1. We observed modest levels of antibodies targeting the IgG1 backbone in gD-RIC, though no evidence of strong titers generated against the 6D8 epitope tag itself (Figure S3). To determine whether gD-RIC retains its strong immunogenicity without the human antibody backbone, we generated gD-RIC utilizing a mouse IgG2a backbone and found no statistical differences in antigen-specific antibody titers or virus neutralization compared to human gD-RIC constructs (data to be presented elsewhere). Other groups have shown that antibody complexes utilizing a mouse IgG backbone were still potent enhancers of antigen immunogenicity in mice, consistent with our observations (24). Indeed, that larger immune complexes make potent immunogens is well-established, as this feature is undesirable for intravenous antibody therapy (48). It has been known for over half a century that antibody aggregates can cause pathology such as serum sickness (49), and immune complex deposition is a driver of inflammation in diseases such as lupus erythematosus (50). Hypersensitivity reactions caused by immune complexes are a concern with all antibody therapies (51, 52). Therefore, these concerns must be addressed to ensure the safety of immune complex vaccines. Notably, antibody therapies are commonly administered with doses in the range of several grams of antibody (53). On the other hand, typical intramuscular injection of a vaccine preparation delivers 1,000-50,000 times lower doses, in the microgram range. During natural infection, immune complex formation is a necessary and desirable consequence of an effective immune response, as antibodies directed against repeated antigens, such as viral capsids, will inevitably form larger heterogeneous antibody-antigen complexes. Importantly, the immunostimulatory nature of repetitive antigens, which would generate large immune complexes upon repeated vaccination, has resulted in the success of safe and effective virus-like particle vaccines such as Gardasil (54). The RIC platform allows this enhanced immunogenicity to be conferred to antigens that otherwise do not self-assemble into larger complexes. We have not observed any toxic effects in mice across multiple RIC vaccine studies. Future studies are needed to specifically assess the safety of RIC vaccines.

We propose several mechanisms by which the RIC platform may enhance antigen immunogenicity, outlined in Figure 7. Multivalent ICs have been shown to be potent activators of complement (Figure 4A, (9, 25, 28–30, 45)). Although the complement system is canonically considered innate, in recent decades, the role of compliment in activating the adaptive immune system has been illustrated in several ways (12, 55, 56). Primarily, aggregated antibody complexes, like RICs, activate the complement cascade (9, 10), which results in the cleavage of complement proteins, including C5 and C3, releasing C3a and C5a as potent anaphylatoxins (57). These anaphylatoxins cause mast cell and basophil degranulation, leading to a release of vasoactive substances which increase blood flow to the site of vaccination. Multiple cell types are then activated through anaphylatoxin binding to G-protein coupled receptors on phagocytic cells that can serve as APCs, including dendritic cells and macrophages (58, 59). Activation of these APCs causes them to travel to the lymph node, leading to activation of B and T cells; it can also result in pro-inflammatory cytokine release, which successively recruits more immune cells to the vaccination site. Increases in vascular permeability in these areas can also encourage the movement of antigen-bearing APCs to draining lymph nodes, encouraging efficient elicitation of adaptive immune responses (Figure 7A).




Figure 7 | Proposed mechanisms of RIC immune enhancement. (A) RIC platform enhances complement activation. RICs activate C1q which in turn activates the complement cascade, causing release of C5a and C3a as cleavage products and downstream production of iC3b. Anaphylatoxin release recruits immune cells, including APCs to site of vaccination, which are able to uptake RIC antigen via iC3b:CR2 interactions and Fc:FcR interactions, made more potent via the RIC platform. (B) Enhanced uptake and iC3b production leads to more efficient B cell activation. Presence of iC3b is required for full B cell activation via presentation of antigen from follicular dendritic cells to naïve B cells. If B cells recognize both antigen and iC3b, B cells to migrate to cortical-paracortical junction to gain T cell help. (C) Enhanced DC activation and recruitment leads to more efficient T cell activation. DCs that were recruited to vaccination site travel to LN to activate T cells. Activated T cells travel to cortical: paracortical junction. (D) B cells gain T cell help and can effectively undergo affinity maturation. After getting help from T cells, B cells form germinal centers where they undergo somatic hypermutation and isotype switching. (Image created using BioRender.com).



Additionally, complement activation results in the production of iC3b, which, upon ligation with the CR2 receptor on follicular dendritic cells, is necessary for full B cell activation in the lymph node (60–62). In fact, a decline in circulating levels of complement can result in impaired antigen-specific antibody responses, indicating the requirement of complement presence for effective humoral responses to pathogens (63) (Figure 7B). Noting that RICs elicit high levels of antigen-specific antibodies and that CD4 T cell help in the form of cytokine and costimulatory signals is required for isotype switching and affinity maturation of antibodies to occur, we further speculate that RICs play a role in an augmented presentation of antigen to T cells and subsequent T cell activation (64). Complement proteins have been shown more recently to play a role in activating and regulating both CD4+ and CD8+ T cell responses (12). As T cells are initially activated by DCs that have traveled to the lymph node, and DCs can be recruited and activated with the help of anaphylatoxins at the vaccination site, this potential T cell regulation could occur via the increased presentation of Ag by DCs in the lymph node to T cells. Additionally, since RICs contain numerous Ig domains, FcγR on DCs can more readily take up RICs linked to antigen, allowing for enhanced internalization of antigen and increased presentation of antigen to T cells in the lymph nodes (13). Further, there is evidence that complement activation can elicit effective T cell signaling allowing for proper T cell activation (65) (Figure 7C). After full activation of T and B cells, both will migrate to the cortical: paracortical junction, where CD40:CD40L interactions will occur between T and B cells. This interaction not only allows for full T cell activation but also allows B cells to gain T cell help via cytokines and costimulatory molecules, necessary for them to create germinal centers and undergo somatic hypermutation and isotype switching, generating the Ag-specific responses we have illustrated following vaccination with RIC (Figure 7D). Future studies elucidating the precise mechanisms underlying the observed immunogenicity of RICs could lead to additional enhanced vaccination strategies and could be extended to other vaccine platforms.

The induction of neutralizing antibody titers has long been a gold standard for vaccine research, though in recent years it has been more widely appreciated that non-neutralizing antibodies are also important for protection against most viruses, including HSV (66). Compared to gD-IC, gD-RIC elicited higher total IgG titers (Figure 5A), higher HSV-2 and HSV-1 specific neutralization titers (Figure 6), and higher levels of IgG2a antibodies (Figure 5B). While BALB/c mice mainly produce the IgG1 antibody subclass, the antibody subclass IgG2a is an indicator of a stronger Th1 type response and these antibodies have important Fc-mediated antiviral functions (67). Due to serum limitations, neutralization studies were performed with dose 3 serum, where differences between gD-IC and gD-RIC were less pronounced than after doses 1 or 2 (Figure 5A). The differences between gD-IC and gD-RIC are likely reduced after dose 3 because there are diminishing returns from repeated vaccination, with the gD-RIC antibody responses in the serum eventually reaching maximal levels.

Another rationale for the design of RIC vaccines is the lack of antibody binding to the target antigen itself. Instead, RIC form by binding a defined epitope tag separated from the antigen via linker (Figure 1B), allowing the same universal RIC platform to function with any desired antigen (27). By contrast, a traditional IC preparation requires a new antibody to be identified and tested empirically for each new vaccine antigen. Direct antigen binding in IC may reduce the interaction of B cells specific for the already bound epitope, a phenomenon known as epitope masking. A malaria vaccine candidate was found to have limited B cell expansion after administering a third dose due to epitope masking, but increased diversification of humoral responses (68, 69). An HIV IC vaccine candidate retained similar overall antigen titers compared to vaccination with antigen alone, however epitope masking by the IC focused immune responses towards more desirable epitopes (20, 70, 71). Overall, epitope masking can be advantageous or disadvantageous depending on context. In the case of gD-IC, the soluble ectodomain of HSV-2 gD used in this study comprises 306 amino acids, spanning 17 known major epitope regions which have been extensively studied (72, 73). HSV8 binds an epitope located between amino acids 234-270 (31). Serum from immunization with HSV-2 gD was found to contain antibodies targeting a variety of linear and conformational epitopes throughout gD (74). As numerous anti-gD antibodies were able to bind even when epitopes which bind the same region as HSV8 were blocked (74), it is unlikely that epitope masking played a large role in the overall differences gD-specific titers observed between gD-IC and gD-RIC. However, after dose 3, we observed only an ~8-fold increase in mean neutralization titers with gD-RIC, despite a ~20-fold increase in mean gD-specific antibody titers (Figures 5, 6). While these differences would be insignificant compared to the very large differences in total antibody titers after dose 2 (Figure 5), we cannot exclude the possibility that epitope masking present in gD-IC may have modestly focused antibody production towards more neutralizing epitopes compared to gD-RIC. Alternatively, gD fusion to the IgG1 heavy chain, the epitope tag fusion itself, or other factors, may have inhibited proper formation of some neutralizing epitopes in gD-RIC. These findings suggest potential room for future optimization of the RIC platform. By modifying the strength of epitope tag binding, RIC variants have been produced which were smaller, more homogenous, and more soluble, while still maintaining strong immunogenicity (29). Future studies are needed to investigate additional possible optimizations to the RIC platform, such separating the antigen with longer linkers, employing different self-multimerization strategies, or by utilizing direct antigen binding to confer advantageous epitope masking.




4 Experimental procedures



4.1 Vector construction

The construction details of pBYKEMd2-HSV8 have been previously published (75). A construct containing the HSV gD antigen fused to a 6H tag was created by digesting pBYe3R2K2Mc-BAZsE6H (30) with XhoI-SpeI to produce the expression vector fragment. The insert with the gD coding sequence was derived from a PCR-amplification of the cloned gene in pCRblunt-gD. The final construct was named pBYe3R2K2Mc-gD306-6H (referred to as “gD”).

A RIC vector containing gD linked to the humanized, 6D8 antibody C-terminus was created by PCR-amplifying pCRblunt-gD with end-tailoring primers, gD-Bam-F (5’- gggGATCCaaatatgcattagctgatcctagtc) and gD306-Spe-R (5- GCAACTAGTATGGTGTGGAGCAACATC), to add BamHI-SpeI restriction sites. The PCR product was digested BamHI-SpeI and ligated with the vector derived from pBYR11eM-h6D8ZE3 (30) to produce pBYR11eM-h6D8gD (“gD-RIC”).




4.2 Agroinfiltration of Nicotiana benthamiana leaves

Binary vectors were separately introduced into Agrobacterium tumefaciens EHA105 by electroporation. The resulting strains were verified by restriction digestion or PCR, grown overnight at 30°C, and used to infiltrate leaves of 5- to 6-week-old N. benthamiana maintained at 23-25°C. Briefly, the bacteria were pelleted by centrifugation for 5 min at 5,000g and then resuspended in infiltration buffer (10 mM 2-(N-morpholino)ethanesulfonic acid (MES), pH 5.5 and 10 mM MgSO4) to OD600=0.2, unless otherwise described. The resulting bacterial suspensions were injected by using a syringe without needle into leaves through a small puncture (76). It has been previously shown that IgG-based vaccines have enhanced immune receptor binding properties when produced in glycan-modified plants (29, 77–79), therefore transgenic plants silenced for xylosyltransferase and fucosyltransferase were employed (80). Plant tissue was harvested at 5 days post infiltration (DPI).




4.3 Protein extraction, expression and purification

Constructs gD-RIC, HSV8, and 6D8 were purified by protein G affinity chromatography. Agroinfiltrated leaves were blended with 1:3 (w:v) ice cold extraction buffer (25mM Tris-HCl, pH 8.0, 125mM NaCl, 3mM EDTA, 0.1% Triton X-100, 10 mg/mL sodium ascorbate, 0.3 mg/mL phenylmethylsulfonyl fluoride), stirred for 30 min at 4°C, and filtered through miracloth. To precipitate endogenous plant proteins, the pH was lowered to 4.5 with 1M phosphoric acid for 5 min while stirring on ice, then raised to 7.6 with 2M Tris base. Following centrifugation for 20 min at 16,000g, the clarified extract was loaded onto a Protein G column (Thermo Fisher Scientific, Waltham, MA, USA) following the manufacturer’s instructions. Purified proteins were eluted with 100mM glycine, pH 2.5, directly into collection tubes containing 1M Tris-HCl pH 8.0 to neutralize the elution buffer and stored at -80°C. Purified protein concentration was measured by A280 absorbance, ELISA, and gel quantification.

gD-His expressed from pBYe3R2K2Mc-gD6H was purified by metal affinity chromatography. Protein was extracted as described above, but without acid precipitation. The clarified extract was loaded onto a column containing TALON Metal Affinity Resin (BD Clontech, Mountain View, CA) according to the manufacturer’s instructions. The column was washed with PBS and eluted with elution buffer (PBS, 150mM imidazole, pH 7.4). Peak protein elutions were identified by SDS-PAGE, pooled, dialyzed against PBS, and stored at -80˚C. Protein concentration was measured by A280 absorbance and gel quantification.




4.4 SDS-PAGE and Western blot

Plant protein extracts or purified protein samples were mixed with SDS sample buffer (50 mM Tris-HCl, pH 6.8, 2% SDS, 10% glycerol, 0.02 % bromophenol blue) and separated on 4-15% stain-free polyacrylamide gels (Bio-Rad, Hercules, CA, USA). For reducing conditions, 0.5M DTT was added, and the samples were boiled for 10 min prior to loading. Polyacrylamide gels were visualized and imaged under UV light, then transferred to a PVDF membrane. The protein transferred membranes were blocked with 5% dry milk in PBST (PBS with 0.05% tween-20) overnight at 4°C and probed with goat anti-human IgG-HRP (Sigma-Aldrich, St. Louis, MO, USA diluted 1:5000 in 1% PBSTM) for IgG detection; or, probed with human HSV8 (plant-made, diluted 1:1000 from 1 mg/ml in 1% PBSTM) for gD-6H detection; or, probed with the mouse anti-gD mAb H170 (Santa Cruz Biotechnology, TX, USA, diluted 1:1000 in 1% PBSTM) for gD-RIC detection. Bound antibody was then detected with either anti-human IgG-HRP (Sigma-Aldrich, St. Louis, MO, USA, diluted 1:5000 in 1% PBSTM) for HSV8, or with anti-mouse IgG-HRP (Southern Biotech, AL, USA, diluted 1:5000 in 1% PBSTM) for H170. Bound antibodies were detected with ECL reagent (Amersham, Little Chalfont, United Kingdom).




4.5 ELISA

IC were prepared by incubating gD-6H and HSV8 at a 2:1 molar ratio to mimic the ratio of antigen and antibody present in gD-RIC for 2 hours at room temperature. During this time, purified RIC aliquots were thawed, and RIC and IC were serially diluted in 1% PBSTM sfor ELISA. RIC and IC were both set to a starting concentration of 10 μg/ml (including antigen and antibody weight. For immune receptor binding, 96-well medium-binding polystyrene plates (Thermo Fisher Scientific, Waltham, MA, USA) were coated with 15 μg/ml human complement C1q or human FcγRIIIa (PFA, MilliporeSigma, MA) in PBS for 1.5 hours at 37°C. For IC binding experiments, the plates were instead coated with 15 μg/ml plant-made gD-6H. The plates were washed 3 times with PBST, and then blocked with 5% dry milk in PBST for 30 minutes. After washing 3 times with PBST, for immune receptor binding experiments, purified IC or RIC were added at 10 μg/ml with a 5-fold serial dilution and were incubated for 1.5 hours at 37°C. For IC binding, HSV8 was added at initial concentration of 10 μg/ml with 5-fold serial dilutions. After washing 3 times with PBST, bound IgG was detected by incubating with a 1:500 dilution of an anti-human IgG (whole molecule) HRP-labeled probe (Sigma-Aldrich, St. Louis, MO, USA) for 1 hour at 37°C. The plates were washed 4 times with PBST, developed with TMB substrate (Thermo Fisher Scientific, Waltham, MA, USA), stopped with 1M HCl, and the absorbance was read at 450nm.




4.6 Sucrose gradient density centrifugation

Purified 0.5 mg samples (300 µl) of IC, RIC, mAbs, or PBS control were loaded onto discontinuous sucrose gradients consisting of 300 µl layers of 5, 10, 15, 20, and 25% sucrose in PBS in 2.0 ml microcentrifuge tubes and centrifuged at 21,000g for 24 h at 4°C. Nine fractions (200 µl) were collected, and the total protein content of each fraction was measured via spectrophotometry. The A280 absorbance of the PBS control fractions were subtracted from each corresponding fraction of IC or RIC. The highest absorbance value was arbitrarily assigned the value of “1” and the other fractions were calculated relative to this value. Representative results from 3 independent experiments are shown.




4.7 Immunization of mice and sample collection

Groups (n = 6) of female Balb/c mice, 6–7 weeks old, were immunized subcutaneously with gD-IC prepared with a 1:2 molar ratio of HSV8 to gD, or gD-RIC. An equivalent amount of 4 µg of gD was delivered per dose. The constructs were first analyzed by SDS-PAGE to detect any cleavage products, then quantified by the ImageJ software and spectroscopy to determine the percentage of gD-containing antigen. Three mice were immunized with PBS as a negative control. No adjuvant was used for any group. Doses were delivered on days 0, 28, and 56. Serum was collected by submandibular bleed as described (81) on days 0, 28, and 56, and 86. All animals were handled in accordance with the Animal Welfare Act and Arizona State University IACUC.




4.8 Antibody measurements

Mouse antibody titers specific for gD, 6D8 variants, or gD-RIC were measured by ELISA. Purified gD, 6D8 variants, or gD-RIC (15 μg/ml) were bound to 96-well high-binding polystyrene plates by a 1-hour incubation at 37°C (Corning Inc, Corning, NY, USA). The plates were then washed with PBST (PBS with 0.05% tween-20) and blocked with 5% nonfat dry milk in PBST. After the wells were washed with PBST, the diluted mouse sera (5-fold serial dilutions from 1:40 to 1:3,125,000 for gD, or 10-fold serial dilutions starting from 1:100 for 6D8 variant and gD-RIC ELISA) from each bleed were added and the plate incubated at 37°C for 1 hour. After washing with PBST, the mouse antibodies were detected by a 1-hour incubation with either a polyclonal goat anti-mouse IgG-horseradish peroxidase conjugate (Sigma-Aldrich, St. Louis, MO, USA) or a IgG2a horseradish peroxidase conjugate (Santa Cruz Biotechnology, Dallas, TX, USA). The plate was then developed with TMB substrate according to the manufacturer’s instructions (Thermo Fisher Scientific, Waltham, MA, USA) and the absorbance was read at 450 nm. The endpoint titers were taken as the reciprocal of the lowest dilution which produced an OD450 reading twice the background. Statistical analysis between the vaccinated groups was carried out using one-way ANOVA with Tukey’s post-test for multiple comparisons.




4.9 Cell culture and virus propagation

Vero cells (African green monkey kidney cells, ATCC) were cultured in a 5% CO2 incubator with Dulbecco’s Modified Eagle’s Media (DMEM, Cytiva), supplemented with 10% fetal bovine serum (FBS, Gibco) and 1% Penicillin-Streptomycin (Pen-Strep, Gibco). A recombinant HSV-2 strain expressing green fluorescent protein (GFP) was a kind gift from Orkide Koyuncu (UC Irvine). The HSV-1 OK14 strain, expressing a red fluorescent protein (RFP)-tagged capsid protein, was previously described (82). Viral stocks were grown on Vero cells incubated with viral media (DMEM supplemented with 2% FBS and 1% Pen-Strep). Virus stocks were harvested once significant cytopathic effect was observed and stored at -80C in 2% HEPES buffer (Gibco). Virus stocks were titered by serial dilution plaque assay, as described below.




4.10 Neutralization assay and plaque imaging

24-well plates were seeded 2x105 Vero cells per well and incubated overnight. Mouse serum from all six individual mice was combined to a final volume of 20 µL and then diluted to a 1:5 concentration in 100 µL of viral media. This initial 1:5 dilution was then serially diluted two-fold in 100 µL volumes for an additional five dilutions. HSV-2 and HSV-1 OK14 stocks were diluted to a concentration of 500 plaque-forming units (PFU)/mL, and 100 µL (50 PFU) of this diluted working stock was mixed with each serum dilution, and incubated for 1 hour at 37°C. Vero cells were then inoculated with the serum-virus solutions for 1 hour at 37°C. Next, the inoculum was aspirated off and the cell monolayer was overlaid with 1 mL of Methocel-thickened viral medium. At 48 hours post-infection, fluorescent foci were imaged using a Nikon Ti2-E inverted widefield fluorescence microscope in the ASU Biodesign Imaging Core Facility. This microscope is equipped with a SpectraX LED light source, providing 470/24nm light for GFP excitation or 550/15nm light for RFP excitation. Fluorescence emission was captured using a Photometrics Prime95B sCMOS camera. Nikon NIS Elements software was used to produce tiled images of each entire well. All dilutions and antibody neutralizations were performed in triplicate, and mean plaques per well were used to calculate the neutralization titer. The neutralization titer (given as PRNT50) of each serum sample is defined as the reciprocal of the highest test serum dilution for which the virus infectivity is reduced by 50% when compared with the mean plaque count of the control virus with no serum added. Plaque counts for all 6 serial dilutions of serum were scored to ensure that there was a dose-response.
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Supplementary Figure 1 | SDS-PAGE Gels and Westerns from Construct Purifications. Full gel images from each of the SDS-PAGE and western blot experiments used to compile . The lane corresponding to the image used for is indicated with an asterisk (*). (A) gD-RIC SDS-PAGE gel. (B) gD-6H SDS-PAGE gel. (C) HSV8 SDS-PAGE gel. (D) gD-RIC western blot probed with HSV8. (E) gD-6H western blot probed with HSV8. (F) gD-RIC western blot probed with anti-human IgG. (G) HSV8 western blot probed with anti-human IgG.

Supplementary Figure 2 | SDS-PAGE Gels of Sucrose Gradient Profiles. Fractions 1-9 from sucrose gradients of 6D8, HSV8, gD-IC, and gD-RIC were separated on reducing stain free SDS-PAGE gels. Fraction 1 represents the top of the gradient with the lowest sucrose concentration, while fraction 9 represents the bottom of the gradient with the highest sucrose concentration. Note the increased proportion of gD-RIC in fractions 4-9 compared all other constructs. The leftmost lane contains protein size markers.

Supplementary Figure 3 | Antibody Response to the Human IgG1 RIC Backbone ELISA measuring antibody responses using serially diluted (1:100 to 1:10,000) dose 3 serum from mice vaccinated with gD-RIC or PBS. Serum binding was measured using HL, 6D8 antibody with heavy and light chains; He, 6D8 heavy chain with epitope tag; or HLe-gD, gD-RIC containing 6D8, epitope tag, and gD. Representative results from two independent experiments are given as mean OD450 values from two samples ± standard error.




References

1. Mullard, A. FDA Approves 100th monoclonal antibody product. Nat Rev Drug Discovery (2021) 20:491–5. doi: 10.1038/D41573-021-00079-7

2. Czajkowsky, DM, Hu, J, Shao, Z, and Pleass, RJ. Fc-fusion proteins: new developments and future perspectives. EMBO Mol Med (2012) 4:1015–28. doi: 10.1002/emmm.201201379

3. Pyzik, M, Sand, KMK, Hubbard, JJ, Andersen, JT, Sandlie, I, and Blumberg, RS. The neonatal fc receptor (FcRn): a misnomer? Front Immunol (2019) 10:1540. doi: 10.3389/FIMMU.2019.01540/BIBTEX

4. Qiao, SW, Kobayashi, K, Johansen, FE, Sollid, LM, Andersen, JT, Milford, E, et al. Dependence of antibody-mediated presentation of antigen on FcRn. Proc Natl Acad Sci U.S.A. (2008) 105:9337–42. doi: 10.1073/pnas.0801717105

5. Baker, K, Qiao, SW, Kuo, TT, Aveson, VG, Platzer, B, Andersen, JT, et al. Neonatal fc receptor for IgG (FcRn) regulates cross-presentation of IgG immune complexes by CD8-CD11b+ dendritic cells. Proc Natl Acad Sci U.S.A. (2011) 108:9927–32. doi: 10.1073/pnas.1019037108

6. McCloskey, ML, Curotto De Lafaille, MA, Carroll, MC, and Erlebacher, A. Acquisition and presentation of follicular dendritic cell-bound antigen by lymph node-resident dendritic cells. J Exp Med (2011) 208:135–48. doi: 10.1084/jem.20100354

7. Fletcher, EAK, van Maren, W, Cordfunke, R, Dinkelaar, J, Codee, JDC, van der Marel, G, et al. Formation of immune complexes with a tetanus-derived b cell epitope boosts human T cell responses to covalently linked peptides in an ex vivo blood loop system. J Immunol (2018) 201:87–97. doi: 10.4049/jimmunol.1700911

8. Bournazos, S, and Ravetch, JV. Fcγ receptor function and the design of vaccination strategies. Immunity (2017) 47:224–33. doi: 10.1016/j.immuni.2017.07.009

9. Diebolder, CA, Beurskens, FJ, de Jong, RN, Koning, RI, Strumane, K, Lindorfer, MA, et al. Complement is activated by IgG hexamers assembled at the cell surface. Sci (1979) (2014) 343:1260–3. doi: 10.1126/science.1248943

10. Wang, G, de Jong, RN, van den Bremer, ETJ, Beurskens, FJ, Labrijn, AF, Ugurlar, D, et al. Molecular basis of assembly and activation of complement component C1 in complex with immunoglobulin G1 and antigen. Mol Cell (2016) 63:135–45. doi: 10.1016/J.MOLCEL.2016.05.016

11. Ricklin, D, Reis, ES, Mastellos, DC, Gros, P, and Lambris, JD. Complement component C3 - the “Swiss army knife” of innate immunity and host defense. Immunol Rev (2016) 274:33. doi: 10.1111/IMR.12500

12. West, EE, Kolev, M, and Kemper, C. Complement and the regulation of T cell responses. Annu Rev Immunol (2018) 36:309–38. doi: 10.1146/annurev-immunol-042617-053245

13. Junker, F, Gordon, J, and Qureshi, O. Fc gamma receptors and their role in antigen uptake, presentation, and T cell activation. Front Immunol (2020) 11:1393. doi: 10.3389/fimmu.2020.01393

14. Jafari, R, Zolbanin, NM, Rafatpanah, H, Majidi, J, and Kazemi, T. Fc-fusion proteins in therapy: an updated view. Curr Med Chem (2017) 24:1228–37. doi: 10.2174/0929867324666170113112759

15. Sun, S, Cai, Y, Song, T-Z, Pu, Y, Cheng, L, Xu, H, et al. Interferon-armed RBD dimer enhances the immunogenicity of RBD for sterilizing immunity against SARS-CoV-2. Cell Res (2021) 31:1. doi: 10.1038/S41422-021-00531-8

16. Shu, Y-J, He, J-F, Pei, R-J, He, P, Huang, Z-H, Chen, S-M, et al. Immunogenicity and safety of a recombinant fusion protein vaccine (V-01) against coronavirus disease 2019 in healthy adults: a randomized, double-blind, placebo-controlled, phase II trial. Chin Med J (Engl) (2021) 134:1967. doi: 10.1097/CM9.0000000000001702

17. Zhang, J, Hu, Z, He, J, Liao, Y, Li, Y, Pei, R, et al. Safety and immunogenicity of a recombinant interferon-armed RBD dimer vaccine (V-01) for COVID-19 in healthy adults: a randomized, double-blind, placebo-controlled, phase I trial. Emerg Microbes Infect (2021) 10:1589. doi: 10.1080/22221751.2021.1951126

18. Ye, L, Zeng, R, Bai, Y, Roopenian, DC, and Zhu, X. Efficient mucosal vaccination mediated by the neonatal fc receptor. Nat Biotechnol (2011) 29:158–65. doi: 10.1038/nbt.1742

19. Tsouchnikas, G., Zlatkovic, J., Jarmer, J., Strauβ, J., Vratskikh, O., Kundi, M., et al. (2015) Immunization with Immune Complexes Modulates the Fine Specificity of Antibody Responses to a Flavivirus Antigen. J Virology 89(15):7970–8. doi: 10.1128/JVI.00938-15

20. Hioe, CE, Kumar, R, Upadhyay, C, Jan, M, Fox, A, Itri, V, et al. Modulation of antibody responses to the V1V2 and V3 regions of HIV-1 envelope by immune complex vaccines. Front Immunol (2018) 9:2441. doi: 10.3389/fimmu.2018.02441

21. Maamary, J, Wang, TT, Tan, GS, Palese, P, and Ravetch, JV. Increasing the breadth and potency of response to the seasonal influenza virus vaccine by immune complex immunization. Proc Natl Acad Sci U.S.A. (2017) 114:10172–7. doi: 10.1073/pnas.1707950114

22. Zhang, Y, Zhou, Z, Zhu, SL, Zu, X, Wang, Z, Zhang, L, et al. A novel RSV f-fc fusion protein vaccine reduces lung injury induced by respiratory syncytial virus infection. Antiviral Res (2019) 165:11–22. doi: 10.1016/j.antiviral.2019.02.017

23. Lagassé, HAD, Hengel, H, Golding, B, and Sauna, ZE. Fc-fusion drugs have FcγR/C1q binding and signaling properties that may affect their immunogenicity. AAPS J (2019) 21:62. doi: 10.1208/s12248-019-0336-8

24. Kim, M-Y, van Dolleweerd, C, Copland, A, Paul, MJ, Hofmann, S, Webster, GR, et al. Molecular engineering and plant expression of an immunoglobulin heavy chain scaffold for delivery of a dengue vaccine candidate. Plant Biotechnol J (2017) 15:1590–601. doi: 10.1111/pbi.12741

25. Kim, MY, Copland, A, Nayak, K, Chandele, A, Ahmed, MS, Zhang, Q, et al. Plant-expressed fc-fusion protein tetravalent dengue vaccine with inherent adjuvant properties. Plant Biotechnol J (2018) 16:1283–94. doi: 10.1111/pbi.12869

26. Tien, N.-Q.-D., Yang, M-S, Jang, Y-S, Kwon, T-H, Reljic, R, and Kim, M. Systemic and oral immunogenicity of porcine epidemic diarrhea virus antigen fused to poly-fc of immunoglobulin G and expressed in ΔXT/FT nicotiana benthamiana plants. Front Pharmacol (2021) 12:653064. doi: 10.3389/FPHAR.2021.653064

27. Mason, HS. Recombinant immune complexes as versatile and potent vaccines. Hum Vaccin Immunother (2016) 12:988–9. doi: 10.1080/21645515.2015.1116655

28. Diamos, AG, Larios, D, Brown, L, Kilbourne, J, Kim, HS, Saxena, D, et al. Vaccine synergy with virus-like particle and immune complex platforms for delivery of human papillomavirus L2 antigen. Vaccine (2019) 37:137–44. doi: 10.1016/j.vaccine.2018.11.021

29. Diamos, AG, Pardhe, MD, Sun, H, Hunter, JGL, Kilbourne, J, Chen, Q, et al. A highly expressing, soluble, and stable plant-made IgG fusion vaccine strategy enhances antigen immunogenicity in mice without adjuvant. Front Immunol (2020) 11:576012. doi: 10.3389/fimmu.2020.576012

30. Diamos, AG, Pardhe, MD, Sun, H, Hunter, JGL, Mor, T, Meador, L, et al. Codelivery of improved immune complex and virus-like particle vaccines containing zika virus envelope domain III synergistically enhances immunogenicity. Vaccine (2020) 38:3455–63. doi: 10.1016/j.vaccine.2020.02.089

31. de Logu, A, Williamson, RA, Rozenshteyn, R, Ramiro-Ibañez, F, Simpson, CD, Burton, DR, et al. Characterization of a type-common human recombinant monoclonal antibody to herpes simplex virus with high therapeutic potential. J Clin Microbiol (1998) 36:3198–204. doi: 10.1128/JCM.36.11.3198-3204.1998

32. Montero-Morales, L, and Steinkellner, H. Advanced plant-based glycan engineering. Front Bioeng Biotechnol (2018) 9:81. doi: 10.3389/fbioe.2018.00081

33. Corey, L, and Wald, A. Maternal and neonatal HSV infections. N Engl J Med (2009) 361:1376. doi: 10.1056/NEJMRA0807633

34. Zinkernagel, RM. Maternal antibodies, childhood infections, and autoimmune diseases. N Engl J Med (2001) 345:1331–5. doi: 10.1056/NEJMra012493

35. Brown, ZA, Wald, A, Morrow, RA, Zeh, J, and Corey, L. Effect of serologic status and cesarean delivery on transmission rates of herpes simplex virus from mother to infant. JAMA (2003) 289:203–9. doi: 10.1001/JAMA.289.2.203

36. Xu, Y, Mahmood, I, Zhong, L, Zhang, P, and Struble, EB. Passive immunoprophylaxis for the protection of the mother and her baby: insights from In Vivo models of antibody transport. J Immunol Res (2017) 2017:1–8. doi: 10.1155/2017/7373196

37. Patel, CD, Backes, IM, Taylor, SA, Jiang, Y, Marchant, A, Pesola, JM, et al. Maternal immunization confers protection against neonatal herpes simplex mortality and behavioral morbidity. Sci Transl Med (2019) 11(487). doi: 10.1126/SCITRANSLMED.AAU6039

38. Morrison, SL, and Terres, G. Enhanced immunologic sensitization of mice by the simultaneous injection of antigen and specific antiserum. II. effect of varying the antigen-antibody ratio and the amount of immune complex injected. J Immunol (1966) 96:901–5. doi: 10.4049/jimmunol.96.5.901

39. Wen, Y, Mu, L, and Shi, Y. Immunoregulatory functions of immune complexes in vaccine and therapy. EMBO Mol Med (2016) 8:1120–33. doi: 10.15252/EMMM.201606593

40. Wang, XY, Wang, B, and and Wen, YM. From therapeutic antibodies to immune complex vaccines. NPJ Vaccines (2019) 4(1):2. doi: 10.1038/s41541-018-0095-z

41. Lux, A, Yu, X, Scanlan, CN, and Nimmerjahn, F. Impact of immune complex size and glycosylation on IgG binding to human FcγRs. J Immunol (2013) 190:4315–23. doi: 10.4049/JIMMUNOL.1200501

42. Robinett, RA, Guan, N, Lux, A, Biburger, M, Nimmerjahn, F, and Meyer, AS. Dissecting FcγR regulation through a multivalent binding model. Cell Syst (2018) 7:41. doi: 10.1016/J.CELS.2018.05.018

43. Patel, KR, Roberts, JT, and Barb, AW. Multiple variables at the leukocyte cell surface impact fc γ receptor-dependent mechanisms. Front Immunol (2019) 10:223. doi: 10.3389/FIMMU.2019.00223

44. Phoolcharoen, W, Bhoo, SH, Lai, H, Ma, J, Arntzen, CJ, Chen, Q, et al. Expression of an immunogenic Ebola immune complex in nicotiana benthamiana. Plant Biotechnol J (2011) 9:807–16. doi: 10.1111/j.1467-7652.2011.00593.x

45. Chargelegue, D, Drake, PMW, Obregon, P, Prada, A, Fairweather, N, and Ma, JKC. Highly immunogenic and protective recombinant vaccine candidate expressed in transgenic plants. Infect Immun (2005) 73:5915–22. doi: 10.1128/IAI.73.9.5915-5922.2005

46. Phoolcharoen, W, Dye, JM, Kilbourne, J, Piensook, K, Pratt, WD, Arntzen, CJ, et al. A nonreplicating subunit vaccine protects mice against lethal Ebola virus challenge. Proc Natl Acad Sci U.S.A. (2011) 108:20695–700. doi: 10.1073/pnas.1117715108

47. Kim, M-Y, Reljic, R, Kilbourne, J, Ceballos-Olvera, I, Yang, M-S, Reyes-del Valle, J, et al. Novel vaccination approach for dengue infection based on recombinant immune complex universal platform. Vaccine (2015) 33:1830–8. doi: 10.1016/j.vaccine.2015.02.036

48. Joubert, MK, Hokom, M, Eakin, C, Zhou, L, Deshpande, M, Baker, MP, et al. Highly aggregated antibody therapeutics can enhance the in vitro innate and late-stage T-cell immune responses. J Biol Chem (2012) 287:25266. doi: 10.1074/JBC.M111.330902

49. Christian, CL. Immune-complex disease. N Engl J Med (1969) 280:878–84. doi: 10.1056/NEJM196904172801610

50. Tsokos, GC, Lo, MS, Reis, PC, and Sullivan, KE. New insights into the immunopathogenesis of systemic lupus erythematosus. Nat Rev Rheumatol (2016) 12:716–30. doi: 10.1038/NRRHEUM.2016.186

51. Karmacharya, P, Poudel, DR, Pathak, R, Donato, AA, Ghimire, S, Giri, S, et al. Rituximab-induced serum sickness: a systematic review. Semin Arthritis Rheum (2015) 45:334–40. doi: 10.1016/J.SEMARTHRIT.2015.06.014

52. Isabwe, GAC, Garcia Neuer, M, de las Vecillas Sanchez, L, Lynch, DM, Marquis, K, and Castells, M. Hypersensitivity reactions to therapeutic monoclonal antibodies: phenotypes and endotypes. J Allergy Clin Immunol (2018) 142:159–170.e2. doi: 10.1016/J.JACI.2018.02.018

53. Hendrikx, JJMA, Haanen, JBAG, Voest, EE, Schellens, JHM, Huitema, ADR, and Beijnen, JH. Fixed dosing of monoclonal antibodies in oncology. Oncologist (2017) 22:1212. doi: 10.1634/THEONCOLOGIST.2017-0167

54. Mohsen, MO, and Bachmann, MF. Virus-like particle vaccinology, from bench to bedside. Cell Mol Immunol (2022) 19:993–1011. doi: 10.1038/s41423-022-00897-8

55. Lo, MW, and Woodruff, TM. Complement: bridging the innate and adaptive immune systems in sterile inflammation. J Leukoc Biol (2020) 108:339–51. doi: 10.1002/JLB.3MIR0220-270R

56. Haddad, A, and Wilson, AM. Biochemistry, complement, in: StatPearls (2022). Available at: https://www.ncbi.nlm.nih.gov/books/NBK544229/ (Accessed October 29, 2022).

57. Hugli, TE, and Müller-Eberhard, HJ. Anaphylatoxins: C3a and C5a. Adv Immunol (1978) 26:1–53. doi: 10.1016/S0065-2776(08)60228-X

58. van Lookeren Campagne, M, Wiesmann, C, and Brown, EJ. Macrophage complement receptors and pathogen clearance. Cell Microbiol (2007) 9:2095–102. doi: 10.1111/J.1462-5822.2007.00981.X

59. Li, K, Fazekasova, H, Wang, N, Sagoo, P, Peng, Q, Khamri, W, et al. Expression of complement components, receptors and regulators by human dendritic cells. Mol Immunol (2011) 48:1121. doi: 10.1016/J.MOLIMM.2011.02.003

60. Law, SK, Lichtenberg, NA, and Levine, RP. Covalent binding and hemolytic activity of complement proteins. Proc Natl Acad Sci U.S.A. (1980) 77:7194. doi: 10.1073/PNAS.77.12.7194

61. Molina, H, Kinoshita, T, Webster, CB, and Holers, VM. Analysis of C3b/C3d binding sites and factor I cofactor regions within mouse complement receptors 1 and 2. J Immunol (1994) 153(2):789–95.

62. Fang, Y, Xu, C, Fu, YX, Holers, VM, and Molina, H. Expression of complement receptors 1 and 2 on follicular dendritic cells is necessary for the generation of a strong antigen-specific IgG response. J Immunol (1998) 160:5273–9.

63. Egwang, TG, and Befus, AD. The role of complement in the induction and regulation of immune responses. Immunology (1984) 51:207.

64. Crotty, S. A brief history of T cell help to b cells. Nat Rev Immunol (2015) 15:185–9. doi: 10.1038/NRI3803

65. Dunkelberger, JR, and Song, WC. Role and mechanism of action of complement in regulating T cell immunity. Mol Immunol (2010) 47:2176. doi: 10.1016/J.MOLIMM.2010.05.008

66. Jenks, JA, Goodwin, ML, and Permar, SR. The roles of host and viral antibody fc receptors in herpes simplex virus (HSV) and human cytomegalovirus (HCMV) infections and immunity. Front Immunol (2019) 10:2110. doi: 10.3389/FIMMU.2019.02110

67. Lu, LL, Suscovich, TJ, Fortune, SM, and Alter, G. Beyond binding: antibody effector functions in infectious diseases. Nat Rev Immunol (2018) 18:46–61. doi: 10.1038/nri.2017.106

68. McNamara, HA, Idris, AH, Sutton, HJ, Vistein, R, Flynn, BJ, Cai, Y, et al. Antibody feedback limits the expansion of b cell responses to malaria vaccination but drives diversification of the humoral response. Cell Host Microbe (2020) 28:572–585.e7. doi: 10.1016/J.CHOM.2020.07.001

69. Kurtovic, L, Boyle, MJ, and Beeson, JG. Epitope masking may limit antibody boosting to malaria vaccines. Immunol Cell Biol (2021) 99:126–9. doi: 10.1111/IMCB.12415

70. Hioe, CE, Visciano, ML, Kumar, R, Liu, J, Mack, EA, Simon, RE, et al. The use of immune complex vaccines to enhance antibody responses against neutralizing epitopes on HIV-1 envelope gp120. Vaccine (2009) 28:352–60. doi: 10.1016/j.vaccine.2009.10.040

71. Kumar, R, Tuen, M, Liu, J, Nàdas, A, Pan, R, Kong, X, et al. Elicitation of broadly reactive antibodies against glycan-modulated neutralizing V3 epitopes of HIV-1 by immune complex vaccines. Vaccine (2013) 31:5413–21. doi: 10.1016/j.vaccine.2013.09.010

72. Cohen, GH, Muggeridge, MI, Long, D, Sodora, DA, and Eisenberg, RJ. Structural and functional studies of herpes simplex virus glycoprotein d. Adv Exp Med Biol (1992) 327:217–28. doi: 10.1007/978-1-4615-3410-5_24

73. Lazear, E, Whitbeck, JC, Ponce-de-Leon, M, Cairns, TM, Willis, SH, Zuo, Y, et al. Antibody-induced conformational changes in herpes simplex virus glycoprotein gD reveal new targets for virus neutralization. J Virol (2012) 86:1563. doi: 10.1128/JVI.06480-11

74. Whitbeck, JC, Huang, Z-Y, Cairns, TM, Gallagher, JR, Lou, H, Ponce-de-Leon, M, et al. Repertoire of epitopes recognized by serum IgG from humans vaccinated with herpes simplex virus 2 glycoprotein d. J Virol (2014) 88:7786. doi: 10.1128/JVI.00544-14

75. Diamos, AG, Hunter, JGL, Pardhe, MD, Rosenthal, SH, Sun, H, Foster, BC, et al. High level production of monoclonal antibodies using an optimized plant expression system. Front Bioeng Biotechnol (2020) 7:472. doi: 10.3389/fbioe.2019.00472

76. Huang, Z, and Mason, HS. Conformational analysis of hepatitis b surface antigen fusions in an agrobacterium-mediated transient expression system. Plant Biotechnol J (2004) 2:241–9. doi: 10.1111/j.1467-7652.2004.00068.x

77. Shields, RL, Lai, J, Keck, R, O’Connell, LY, Hong, K, Meng, YG, et al. Lack of fucose on human IgG1 n-linked oligosaccharide improves binding to human fcgamma RIII and antibody-dependent cellular toxicity. J Biol Chem (2002) 277:26733–40. doi: 10.1074/jbc.M202069200

78. Niwa, R, Natsume, A, Uehara, A, Wakitani, M, Iida, S, Uchida, K, et al. IgG subclass-independent improvement of antibody-dependent cellular cytotoxicity by fucose removal from Asn297-linked oligosaccharides. J Immunol Methods (2005) 306:151–60. doi: 10.1016/J.JIM.2005.08.009

79. Zeitlin, L, Pettitt, J, Scully, C, Bohorova, N, Kim, D, Pauly, M, et al. Enhanced potency of a fucose-free monoclonal antibody being developed as an Ebola virus immunoprotectant. Proc Natl Acad Sci (2011) 108:20690–4. doi: 10.1073/pnas.1108360108

80. Castilho, A, and Steinkellner, H. Glyco-engineering in plants to produce human-like n-glycan structures. Biotechnol J (2012) 7:1088–98. doi: 10.1002/biot.201200032

81. Santi, L, Batchelor, L, Huang, Z, Hjelm, B, Kilbourne, J, Arntzen, CJ, et al. An efficient plant viral expression system generating orally immunogenic Norwalk virus-like particles. Vaccine (2008) 26:1846–54. doi: 10.1016/J.VACCINE.2008.01.053

82. Song, R, Koyuncu, OO, Greco, TM, Diner, BA, Cristea, IM, and Enquist, LW. Two modes of the axonal interferon response limit alphaherpesvirus neuroinvasion. mBio (2016) 7:e02145-15. doi: 10.1128/mBio.02145-15





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 © 2023 Diamos, Pardhe, Bergeman, Kamzina, DiPalma, Aman, Chaves, Lowe, Kilbourne, Hogue and Mason. 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.



Glossary


 




OEBPS/Images/fimmu-14-1085911-g006.jpg
PRNT50

PRNTS50

gD-IC gD-RIC

HSV-1 Neutralization

80 I

[*2]
o

S
o

N
o

gD-IC gD-RIC

D

@§

A a
ook
o 8
90 @

O
3

a
O

1:8 serum dilution





OEBPS/Images/fimmu-14-1085911-g001.jpg





OEBPS/Images/fimmu-14-1085911-g003.jpg
Relative Concentration

Sucrose Density
1.5

% 6D8
B HSV8
& gD-IC
@® gD-RIC
1.0
0.5
0.0

o 1 2 3 4 5 6 7 8 9
Fractions





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        A self-binding immune complex vaccine elicits strong neutralizing responses against herpes simplex virus in mice

      

        		

          Introduction

        



        		

          Materials and methods

        



        		

          Results

        



        		

          Discussion

        



        		

          Highlights

        



        		

          1 Introduction

        



        		

          2 Results

        

          		

            2.1 Production and characterization gD-IC and gD-RIC

          



          		

            2.2 gD-RIC form larger complexes with improved immune receptor binding compared to gD-IC

          



          		

            2.3 gD-RIC are highly immunogenic in mice compared to gD-IC

          



        



        



        		

          3 Discussion

        



        		

          4 Experimental procedures

        

          		

            4.1 Vector construction

          



          		

            4.2 Agroinfiltration of Nicotiana benthamiana leaves

          



          		

            4.3 Protein extraction, expression and purification

          



          		

            4.4 SDS-PAGE and Western blot

          



          		

            4.5 ELISA

          



          		

            4.6 Sucrose gradient density centrifugation

          



          		

            4.7 Immunization of mice and sample collection

          



          		

            4.8 Antibody measurements

          



          		

            4.9 Cell culture and virus propagation

          



          		

            4.10 Neutralization assay and plaque imaging

          



        



        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



        		

          Glossary

        



      



      



    



  



OEBPS/Images/fimmu.2023.1085911_cover.jpg
& frontiers | Frontiers in Immunology

A self-binding immune complex vaccine
elicits strong neutralizing responses against
herpes simplex virus in mice





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-14-1085911-g007.jpg
Factor |
cleaves
C3bto
iC3b

C3b

iC3

RIC efficiently
activate C1q

release of

anaphylatoxins

anaphylatoxins
recruit APCs

/

APCs
uptakes Fc
region of
RIC or
iC3b
coated Ag

Macrophage

/ic3b:CompIement§
Folicular B receptor '
cell intereactions on |
cells !
v Cortex
CR2

=B

Activated B cell travels
to cortical:paracortical
junction

Paracortex

Cortex

Paracortex

Fully activated
B cells form
Germinal
Centers

activates
T cell
/ Activated T cell B cells
travels to undergo
cortical:paracortical SMH and
junction . ISW
Germinal
Center






OEBPS/Images/fimmu-14-1085911-g005.jpg
IgG Endpoint Titer

107
106
10°
104
103
102
101

100

Dose 1






OEBPS/Images/fimmu-14-1085911-g002.jpg
anti-hlgG

0.0 S - : |
10+ 10 1072 10 100 10!
HSV8 Concentration (ng/ml)

-+ gD-6H
= PBS





OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Images/fimmu-14-1085911-g004.jpg
FcyRllla Binding

C1q binding

gD-RIC

6D8 gD-IC

HSV8

gD-RIC

gD-IC

HSV8





OEBPS/Images/table1.jpg
RIC
HSV
o
Fe
Fey
Fab

68

HSVS

Clq
ADCC
cpe

FcRn

recombinant immune complex
herpes simplex virus

gycoprotein D from herpes simplex virus-2

the Cterminal fragment of crystallzation of 1gG
Fe from immunoglobulin G

the antigen-binding fragment of IgG

a human IgG1 monoclonal antibody targeting a linear epitope on
Ebola virus glycoprotein 1

2 human IgG1 monoclonal antibody targeting a confirmation pitope
on HSV-2gD

the frst component of the classical complement pathway
antibody-dependent cellular cytotosicity

complement dependent cytotoxicity

neonatal Fe receptors

dendriic cell





