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Abstract

:

To combat infectious diseases, vaccines are considered the best prophylactic strategy for a wide range of the population, but even when vaccines are effective, the administration of therapeutic antibodies against viruses could provide further treatment options, particularly for vulnerable groups whose immunity against the viruses is compromised. Therapeutic antibodies against dengue are ideally engineered to abrogate binding to Fcγ receptors (FcγRs), which can induce antibody-dependent enhancement (ADE). However, the Fc effector functions of neutralizing antibodies against SARS-CoV-2 have recently been reported to improve post-exposure therapy, while they are dispensable when administered as prophylaxis. Hence, in this report, we investigated the influence of Fc engineering on anti-virus efficacy using the anti-dengue/Zika human antibody SIgN-3C and found it affected the viremia clearance efficacy against dengue in a mouse model. Furthermore, we demonstrated that complement activation through antibody binding to C1q could play a role in anti-dengue efficacy. We also generated a novel Fc variant, which displayed the ability for complement activation but showed very low FcγR binding and an undetectable level of the risk of ADE in a cell-based assay. This Fc engineering approach could make effective and safe anti-virus antibodies against dengue, Zika and other viruses.
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1. Introduction


Dengue is a systemic viral infection transmitted between humans by mosquitoes. Dengue virus (DENV) infection in humans is often inapparent but can lead to a wide range of clinical manifestations, from mild fever to potentially fatal dengue shock syndrome [1,2]. There are four distinct dengue serotypes, termed DENV-1, DENV-2, DENV-3, and DENV-4, and infection with any of the four virus serotypes can result in lifelong immunity to that specific serotype. However, a sub-optimal concentration of anti-DENV antibodies during a secondary infection with a different serotype may result in a more severe form of dengue because of a phenomenon known as antibody-dependent enhancement (ADE) [3,4]. Several studies have identified Fcγ receptors (FcγRs) as the critical mediators of ADE in dengue pathogenesis, which can support FcγR-mediated cellular uptake of the virus-antibody immune complexes and subsequent infection and viral production [4,5,6].



Developing an effective dengue vaccine has been challenging partly because of the need to protect against all four DENV serotypes simultaneously [7,8]. Furthermore, because an insufficient level of neutralizing antibodies may cause ADE of DENV infection, the vaccination must induce the production of a sufficient number of effective antibodies. Another potential concern about vaccination is the insufficient cross-reactivity of produced antibodies toward other flaviviruses, including the Zika virus (ZIKV), which can be linked to the ADE of flavivirus infections [9]. There is currently one FDA-approved dengue vaccine, CYD-TDV (Dengvaxia®), which has some limitations in its clinical use and second-generation vaccines that have displayed improved safety and protection rates in clinical trials [8,10]. However, even if these vaccines are successfully developed, further treatment options are needed for vulnerable populations whose immunity against dengue is immature or who have a high risk of ADE.



Therapeutic antibodies that enhance viral clearance can potentially prevent severe dengue and aid in faster recovery from the disease symptoms. Moreover, antibody engineering can suppress the potential risk of ADE, which could be caused by these antibodies [11]. SIgN-3C, a human antibody that exerts cross–neutralizing activity against all four DENV serotypes by recognizing their envelope (E) proteins, was isolated from a patient infected with DENV [12]. The antibody also shows neutralizing capacity against ZIKV [13], whose E protein has high sequence similarity with that of DENV [14]. And interestingly, the antibody inhibits DENV fusion with host cells, while it aggregates ZIKV [15]. To minimize the risk of ADE, the L234A/L235A (LALA) substitution [16] was introduced, and the SIgN-3C-LALA antibody showed efficacy in both prophylactic and therapeutic settings, together with the suppressed ADE risk in vitro [12]. To improve the clinical utility of this antibody, we implemented protein engineering, such as affinity maturation toward E proteins of the four serotypes and optimization of the Fc function. The engineered antibody, termed AID351, is currently being developed.



It has been recently demonstrated that intact Fc effector functions are required for optimal therapeutic protection by some neutralizing antibodies against SARS-CoV-2, while they are dispensable when administered as prophylaxis [17,18]. Although abrogation of antibody binding to FcγRs is preferred when considering the ADE risk of DENV or ZIKV, such Fc engineering might affect the protective efficacy. Hence, in this report, we investigated the influence of Fc engineering on anti-DENV efficacy using the SIgN-3C antibody. Our results suggest that eliminating Fc effector functions might affect the viremia clearance activity of the antibody, in which complement activation is likely involved. We also identified a potential Fc engineering approach for anti-virus antibodies against dengue, Zika, and possibly other viruses.




2. Materials and Methods


2.1. Preparation of Proteins and Antibodies


The genes encoding the extracellular region of human, and mouse FcγRs were synthesized based on the sequence information obtained from the National Center for Biotechnology Information. FcγRs were fused with 6× His-tag at their C-terminus. The FcγRs were transiently expressed using the FreeStyle 293 Expression System (Thermo Fisher Scientific, Waltham, MA, USA) and purified from the harvested culture supernatants by ion exchange chromatography, nickel affinity chromatography, and size exclusion chromatography. Recombinant antibodies were transiently expressed using the FreeStyle 293 Expression System or Expi293 Expression System (Thermo Fisher Scientific). Purification was performed with a conventional method using protein A. Gel filtration was conducted when necessary.




2.2. Evaluation of Binding Activity to FcγRs


The interaction of Fc variants with human or mouse FcγRs was measured using a Biacore T200 instrument (GE Healthcare, Uppsala, Sweden). Although forming large ICs can improve the detection of the binding activity to FcγRs, a combination of anti-DENV antibodies and soluble E-proteins cannot form large ICs. To better reflect the virus-antibody complexes, we identified an anti-CD154 antibody that could form large ICs in the presence of trimeric CD154 (prepared in-house). The large CD154-antibody ICs, which can be evaluated by size-exclusion chromatography analysis, exhibit avidity binding to the FcγRs. Each antibody variant and CD154 were mixed with a 1:1 molar ratio and incubated at room temperature for 1 h to form ICs. FcγRs were captured on a Sensor Chip CM4 (GE Healthcare) on which anti-histidine antibody (GE Healthcare) was immobilized, followed by injection of antibody alone or the mixture of antibody and CD154. The binding activity was determined based on the binding response, normalized by the capture level of each FcγR.




2.3. Evaluation of Binding Activity to Human C1q


The interaction of Fc variants with human C1q was measured by ELISA. MaxiSorp 384-well plates (Thermo Fisher Scientific) were directly coated with the anti-CD154 antibodies overnight at 4 °C. After blocking with TBS-T containing 0.5% BSA and 1× Block Ace (DS Pharma Biomedical, Osaka, Japan) for 2 h at room temperature, 3 μg/mL of human C1q (Sigma-Aldrich, St. Louis, MO, USA) was added onto the plates and incubated for 1 h at room temperature. At room temperature, the plates were incubated with sheep anti-human C1q antibody-HRP conjugate (Bio-Rad, Hercules, CA, USA) for 1 h. Washes in PBS-T (pH 7.4) were performed after each subsequent step. TMB substrate (Thermo Fisher Scientific) was subsequently added, and the signal was measured by a plate reader at a wavelength of 450 nm (test wavelength) and 570 nm (reference wavelength).




2.4. Evaluation of Binding Activity to Mouse C1q


The interaction of Fc variants with mouse C1q was measured by ELISA. MaxiSorp 384-well plates (Thermo Fisher Scientific) were directly coated with the anti-CD154 antibodies overnight at 4 °C. After blocking with TBS-T containing 0.5% BSA and 1 × Block Ace (DS Pharma Biomedical) for 7 h at 4 °C, 10% mouse plasma (Innovative Research, Novi, MI, USA) was added onto the plates and incubated overnight at 4 °C. At room temperature, the plates were incubated with a biotinylated anti-mouse C1q antibody (Hycult Biotech, Uden, The Netherlands) for 1 h. Pierce High Sensitivity Streptavidin-HRP (Thermo Fisher Scientific) was added to react for 1 h at room temperature. Washes in PBS-T (pH 7.4) were performed after each subsequent step. ABTS peroxidase substrate (SeraCare Life Sciences, Milford, MA, USA) was subsequently added, and the signal was measured by a plate reader at a wavelength of 405 nm.




2.5. In Vivo Efficacy Study


Six- to 13-week-old AG129 mice were infected intraperitoneally with 106 plaque-forming units (pfu) of DENV-2 strain D2Y98P. Forty-eight hours later, the mice were treated with 1–30 μg of the antibody, which was injected intravenously via the retro-orbital route. A further 24 h later, that is, 72 h after the initial infection, blood was collected. It has been established that peak viremia after infection with D2Y98P is reached between days 3–4 after infection in previous studies [19,20]. Viral RNA was extracted from the plasma of each mouse, and a quantitative PCR was performed and compared against a DENV-2 standard with known infectivity in a plaque assay. Body weight was monitored twice a week, beginning on the day of infection until the experiment’s endpoint. Mice that showed 20% body weight loss for more than 48 h and/or moribund mice were euthanized. Euthanized mice were recorded as dead for survival analysis.




2.6. In Vitro Complement Activation Assay


The ability of complement activation by the Fc variants was measured by ELISA. MaxiSorp 384-well plates (Thermo Fisher Scientific) were directly coated with the antibodies for 1 h at room temperature. After blocking with TBS-T containing 0.5% BSA and 1× Block Ace (DS Pharma Biomedical) for 2 h at room temperature, pooled human complement serum (Innovative Research) or AG129 mouse serum was added onto the plates and incubated for 1 h at 25 °C. The plates were incubated with anti-C3b antibody clone 6c9 (Thermo Fisher Scientific) for 1 h at 25 °C, followed by incubation with a peroxidase-conjugated antibody to mouse IgG1 (Yamasa Corporation, Chiba, Japan) for 30 min at room temperature. Washes in PBS-T (pH 7.4) were performed after each subsequent step. TMB substrate (Thermo Fisher Scientific) was subsequently added, and the signal was measured by a plate reader at a wavelength of 450 nm. The complement activation was confirmed to be suppressed in this assay when adding EDTA into the serum.




2.7. In Vitro ADE Assay


Dengue virus seed stocks were diluted to achieve a multiplicity of infection (MOI) of 1, which were mixed with various concentrations of the antibodies in either non-heat-inactivated serum or heat-inactivated serum and incubated at 37 °C for 1.5 h. The virus-antibody mixture was added to K562 (ATCC, Manassas, VA, USA) cells and incubated at 37 °C for 1.5 h. After incubation, complete media were added to cells and incubated at 37 °C for 2.5 days. Infection was assessed by flow cytometry on a FACSVerseTM Cell Analyzer (BD Biosciences, San Jose, CA, USA) using antibodies for E (Ab 4G2, hybridoma purchased from ATCC) and NS1 protein that were stained intracellularly.





3. Results


3.1. Therapeutic Efficacy in Mice Was Affected by Fc Engineering


To investigate the potential effects of Fc engineering on efficacy, we prepared SIgN-3C antibody derivatives with substitutions in the Fc region, L234A/L235A (LALA) [16] or L235R/G236R (LRGR). LRGR has been used for our antibodies [21] because it suppresses FcγR binding more strongly than the LALA substitution. We administered 10 μg of the antibody with the following Fc regions, human IgG1 (hIgG1), LALA, or LRGR, two days after AG129 mice were challenged with DENV-2 (therapeutic model). The viremia was determined on days three and five after the antibody injection, and a survival analysis was performed (Figure 1). While the hIgG1 and LALA antibodies showed significant in vivo efficacy at day 3, the LRGR antibody did not strongly suppress the viremia (Figure 1A).



To investigate whether FcγR binding played a role in the mechanism of the weakened early efficacy of the LRGR antibody, we measured the binding activity of the Fc variants to mouse FcγRs by using an anti-CD154 antibody as a model. The mouse FcγR binding was suppressed by either LALA or LRGR, even when the antibodies formed large immune complexes (ICs) by incorporating a multimer antigen CD154 (Figure 2). However, only the LRGR variant of SIgN-3C showed weaker in vivo efficacy (Figure 1A), suggesting that LRGR affected another factor involved in viremia reduction efficacy that was not directly related to the FcγR-mediated mechanism.




3.2. Antibody Engineering for Therapeutic Application


Since the complement system has been reported to play an important role in flavivirus infection [22], we next measured the binding activity of the Fc variants to human and mouse C1q (Figure 3). While LALA and LRGR reduced human C1q binding to a similar level (Figure 3A), mouse C1q binding was reduced more strongly by LRGR than LALA (Figure 3B). This strong reduction in mouse C1q binding by LRGR could explain the impaired efficacy. To minimize the risk of impaired efficacy in humans, we screened substitutions restoring the C1q binding reduced by the LALA substitution and found the adequate substitution K326A/E333S (KAES). The LALA/KAES Fc variant exhibited binding to human and mouse C1q comparable to or even stronger than hIgG1.




3.3. In Vivo Efficacy Was Improved by Fc Engineering to Enhance C1q Binding


We conducted an in vivo efficacy study in mice, in which we compared LALA and LALA/KAES (Figure 4). To achieve a similar level of viremia reduction, the amount of the LALA/KAES antibody was smaller than that of the LALA antibody. Comparing the difference from the vehicle group, 3 μg of LALA/KAES showed significance, but 3 μg of LALA did not at day 3 (Figure 4A), and 10 μg of LALA/KAES showed significance but 10 μg or 30 μg of LALA did not at day 5 (Figure 4B). These results suggest that enhanced C1q binding could improve the in vivo efficacy.



We also compared the ability of complement activation by the Fc variants. The antibodies were immobilized on the assay plate and incubated with human or mouse serum, after which the C3b level was measured as an indicator of complement activation. Wild-type human IgG1 induced C3b, which was weakened by LALA but was recovered by KAES in human and mouse serum (Figure 5A,B). The Fc engineering to enhance FcRn binding (ACT5) [23], which prolongs the pharmacokinetics of the antibody, did not affect the complement activation activity in this assay.




3.4. No ADE Risk Was Observed by the Engineered Antibody AID351 In Vitro


Among human FcγRs, FcγRIIa is known to be the main mediator of ADE [24]. To evaluate the potential effect of the Fc engineering on ADE, we measured the binding activity of the Fc variants to two allelic forms of human FcγRIIa (H131 and R131) using an anti-CD154 antibody (Figure 6A,B). Compared with human IgG1, the other Fc variants with the LALA substitution showed much weaker or undetectable binding levels to human FcγRIIa, even when antibodies formed large ICs by incorporating a multimer antigen CD154. We then examined the potential ADE risk of the affinity matured (3Cam2) and Fc-engineered (LALA/KAES/ACT5) antibody variant by using an in vitro assay consisting of dengue-infected FcγRIIa-expressing K562 cells. We used the non-heat-inactivated or heat-inactivated serum in this assay, and no ADE risk was observed regardless of the presence of complement activity (Figure 6C,D).





4. Discussion


Although vaccines are considered the best prophylactic strategy for a wide range of the population, several therapeutic antibodies for preventing or treating viral infections are in development [25,26]. The current COVID-19 pandemic demands a variety of prophylactic and therapeutic options to combat the viruses, and therapeutic antibodies are potentially beneficial for patients as they can reduce the risk of hospitalization or death [27,28,29,30]. Similarly, against dengue, a neutralizing antibody could be effective as a medical intervention, particularly when vaccination does not induce antibodies with sufficient neutralizing activity against any of the four DENV serotypes. We, therefore, engineered the SIgN-3C antibody, which showed broadly neutralizing activity against all four DENV serotypes and ZIKV [12,13], as a potential pharmaceutical product.



Antibody engineering has been applied to several therapeutic antibodies as it can improve efficacy, safety, and convenience for patients and caregivers. Among the variable region engineering approaches [31], affinity maturation of a neutralizing antibody toward its target antigen is a promising way to improve its efficacy. However, there are four serotypes of DENV to be neutralized, each of which has a different sequence in its envelope protein. Affinity maturation toward the E-protein of a specific serotype could reduce the potency against other dengue serotypes or ZIKV, which may lead to the lack of efficacy against the other serotypes. Although the SIgN-3C antibody showed neutralizing activity against all four serotypes, the efficacy against the DENV-3 serotype appeared weaker than the others. We performed comprehensive substitution [21] and generated affinity-improved antibody variants by carefully considering the effect on the binding activity to all four serotypes. We then generated 3Cam2, which showed improved binding activity against all four serotypes. Sub-neutralizing antibodies with active FcγR binding produced in some patients who have been previously infected or vaccinated are known to cause ADE. Therapeutic antibodies can minimize the risk by competing with endogenous antibodies. Thus, such therapeutic antibodies with higher affinity will also be safer in patients.



Fc engineering to modify the binding activity to FcγRs, C1q, or FcRn has also been well studied [32], and selectively enhanced binding to specific FcγRs has been achieved [33,34,35]. Since ADE is a potential safety concern for vaccines or antibody drugs against dengue, suppressing the FcγR binding of anti-DENV therapeutic antibodies is preferred. Although SIgN-3C-LALA was demonstrated to show efficacy in both the prophylactic and therapeutic settings [12], some neutralizing antibodies against SARS-CoV-2 required intact Fc effector functions for optimal therapeutic protection [17]. Similarly, for anti-DENV antibodies, strongly suppressing FcγR binding by LRGR resulted in impaired viremia reduction in the therapeutic setting (Figure 1A). The result on day 5 suggests that LRGR can be beneficial to a certain degree, and hIgG1 has the risk of weakened efficacy because of ADE (Figure 1B), which motivated us to engineer the Fc function for further improvement. Comparing LALA and LRGR, we observed a difference in the binding capacity to mouse C1q, which may have contributed to the difference in viremia reduction [22,36].



C1q has been shown to inhibit ADE for DENV and West Nile virus (WNV) and to improve the antibody-mediated neutralization of WNV in vitro [37] and in vivo [38]. Furthermore, it was proposed that C1q decreased the number of antibodies required per virus particle to achieve neutralization [37]. We thus assumed that enhancing the C1q binding of anti-DENV antibodies would exhibit improved efficacy. The C1q binding site of human IgG1 has been investigated [39], and K326W/E333S enhanced the C1q binding capacity and CDC activity of rituximab [40]. In addition to the engineering at positions K326 and E333, several engineered Fc variants have also been reported to exert enhanced CDC activity [41,42,43]. Considering the safety risk of FcγR-mediated ADE, therapeutic antibodies against dengue are preferred to have engineered Fc with abolished FcγR binding and active C1q binding capacity. Although some amino acid substitutions that can suppress ADCC but maintain CDC activity have been reported [40,44], effects on other complement-mediated bioactivity or ADE have not been investigated. We, therefore, evaluated the C1q and FcγR binding activity of some of the substitutions reported [40,41]. However, because none of the substitutions we tested showed sufficient C1q binding with completely suppressed FcγR binding for ICs, they were unsuitable for anti-dengue antibody drugs due to the risk of ADE. To identify a novel Fc variant for improved efficacy, safety, and developable pharmaceutical properties, we generated and evaluated several Fc variants and selected LALA/KAES as a candidate. K326 and E333 are considered to play a structural role in interaction with C1q [40] and are in close proximity to L234 and L235, which are engineered to suppress FcγR binding (Figure 3C). Therefore, LALA and KAES are likely to interfere with each other, and the combination ended up exhibiting negligible FcγR binding activity with comparable or stronger C1q binding than wild-type human IgG1.



We found that the C1q binding-restoring Fc engineering, KAES, positively affected in vivo efficacy in mice (Figure 4). In vitro C1q ELISA data showed that mouse C1q binding was more affected by LRGR than LALA, whereas the binding to human C1q was similar for both substitutions (Figure 3). These results suggest that C1q binding in mice contributed to virus control, as observed in our study (Figure 4), whereas the role of C1q in humans remains unknown. The complement activation study showed a small signal of complement activation by the LALA antibody in mouse serum (~1.5-fold increase versus the well without antibody immobilization). In contrast, no increase was detected in human serum (Figure 5). The results of C1q ELISA and the complement activation assay indicate that the LALA antibody has C1q binding capacity in mice to a certain extent, which could contribute to the viremia reduction in mice. Still, the efficacy of the LALA antibody might be weakened in infected patients, similar to the weakened early efficacy of the LRGR antibody in Figure 1A.



The FcγR binding of the LALA/KAES antibody was strongly suppressed, and KAES did not negatively affect the ADE-abrogating ability of the LALA substitution when using the human cell line K562 as a model ADE system (Figure 6). Therefore, we hypothesize that increased C1q binding could support the neutralization of dengue in humans by a therapeutic or prophylactic antibody and could also improve the safety profile by further suppressing ADE.



Prophylactic usage of antibodies against malaria has been discussed [45,46]. Similarly, our anti-DENV antibody can be administered as prophylaxis for high-risk populations or travelers in endemic regions and its plasma half-life is preferred to be longer. Even if the antibody is injected after DENV infection, long-lasting efficacy could benefit recipients by protecting them from subsequent infection. Therefore, in addition to the Fc engineering to modulate FcγR binding and C1q binding, the FcRn binding of therapeutic antibodies has been engineered to improve the pharmacokinetics [23]. In this study, we examined the combination of the Fc engineering technologies (LALA, KAES, ACT5) and evaluated the pharmaceutical characteristics, including pharmacokinetics. The engineered antibody (affinity maturation and Fc engineering, AID351) showed a long plasma half-life and good subcutaneous and intramuscular bioavailability in cynomolgus monkeys. The good pharmacokinetics of AID351, improved by ACT5, will provide significant benefits in the prophylactic use against dengue and in suppressing ADE risk caused by re-infection.



In this study, abrogating the FcγR binding of an anti-DENV neutralizing antibody impaired antiviral efficacy in a therapeutic model. We assumed that complement activation might play an important role in virus clearance. We successfully identified a novel engineered Fc with negligible FcγR binding but active C1q binding comparable to human IgG1. This engineered Fc (LALA/KAES) displayed improved viremia reduction efficacy in mice compared to the LALA antibody. The ADE risk of the antibody was not observed in the in vitro assessment. Since the role of complements and the molecular mechanism underlying viremia reduction by the engineered antibody remain unclear, further experiments are preferred in the future. Although this type of Fc engineering has not been applied for therapeutic usage, it can be considered in antibody drug discovery when complement activation is preferred, but FcγR binding must be suppressed.







Author Contributions


Conceptualization, Z.S.; formal analysis, F.J.T., Y.X.T., T.N., K.H. and K.F.; investigation, Z.S., C.X.K., F.J.T., Y.X.T., T.F., S.W.G., T.N., A.H., K.H. and K.F.; writing—original draft preparation, Z.S.; writing—review and editing, Z.S., C.X.K. and K.F.; visualization, Z.S.; supervision, T.I., F.A., C.-I.W., K.F. and J.N.; project administration, J.N. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by the Global Health Innovative Technology Fund (GHIT Grant G2016-217).




Institutional Review Board Statement


All mouse experiments were conducted in accordance with the rules and guidelines of the Agri-Food and Veterinary Authority and the National Advisory Committee for Laboratory Animal Research, Singapore. In addition, the experiments were reviewed and approved by the Institutional Review Board of the Biological Resource Center, Singapore (Institutional Animal Care and Use Committee; protocol #151099).




Informed Consent Statement


Not applicable.




Data Availability Statement


Data is contained within the article.




Acknowledgments


The authors acknowledge all their colleagues in Chugai Pharmaceutical Co., Ltd., Chugai Pharmabody Research Pte. Ltd., and the Singapore Immunology Network for their excellent experimental assistance, technical support, and helpful discussions.




Conflicts of Interest


The authors report filing the following patents relevant to the investigational drug AID351. C.-I.W. and K.F. are named inventors on the patent, “A serotype cross-reactive, dengue neutralizing antibody and uses thereof” (WO/2016/148653). Z.S., C.X.K., and K.F. are inventors on the patent “Anti-dengue virus antibodies, polypeptides containing variant Fc regions, and methods of use” (WO/2018/052375). Z.S., C.X.K., C.-I.W., and K.F. are inventors on the patent, “Anti-dengue virus antibodies having cross-reactivity to Zika virus and methods of use” (WO/2019/177543). These facts do not alter the authors’ adherence to all the Antibodies’ policies on sharing data and materials. The funder had no role in the study’s design; in the collection, analysis, or interpretation of data; in the writing of the manuscript; or in the decision to publish the results.




References


	



Simmons, C.P.; Farrar, J.J.; van Vinh Chau, N.; Wills, B. Dengue. N. Engl. J. Med. 2012, 366, 1423–1432. [Google Scholar] [CrossRef] [PubMed]

	



Bhatt, S.; Gething, P.W.; Brady, O.J.; Messina, J.P.; Farlow, A.W.; Moyes, C.L.; Drake, J.M.; Brownstein, J.S.; Hoen, A.G.; Sankoh, O.; et al. The global distribution and burden of dengue. Nature 2013, 496, 504–507. [Google Scholar] [CrossRef] [PubMed]

	



Guzman, M.G.; Alvarez, M.; Halstead, S.B. Secondary infection as a risk factor for dengue hemorrhagic fever/dengue shock syndrome: An historical perspective and role of antibody-dependent enhancement of infection. Arch. Virol. 2013, 158, 1445–1459. [Google Scholar] [CrossRef] [PubMed]

	



Bournazos, S.; Gupta, A.; Ravetch, J.V. The role of IgG Fc receptors in antibody-dependent enhancement. Nat. Rev. Immunol. 2020, 20, 633–643. [Google Scholar] [CrossRef] [PubMed]

	



Rodrigo, W.W.; Jin, X.; Blackley, S.D.; Rose, R.C.; Schlesinger, J.J. Differential enhancement of dengue virus immune complex infectivity mediated by signaling-competent and signaling-incompetent human FcγRIA (CD64) or FcγRIIA (CD32). J. Virol. 2006, 80, 10128–10138. [Google Scholar] [CrossRef]

	



Taylor, A.; Foo, S.S.; Bruzzone, R.; Dinh, L.V.; King, N.J.; Mahalingam, S. Fc receptors in antibody-dependent enhancement of viral infections. Immunol. Rev. 2015, 268, 340–364. [Google Scholar] [CrossRef]

	



Deng, S.Q.; Yang, X.; Wei, Y.; Chen, J.T.; Wang, X.J.; Peng, H.J. A review on dengue vaccine development. Vaccines 2020, 8, 63. [Google Scholar] [CrossRef]

	



Idris, F.; Ting, D.H.R.; Alonso, S. An update on dengue vaccine development, challenges, and future perspectives. Expert Opin. Drug Discov. 2021, 16, 47–58. [Google Scholar] [CrossRef]

	



Katzelnick, L.C.; Narvaez, C.; Arguello, S.; Lopez Mercado, B.; Collado, D.; Ampie, O.; Elizondo, D.; Miranda, T.; Bustos Carillo, F.; Mercado, J.C.; et al. Zika virus infection enhances future risk of severe dengue disease. Science 2020, 369, 1123–1128. [Google Scholar] [CrossRef]

	



Ferguson, N.M.; Rodriguez-Barraquer, I.; Dorigatti, I.; Mier, Y.T.-R.L.; Laydon, D.J.; Cummings, D.A. Benefits and risks of the Sanofi-Pasteur dengue vaccine: Modeling optimal deployment. Science 2016, 353, 1033–1036. [Google Scholar] [CrossRef]

	



Chan, K.R.; Ong, E.Z.; Ooi, E.E. Therapeutic antibodies as a treatment option for dengue fever. Expert Rev. Anti-Infect. Ther. 2013, 11, 1147–1157. [Google Scholar] [CrossRef]

	



Xu, M.; Zuest, R.; Velumani, S.; Tukijan, F.; Toh, Y.X.; Appanna, R.; Tan, E.Y.; Cerny, D.; MacAry, P.; Wang, C.I.; et al. A potent neutralizing antibody with therapeutic potential against all four serotypes of dengue virus. NPJ Vaccines 2017, 2, 2. [Google Scholar] [CrossRef]

	



Kam, Y.W.; Lee, C.Y.; Teo, T.H.; Howland, S.W.; Amrun, S.N.; Lum, F.M.; See, P.; Kng, N.Q.; Huber, R.G.; Xu, M.H.; et al. Cross-reactive dengue human monoclonal antibody prevents severe pathologies and death from Zika virus infections. JCI Insight 2017, 2, e92428. [Google Scholar] [CrossRef]

	



Barba-Spaeth, G.; Dejnirattisai, W.; Rouvinski, A.; Vaney, M.C.; Medits, I.; Sharma, A.; Simon-Loriere, E.; Sakuntabhai, A.; Cao-Lormeau, V.M.; Haouz, A.; et al. Structural basis of potent Zika-dengue virus antibody cross-neutralization. Nature 2016, 536, 48–53. [Google Scholar] [CrossRef]

	



Zhang, S.; Loy, T.; Ng, T.S.; Lim, X.N.; Chew, S.V.; Tan, T.Y.; Xu, M.; Kostyuchenko, V.A.; Tukijan, F.; Shi, J.; et al. A human antibody neutralizes different flaviviruses by using different mechanisms. Cell Rep. 2020, 31, 107584. [Google Scholar] [CrossRef]

	



Hezareh, M.; Hessell, A.J.; Jensen, R.C.; van de Winkel, J.G.; Parren, P.W. Effector function activities of a panel of mutants of a broadly neutralizing antibody against human immunodeficiency virus type 1. J. Virol. 2001, 75, 12161–12168. [Google Scholar] [CrossRef]

	



Winkler, E.S.; Gilchuk, P.; Yu, J.; Bailey, A.L.; Chen, R.E.; Chong, Z.; Zost, S.J.; Jang, H.; Huang, Y.; Allen, J.D.; et al. Human neutralizing antibodies against SARS-CoV-2 require intact Fc effector functions for optimal therapeutic protection. Cell 2021, 184, 1804–1820.e16. [Google Scholar] [CrossRef]

	



Schafer, A.; Muecksch, F.; Lorenzi, J.C.C.; Leist, S.R.; Cipolla, M.; Bournazos, S.; Schmidt, F.; Maison, R.M.; Gazumyan, A.; Martinez, D.R.; et al. Antibody potency, effector function, and combinations in protection and therapy for SARS-CoV-2 infection in vivo. J. Exp. Med. 2021, 218, e20201993. [Google Scholar] [CrossRef]

	



Tan, G.K.; Ng, J.K.; Trasti, S.L.; Schul, W.; Yip, G.; Alonso, S. A non mouse-adapted dengue virus strain as a new model of severe dengue infection in AG129 mice. PLoS Negl. Trop. Dis. 2010, 4, e672. [Google Scholar] [CrossRef]

	



Zust, R.; Toh, Y.X.; Valdes, I.; Cerny, D.; Heinrich, J.; Hermida, L.; Marcos, E.; Guillen, G.; Kalinke, U.; Shi, P.Y.; et al. Type I interferon signals in macrophages and dendritic cells control dengue virus infection: Implications for a new mouse model to test dengue vaccines. J. Virol. 2014, 88, 7276–7285. [Google Scholar] [CrossRef]

	



Sampei, Z.; Haraya, K.; Tachibana, T.; Fukuzawa, T.; Shida-Kawazoe, M.; Gan, S.W.; Shimizu, Y.; Ruike, Y.; Feng, S.; Kuramochi, T.; et al. Antibody engineering to generate SKY59, a long-acting anti-C5 recycling antibody. PLoS ONE 2018, 13, e0209509. [Google Scholar] [CrossRef] [PubMed]

	



Conde, J.N.; Silva, E.M.; Barbosa, A.S.; Mohana-Borges, R. The complement system in flavivirus infections. Front. Microbiol. 2017, 8, 213. [Google Scholar] [CrossRef] [PubMed]

	



Maeda, A.; Iwayanagi, Y.; Haraya, K.; Tachibana, T.; Nakamura, G.; Nambu, T.; Esaki, K.; Hattori, K.; Igawa, T. Identification of human IgG1 variant with enhanced FcRn binding and without increased binding to rheumatoid factor autoantibody. mAbs 2017, 9, 844–853. [Google Scholar] [CrossRef] [PubMed]

	



Boonnak, K.; Slike, B.M.; Donofrio, G.C.; Marovich, M.A. Human FcγRII cytoplasmic domains differentially influence antibody-mediated dengue virus infection. J. Immunol. 2013, 190, 5659–5665. [Google Scholar] [CrossRef]

	



Salazar, G.; Zhang, N.; Fu, T.M.; An, Z. Antibody therapies for the prevention and treatment of viral infections. NPJ Vaccines 2017, 2, 19. [Google Scholar] [CrossRef]

	



Ali, M.G.; Zhang, Z.; Gao, Q.; Pan, M.; Rowan, E.G.; Zhang, J. Recent advances in therapeutic applications of neutralizing antibodies for virus infections: An overview. Immunol. Res. 2020, 68, 325–339. [Google Scholar] [CrossRef]

	



Taylor, P.C.; Adams, A.C.; Hufford, M.M.; de la Torre, I.; Winthrop, K.; Gottlieb, R.L. Neutralizing monoclonal antibodies for treatment of COVID-19. Nat. Rev. Immunol. 2021, 21, 382–393. [Google Scholar] [CrossRef]

	



Weinreich, D.M.; Sivapalasingam, S.; Norton, T.; Ali, S.; Gao, H.; Bhore, R.; Musser, B.J.; Soo, Y.; Rofail, D.; Im, J.; et al. REGN-COV2, a neutralizing antibody cocktail, in outpatients with COVID-19. N. Engl. J. Med. 2021, 384, 238–251. [Google Scholar] [CrossRef]

	



Weinreich, D.M.; Sivapalasingam, S.; Norton, T.; Ali, S.; Gao, H.; Bhore, R.; Xiao, J.; Hooper, A.T.; Hamilton, J.D.; Musser, B.J.; et al. REGEN-COV antibody combination and outcomes in outpatients with COVID-19. N. Engl. J. Med. 2021, 385, e81. [Google Scholar] [CrossRef]

	



Dougan, M.; Nirula, A.; Azizad, M.; Mocherla, B.; Gottlieb, R.L.; Chen, P.; Hebert, C.; Perry, R.; Boscia, J.; Heller, B.; et al. Bamlanivimab plus etesevimab in mild or moderate COVID-19. N. Engl. J. Med. 2021, 385, 1382–1392. [Google Scholar] [CrossRef]

	



Igawa, T.; Tsunoda, H.; Kuramochi, T.; Sampei, Z.; Ishii, S.; Hattori, K. Engineering the variable region of therapeutic IgG antibodies. mAbs 2011, 3, 243–252. [Google Scholar] [CrossRef]

	



Wang, X.; Mathieu, M.; Brezski, R.J. IgG Fc engineering to modulate antibody effector functions. Protein Cell 2018, 9, 63–73. [Google Scholar] [CrossRef]

	



Mimoto, F.; Katada, H.; Kadono, S.; Igawa, T.; Kuramochi, T.; Muraoka, M.; Wada, Y.; Haraya, K.; Miyazaki, T.; Hattori, K. Engineered antibody Fc variant with selectively enhanced FcγRIIb binding over both FcγRIIa(R131) and FcγRIIa(H131). Protein Eng. Des. Sel. PEDS 2013, 26, 589–598. [Google Scholar] [CrossRef]

	



Mimoto, F.; Igawa, T.; Kuramochi, T.; Katada, H.; Kadono, S.; Kamikawa, T.; Shida-Kawazoe, M.; Hattori, K. Novel asymmetrically engineered antibody Fc variant with superior FcγR binding affinity and specificity compared with afucosylated Fc variant. mAbs 2013, 5, 229–236. [Google Scholar] [CrossRef]

	



Mimoto, F.; Kadono, S.; Katada, H.; Igawa, T.; Kamikawa, T.; Hattori, K. Crystal structure of a novel asymmetrically engineered Fc variant with improved affinity for FcγRs. Mol. Immunol. 2014, 58, 132–138. [Google Scholar] [CrossRef]

	



Byrne, A.B.; Talarico, L.B. Role of the complement system in antibody-dependent enhancement of flavivirus infections. Int. J. Infect. Dis. 2021, 103, 404–411. [Google Scholar] [CrossRef]

	



Mehlhop, E.; Nelson, S.; Jost, C.A.; Gorlatov, S.; Johnson, S.; Fremont, D.H.; Diamond, M.S.; Pierson, T.C. Complement protein C1q reduces the stoichiometric threshold for antibody-mediated neutralization of West Nile virus. Cell Host Microbe 2009, 6, 381–391. [Google Scholar] [CrossRef]

	



Vogt, M.R.; Dowd, K.A.; Engle, M.; Tesh, R.B.; Johnson, S.; Pierson, T.C.; Diamond, M.S. Poorly neutralizing cross-reactive antibodies against the fusion loop of West Nile virus envelope protein protect in vivo via Fcγ receptor and complement-dependent effector mechanisms. J. Virol. 2011, 85, 11567–11580. [Google Scholar] [CrossRef]

	



Idusogie, E.E.; Presta, L.G.; Gazzano-Santoro, H.; Totpal, K.; Wong, P.Y.; Ultsch, M.; Meng, Y.G.; Mulkerrin, M.G. Mapping of the C1q binding site on rituxan, a chimeric antibody with a human IgG1 Fc. J. Immunol. 2000, 164, 4178–4184. [Google Scholar] [CrossRef]

	



Idusogie, E.E.; Wong, P.Y.; Presta, L.G.; Gazzano-Santoro, H.; Totpal, K.; Ultsch, M.; Mulkerrin, M.G. Engineered antibodies with increased activity to recruit complement. J. Immunol. 2001, 166, 2571–2575. [Google Scholar] [CrossRef]

	



Moore, G.L.; Chen, H.; Karki, S.; Lazar, G.A. Engineered Fc variant antibodies with enhanced ability to recruit complement and mediate effector functions. mAbs 2010, 2, 181–189. [Google Scholar] [CrossRef] [PubMed]

	



Natsume, A.; In, M.; Takamura, H.; Nakagawa, T.; Shimizu, Y.; Kitajima, K.; Wakitani, M.; Ohta, S.; Satoh, M.; Shitara, K.; et al. Engineered antibodies of IgG1/IgG3 mixed isotype with enhanced cytotoxic activities. Cancer Res. 2008, 68, 3863–3872. [Google Scholar] [CrossRef] [PubMed]

	



Diebolder, C.A.; Beurskens, F.J.; de Jong, R.N.; Koning, R.I.; Strumane, K.; Lindorfer, M.A.; Voorhorst, M.; Ugurlar, D.; Rosati, S.; Heck, A.J.; et al. Complement is activated by IgG hexamers assembled at the cell surface. Science 2014, 343, 1260–1263. [Google Scholar] [CrossRef] [PubMed]

	



Lee, C.H.; Romain, G.; Yan, W.; Watanabe, M.; Charab, W.; Todorova, B.; Lee, J.; Triplett, K.; Donkor, M.; Lungu, O.I.; et al. IgG Fc domains that bind C1q but not effector Fcγ receptors delineate the importance of complement-mediated effector functions. Nat. Immunol. 2017, 18, 889–898. [Google Scholar] [CrossRef]

	



Kayentao, K.; Ongoiba, A.; Preston, A.C.; Healy, S.A.; Doumbo, S.; Doumtabe, D.; Traore, A.; Traore, H.; Djiguiba, A.; Li, S.; et al. Safety and efficacy of a monoclonal antibody against malaria in Mali. N. Engl. J. Med. 2022, 387, 1833–1842. [Google Scholar] [CrossRef]

	



Wu, R.L.; Idris, A.H.; Berkowitz, N.M.; Happe, M.; Gaudinski, M.R.; Buettner, C.; Strom, L.; Awan, S.F.; Holman, L.A.; Mendoza, F.; et al. Low-dose subcutaneous or intravenous monoclonal antibody to prevent malaria. N. Engl. J. Med. 2022, 387, 397–407. [Google Scholar] [CrossRef]








[image: Antibodies 12 00036 g001 550] 





Figure 1. Effect of Fc engineering on in vivo efficacy of anti-DENV antibody. AG129 mice were challenged with DENV-2, and 10 μg of the antibody, hIgG1 (blue), LALA (green), or LRGR (red) was administered two days after the virus challenge. The viremia was measured on day three (A) and day five (B) after the antibody injection. Each symbol represents one mouse and means ± SD are shown. Asterisks indicate statistical differences compared to a vehicle control group with Dunn’s multiple comparison test for the viremia on days three and five (**, p < 0.01; ***, p < 0.001). Survival analysis was conducted in this study (C). Asterisks indicate statistical differences compared to the vehicle control group with the Mantel-Cox test for the survival analysis (***, p < 0.001). 
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Figure 2. Binding activity of Fc-engineered antibodies to mouse FcγRs. Anti-CD154 antibodies with the Fc variants hIgG1, LALA, or LRGR were prepared, and immune complexes (ICs) were formed by adding CD154 to allow strong avidity binding to FcγRs. The binding of the antigen-free antibodies (blue) and ICs (red) of each antibody to mouse FcγRI (A), FcγRIIb (B), FcγRIII (C), and FcγRIV (D) were measured by SPR analysis. 
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Figure 3. Binding activity of Fc-engineered antibodies to human/mouse C1q. The binding activity of the anti-CD154 antibody, hIgG1 (blue), LALA (green), LRGR (red), or LALA/KAES (orange) to human C1q (A) or mouse C1q (B) was measured. The positions of the substitutions, LALA (green) and KAES (orange), are shown in the illustration of the hIgG1 Fc region (PDBID:3AVE) (C) and the sequence alignment (D). Figure 1C was generated with PyMOL. 
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Figure 4. In vivo efficacy of Fc-engineered antibodies. AG129 mice were challenged with DENV-2, and the antibody, LALA (green) or LALA/KAES (orange), was administered two days after the virus challenge. The viremia was determined on day three (A) and day five (B) after the antibody injection. The variable region of the anti-DENV antibodies used in this experiment was an engineered variant termed 3Cam2, which has improved affinity toward E-proteins of the four DENV serotypes. Each symbol represents one mouse and means ± SD are shown. Asterisks indicate statistical differences compared to the vehicle control group with Dunn’s multiple comparison test for the viremia on days three and five (*, p < 0.05; **, p < 0.01). 
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Figure 5. Complement activation by Fc-engineered antibodies. The antibodies, human IgG1 (blue), LALA (green), LALA/KAES (orange), and LALA/KAES/ACT5 (gray), were directly immobilized on the assay plate and incubated with human (A) or AG129 mouse (B) serum. The increased amount of C3b was measured as an indicator of complement activation. The vertical axes represent the absorbance ratio versus the well without antibody immobilization. The variable region of the anti-DENV antibodies used in this experiment was an engineered variant termed 3Cam2, which has improved affinity toward E-proteins of the four DENV serotypes. 
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Figure 6. FcγR binding and ADE risk of Fc-engineered antibodies. Anti-CD154 antibodies with the Fc variants, hIgG1, LALA, LALA/KAES, or LALA/KAES/ACT5, were prepared and immune complexes (ICs) were formed by adding CD154 to allow strong avidity binding to FcγRs. The binding of the antigen-free antibodies (blue) and ICs (red) of each antibody to human FcγRIIa-H131 (A) and human FcγRIIa-R131 (B) was measured by SPR analysis. In addition, the potential ADE risk of the anti-DENV antibodies on K562 cells against DENV-2 in non-heat-inactivated serum (C) or in heat-inactivated serum (D) was assessed by quantifying the virus in the supernatant of K562 cells. Enhancement observed with the human IgG1 (blue) was abrogated with the LALA/KAES/ACT5 variant (orange). The variable region of the anti-DENV antibodies was an engineered variant termed 3Cam2, which has improved affinity toward E-proteins of the four DENV serotypes. 
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