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34  Abstract

35 The four serotypes of dengue virus (DENV) cause the most important rapidly
36  emerging arthropod-borne disease globally. The humoral immune response to DENV
37 infection is predominantly directed against the immunodominant cross-reactive weakly
38 neutralizing epitopes located in the highly conserved fusion peptide of ectodomain II of
39  envelope (E) protein (EDIIgp). Antibodies recognizing EDIIrp have been shown to associate
40  with immune enhancement in an X vivo animal model. In this study, we explored how prime-
41  boost strategies influence the immunogenicity of a cross-reactivity reduced (CRR) DENV-2
42 vaccine with substitutions in EDIIgp residues (DENV-2 RD) and found that mice in various
43 DENV-2 RD prime-boost immunizations had significantly reduced levels of EDIIgp
44  antibodies. In addition, heterologous DENV-2 RD DNA-VLP prime-boost immunization
45  induced higher and broader levels of total IgG and neutralizing antibodies (NtAbs) although
46  IgG titers to DENV-2 and 3 were statistically significant. Consistently, mice from DENV-2
47  RD DNA-VLP prime-boost immunization were fully protected from homologous DENV-2
48  lethal challenge and partially protected (60% survival rate) from heterologous lethal DENV-3
49  challenge. Our results conclude that the CRR DENV-2 RD vaccine requires a multivalent
50 format to effectively elicit a balanced and protective immunity across all four DENV
51  serotypes.

52

53

54

55 Importance

56 The low vaccine efficacy of the live-attenuated chimeric yellow fever virus-DENV
57  tetravalent dengue vaccine (CYD-TDV) is unexpected and there is an urgent need to develop
58 a next generation of dengue vaccine. Antibodies against the fusion peptide in envelope
59  protein (E) ectodomain II (EDIIrp) can potentially induce a severe disease via antibody-
60  dependent enhancement (ADE) of infection. This study evaluated different formats of an
61  EDIIpp-modified DENV-2 vaccine (DENV-2 RD) in its capability of inducing a reduced
62  EDIlgp antibodies, and sculpting the immune response towards an increased DENV complex-
63  reactive neutralizing antibodies (CR NtAb). The results from this study confirmed the poor
64  correlate of neutralizing assay with protection as suggested by the results of CYD-TDV
65  clinical trials. There is a urgent need to develop a biological correlate with protection while
66  evaluating the efficacy of the next generation dengue vaccine.

67
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68  Introduction
69 The four serotypes of dengue virus (DENV-1 to -4) are the most important causes of
70  the rapidly emerging arthropod-borne disease in tropical and subtropical countries [1, 2],
71  where an estimated 390 million dengue cases occur annually [3]. Infection with one serotype
72 provides long-term homotypic protective immunity, while heterotypic protection is short-
73 lived. Therefore, a tetravalent vaccine is necessary for a balanced immunity against all four
74  DENV serotypes [4]. The most advanced dengue vaccine is the live-attenuated chimeric
75  yellow fever virus-DENV tetravalent dengue vaccine (CYD-TDV) that expresses the
76  premembrane (prM) and envelope (E) structural protein genes of each of the four DENV
77  serotypes [5]. Even though pooled data from phase III clinical trials showed that CYD-TDV
78  had lower efficacy against DENV-1 and -2 [6-8], it has been licensed in some countries under
79  the condition of limited use for individuals aging 9 to 45 years old. A next-generation dengue
80  vaccine with higher efficacy is urgently needed for use in a population of wider age group.
81  Other candidates are in development including purified inactivated virus, subunit and DNA
82  vaccines [9].
83 DNA vaccines afford advantages over the other vaccine platforms including ease and
84  safety of production, elimination of replication interference [10], stimulation of CDS8" and
85 CD4" T cell responses similar to live-attenuated vaccines [11], and the possibility to
86  formulate vaccines against multiple pathogens in a single vaccination. However, DNA
87  wvaccines elicit low neutralizing antibodies than protein-based vaccines due to unsatisfactory
88  uptake by host cells and inadequate antigen expression. This was overcome by heterologous
89  prime-boost immunizations, with combined use of DNA and other vaccine formats, which
90 effectively induce a more robust and durable immune response against a number of medically
91  important viruses including HIV [12], influenza [13, 14], HCV [15], and flaviviruses [16-22].
92 DENV infection elicits a poor quality of immune response that is highly skewed in the
93  production of immunodominant antibodies against cross-reactive poorly neutralizing epitopes
94  in E protein ectodomain II fusion peptide (EDIIpp) [23, 24]. These EDIIpp antibodies can
95 induce a severe disease resembling dengue hemorrhagic fever as demonstrated in AG129
96  mice via antibody-dependent enhancement (ADE) of infection [25-27]. Previously our group
97  have constructed a DENV-2 wild-type (DENV-2 WT) plasmid containing the prM and E
98  structural protein genes, which can be secreted outside of the transfected cells and forms
99  virus-like particle (VLP) [28, 29]. The DENV-2 WT plasmid is also demonstrably
100  immunogenic and protective in immunized mice when administered as DNA or VLP [28-30].

101  To circumvent the potential for a severe form of DENV-associated disease after infection by
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102 vaccine-induced EDIIgp antibodies through ADE, our group further engineered a cross-
103 reactivity reduced (CRR) DENV-2 DNA vaccines with substitutions in the EDIIgp epitopes
104 [24, 31]. These CRR DNA vaccines not only induced a significantly reduced levels of EDIIgp
105  antibodies, which consequently reduced the enhancement of DENV infection in vitro and in
106  vivo, but also sculpted the immune response towards an increased level of DENV complex-
107  reactive neutralizing antibodies (CR NtAb) [32].

108 In this follow-up study, we evaluated if employing different prime-boost
109  immunizations using the CRR EDIIgp-modified DENV-2 vaccine (DENV-2 RD) can further
110  broaden the CR NtAb responses and protect from infection by heterologous DENV serotypes.
111

112

113 Materials and Methods

114

115  Plasmid DNA and virus-like particle (VLP) production

116

117 Plasmids expressing DENV-2 strain 16681 prM and E structural protein genes,

118  pVD2-WT (wild-type) and pVD2-RD (CRR, with substitutions in EDIIgp (G106R/L107D)
119  were previously characterized in detail [24, 28, 29, 31]. Plasmids expressing DENV-1 and -3
120  (strains Panama), and -4 (strain Honduras) prM and E structural protein genes were
121  previously characterized in detail [33]. Plasmids were produced in E. coli XL1-Blue cells
122 (Stratagene, USA) and purified using Endofree Plasmid Maxi Kit (Qiagen, USA) according
123 to the manufacturer's instructions. VLPs were produced in COS-1 cells as previously
124 described [34]. DENV-2 WT and RD VLPs were purified by 20% sucrose cushion and rate-
125  zonal centrifugation on 5-25% sucrose gradients [35]. Protein concentration was determined
126 by Bradford Assay (BioRad).

127

128  Mice

129 Groups of 5 three-week-old ICR mice were immunized intramuscularly with 100 pg
130 (50 pg in each thigh) of DENV-2 WT or RD DNA, or 4 ug of WT or RD VLP at 0 and 4
131  weeks, and bled retro-orbitally at 0, 4 and 12 weeks post-vaccination. The detailed grouping
132 of mice for immunization is shown in Supplemental Table 1. The protective efficacy of
133 DENV-2 RD vaccine was evaluated through passive transfer of maternal antibodies as
134 previously described [28, 29]. Groups of two-day old ICR pups were obtained from

135  immunized females mated with non-immunized males 3 weeks after boosting. Pups from
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136  females administered with TNE buffer served as challenge controls. DENV-2-specific NtAbs
137  were confirmed prior to mating. Individual pups from each group were challenged
138 intracranially with 10° FFU equivalent to 141, 61, 11 and 1000-fold of 50% lethal doses
139  (LDsp) of DENV-1 Hawaii, DENV-2 16681, DENV-3 H87 and DENV-4 Honduras strains,
140  respectively. Pups were monitored daily up to 21 days.

141

142  ELISA

143 DENV-specific total IgG endpoint titers and EDIIgp epitope-specific IgG percentages
144  were determined following the previously described Ag-capture ELISA [24, 29, 31]. All VLP
145  antigens were standardized at a concentration producing an optical density at 450 nm (ODys)
146  of 1.0. EDIIgp epitope-specific percentages were calculated as 100 x [1 — (RD VLP antigen
147  endpoint/WT VLP antigen endpoint)]. The IgG1 and IgG2a isotype profiles of DENV-2-
148  specific IgG in immune sera (diluted 1:500) were determined following the above Ag-capture
149  ELISA protocol using the SBA Clonotyping System-HRP kit HRP-conjugated goat anti-
150  mouse IgG1 and IgG2a (Southern Biotech, AL, USA). IgG avidities were also determined
151  following the same Ag-capture ELISA with 6 M urea wash-step for 5 min at room
152 temperature after incubation of pooled sera (diluted 1:100) with the antigen. The percent
153  avidities were calculated as 100 % [(A4s0 VLP with urea) — A4so NC with urea)/(A4so VLP
154  without urea — A4so NC without urea)] [36].

155

156  Virus neutralization

157 Focus reduction micro-neutralization test (FRUNT) was performed as previously
158  described [24, 29, 31]. The DENV strains used were DENV-1 Hawaii, DENV-2 16681,
159 DENV-3 H87, and DENV-4 Honduras.

160

161  Statistical analysis

162 One-way ANOVA followed by Tukey’s post-test was used for multiple comparisons.
163 Data are means + SD of two independent experiments.

164

165

166  Results

167

168  DENV-2 WT vaccine prime-boost immunizations elicit DENV-specific antibodies
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169 To test if different prime-boost strategies using DNA or VLP would improve the
170  immunogenicity of DENV-2 WT vaccine, ICR mice were immunized with combinations of
171  DNA and VLP vaccines. All prime-boost strategies induced DENV-specific IgG titers
172 ranging from 2.5 x 10* to 3.7 x 10° (Fig. 1A-D). The IgG mean titer against the homologous
173  DENV-2 (Fig. 1A, Supplemental Table 1) was significantly higher with WT VLP-VLP (1.9
174 % 10° p=0.0172) than WT DNA-DNA (2.3 x 10%). The titers induced by WT DNA-VLP or
175 WT VLP-DNA were also slightly higher (8.3 x 10*and 7.1 x 10*, respectively) than WT
176  DNA-DNA without statistical significance. All prime-boost strategies induced IgG cross-
177  reactive to heterologous DENV-1, -3 and -4. Again, WT DNA-DNA induced the lowest IgG
178  titer against DENV-1 (Fig. 1B). Only WT VLP-DNA induced a significantly higher DENV-1
179  cross-reactive IgG mean titer (6.5 x 10%; p=0.0451) than WT DNA-DNA (1.3 x 104), but not
180  compared to WT VLP-VLP and WT DNA-VLP (1.8 x 10* and 1.9 x 10* respectively)
181  (Supplemental Table 1). No significant differences were observed in DENV-3 (Fig. 1C) and
182  DENV-4 (Fig. 1D) cross-reactive IgG titers.

183 All prime-boost strategies induced DENV-specific NtAb titers ranging from 10 to 1.3
184  x 10° (Fig. 1E-H). Consistent with the total IgG results, WT VLP-VLP induced the highest
185  NtAb titer to homologous DENV-2 (7.7 x 10% Fig. 1E, Supplemental Table 1), although
186  only significantly higher than WT VLP-DNA (1.2 x 10% p=0.0169). Likewise, all prime-
187  boost strategies induced antibodies with comparable cross-neutralizing activities against the
188  heterologous DENV-1, -3 and -4 (Fig. 1F-H). These results demonstrate that heterologous
189  WT DNA-VLP immunization induced a similar antibody response both in magnitude and
190  neutralizing activity as homologous WT DNA-DNA and VLP-VLP immunizations against
191  the homologous DENV-2 and the other heterologous DENV serotypes.

192

193 CRR DENV-2 RD vaccine prime-boost immunizations elicit serotype-dependent CR
194  NtAbs

195 We previously demonstrated that introducing targeted amino acid substitutions in
196  EDIlgp of DENV-2 RD VLP had significantly ablated the reactivity of flavivirus group-
197  reactive monoclonal antibodies such as 4G2 and 6B6C-1 [24], and immunization in mice
198 with DENV-2 RD DNA circumvented the production of immunodominant weakly
199  neutralizing and enhancing antibodies recognizing WT EDIlIrp epitopes [31]. We then
200  evaluated if DENV-2 RD antigens also dampen the immunodominance of the EDIlgp in the
201  context of prime-boost immunizations. Consistent to the previous studies [24, 31], RD

202  vaccines induced a significantly reduced proportions (means of 1%-6%) of IgG targeting the
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203  WT EDIlIgp epitopes than the larger proportions (means of 32%-52%) induced by WT
204  vaccines (Fig. 2, Supplemental Table 1). Comparably, WT-RD and RD-WT vaccine
205  combinations also induced reduced WT EDIIgp IgG (means of 1%-18% and 1-28%,
206  respectively) (Fig. 2, Supplemental Table 1).

207 Next, we examined if different prime-boost strategies using DENV-2 RD vaccine can
208  sculpt the immune response towards CR NtAbs as previously described [32] by comparing
209  the immunogenicity against homologous and heterologous antigens. RD DNA-VLP induced
210  consistently higher DENV-specific IgG titers to all four DENV serotypes (Fig. 3A-D). The
211  IgG mean titer against the homologous DENV-2 (Fig. 3A, Supplemental Table 1) was
212 significantly higher with RD DNA-VLP (4.9 x 10°) than RD VLP-VLP (3.7 x 10%; p=0.0072)
213 and RD VLP-DNA (6.0 x 10* p=0.0201), but not compared to RD DNA-DNA (6.6 x 10%.
214  Consistently, the NtAb mean titer against the homologous DENV-2 was significantly higher
215  with RD DNA-VLP (5.2 x 10°; Fig. 3E, Supplemental Table 1) than RD VLP-DNA (7.3 x
216  10'; p=0.0171) and RD DNA-DNA (3.2 x 10'; p=0.0125), but not compared to RD VLP-
217  VLP (3.2 x 10%).

218 We further examined if prime-boost strategies using different forms of DENV-2 RD
219  antigens would broaden the immune response to heterologous DENV serotypes by re-
220  directing the immune response from the immunodominant EDIIp site to DENV complex
221  epitopes. Comparable DENV-1 and -4 (Fig. 3B and D) cross-reactive IgG titers were also
222 induced, but a significantly higher DENV-3 cross-reactive IgG mean titer induced by RD
223 DNA-VLP (2.3 x 10%; p=0.0023; Fig. 3C, Supplemental Table 1) than RD VLP-DNA (1.9
224 x 10) was observed. On the contrary, the CR NtAb responses are serotype-dependent. A
225  significantly higher DENV-1 CR NtAb mean titer was elicited by RD VLP-VLP (3.4 x 10
226  p=0.0053; Fig. 3F, Supplemental Table 1) than RD VLP-DNA (2.3 x 101). RD DNA-VLP
227  elicited comparably higher CR NtAb mean titer against DENV-3 (1.8 x 10% Fig. 3G,
228  Supplemental Table 1). The CR NtAb mean titers to DENV-4 are equivalently low for all
229  prime-boost strategies (<3.0 x 10'; Fig. 3H, Supplemental Table 1).

230

231 CRR DENV-2 RD vaccine only protects against homologous DENV-2 infection

232 Next, we assessed if the CR NtAbs induced by different prime-boost immunizations
233 of RD antigens can provide protection against lethal challenge of heterologous DENV
234 serotypes. The lack of an ideal animal model to evaluate protective efficacy of a vaccine

235  against the four DENV serotypes is one of the major hindrance in dengue vaccine
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236  development. Even though interferon o/f/y receptor-deficient (AG129) mouse has been used
237  in several studies for flavivirus vaccine evaluation [37-41], the challenge viruses for four
238  serotypes of DENV were not available at the time when we started this study. We instead
239  evaluated the efficacy of DENV-2 RD vaccine in lethally challenged suckling mice through
240  passive protection by transferred maternal antibodies from immunized female mice as
241  previously developed [28-30]. Utilizing suckling mouse model for evaluating vaccine
242 efficacy allows us to evaluate the protection from dengue virus challenge only comes from
243  maternal antibodies generated by vaccinated female mice and passively transferred to their
244  babies. Pups from RD DNA-VLP, RD DNA-DNA, RD VLP-VLP, and RD VLP-DNA
245  immunized mothers had 100%, 94%, 88%, and 83% protection, respectively, from
246  homologous DENV-2 infection (Fig. 4A). However, no protection was observed after
247  heterologous DENV-1, -3 and -4 infections (Fig. 4B-D), except for the pups from RD DNA-
248  VLP immunized mother having 60% partial protection from DENV-3 challenge.

249

250 CRR DENV-2 RD prime-boost immunizations elicit antibodies with varying isotypes
251  and avidities

252 To determine if the absence of protection to heterologous DENV serotypes despite the
253  induction of CR NtAb response by DENV-2 RD immunizations could be due to the
254  functional quality of antibodies, we further measured the isotypes and avidities of IgG in sera
255  from mice used in the immunogenicity experiment. RD DNA-DNA, DNA-VLP, and VLP-
256  DNA induced largely IgG2a antibodies indicating a predominantly Thl response, whereas
257 RD VLP-VLP induced largely IgGl antibodies indicating a predominantly Th2 response
258  (Fig. 5). In addition, the elicited sera showed varying IgG avidities (Supplemental Table 2).
259  RD DNA-VLP induced IgG with the highest avidity to the homologous DENV-2 followed by
260  VLP-VLP, DNA-DNA, and VLP-DNA (51%, 50%, 33%, and 18% respectively). No
261  avidities to DENV-1 and -3 were observed. Avidity to DENV-4 were also absent in sera
262  elicited by RD VLP-VLP and VLP-DNA. However, RD DNA-DNA and DNA-VLP sera had
263  minimal avidity to DENV-4 (21% and 3%, respectively) (Supplemental Table 1) yet had a
264  very poor CR NtAb mean titers (<2.0 x 10'; Fig. 3H).

265

266

267  Discussion


https://doi.org/10.1101/480210
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/480210; this version posted November 27, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY-NC-ND 4.0 International license.

268 In this study, we extended our approach of dampening the immunodominance of
269  potentially pathogenic EDIIgp epitopes by evaluating whether various prime-boost strategies
270  using the DENV-2 RD vaccine can further broaden the CR NtAb response. Results
271  demonstrate that heterologous RD DNA-VLP immunization can induce significantly higher
272 levels of NtAbs to homologous DENV-2 serotype comparable to the homologous RD VLP-
273  VLP immunization. This could be attributed to the efficient boosting capability of protein
274  [19, 42-44], which is readily available for antigen presentation during immunization as
275 opposed to the low-level expression of the immunogenic protein in response to DNA
276  immunization. Moreover, RD VLP-VLP and DNA-VLP immunizations were able to induce
277  anincrease in DENV-1 and/or -3 CR NtAbs.

278 NtAbs has been considered to play a critical role in protection against DENV
279  infection. Therefore, we also evaluated the antibody-mediated cross-protection elicited by
280 DENV-2 RD vaccine through passive transfer of maternal antibodies. Interestingly, we
281  detected CR NtAbs in vitro but it did not predict in vivo cross-protection. We observed that
282 DENV-2 RD vaccine regardless of the prime-boost strategies is highly protective against
283  homologous DENV-2 infection; however, it does not confer cross-protection against the
284  heterologous serotypes. The elicited CR NtAbs evidently did not provide cross-neutralizing
285  protection against the other DENV serotypes, which could be partly due to the amount of the
286  elicited CR NtAbs and/or IgG avidities [45, 46]. As reports suggested, high antibody avidities
287  correlate to better protection after vaccination [47, 48]. Indeed, the sera elicited from DENV-
288 2 RD immunizations have avidities and high neutralization towards the homologous DENV-2
289  but not to the heterologous DENV-1 and -3. The absence of cross-protection against DENV-4
290  could be due to the suboptimal levels of DENV-4 CR NtAbs and/or the absence of avidities.
291  In summary, our study confirms the poor correlate of neutralization titers with the protection
292  from four serotypes of DENV infection as suggested by the results of CYD-TDV clinical
293 trials [49, 50].

294 Overall, this study underscores the need for a multivalent formulation of our CRR
295 DENV vaccines to fully harness its potential benefits with reduced ADE risk for dengue
296  vaccine safety and broaden its protective efficacy. Importantly, the strategy of a heterologous
297  DNA priming and VLP boosting highlights an effective platform of eliciting a better quality
298  of immune response to DENV.

299

300
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491
492
493
494
495
496  Figures and Legends
497

498
499  Fig. 1. DENV-specific antibody responses induced by DENV-2 WT vaccine using various

500  prime-boost immunization strategies. ICR mice (n = 5) were immunized twice at 0 and 4
501  weeks with different combinations of the WT DNA (100 pg) or VLP (4 pg) antigens.
502  Immunization strategies separated by a dash represent priming with the first and boosting
503  with the second (i.e., DNA-DNA, VLP-VLP, DNA-VLP; and VLP-DNA). Total IgG (A-D)
504 and Ntsy (E-F) endpoint titers against homologous (A, E) DENV-2 and heterologous (B, F)
505 DENV-1, (C, G) DENV-3, and (D, H) DENV-4 were determined by Ag-capture ELISA and
506  50% FRuNT. Multiple comparisons between groups were carried out on log-transformed
507  data using one-way ANOVA with Tukey’s post-test. Horizontal bars indicate mean values.
508  Data are means = SD of two independent experiments. *, p<0.05.

509
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523  F 3. 2. Percent WT EDIlgp cpitope-specific IgG elicited by various prime-boost
524  ir.munization strategies using different combinations of DNA and VLP antigens of the
525 DENV-2 WT and RD vaccines. Multiple comparisons between groups were carried out using
526  one-way ANOVA with Tukey’s post-test. Horizontal bars indicate mean values. Data are
527 means = SD of two independent experiments. *, p<0.05; **p<0.01; ***p<0.001;
528  *¥***p<0.0001.

529

530
531  Fig. 3. DENV-specific antibody responses induced by CRR DENV-2 RD vaccine using

532  various prime-boost immunization strategies. ICR mice (n = 5) were immunized twice at 0
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533  and 4 weeks with different combinations of the RD DNA (100 pg) or VLP (4 pg) vaccines.
534  Immunization strategies separated by a dash represent priming with the first and boosting
535  with the second (i.e., DNA-DNA, VLP-VLP, DNA-VLP; and VLP-DNA). Total IgG (A-D)
536  and Ntso (E-F) endpoint titers against homologous (A, E) DENV-2 and heterologous (B, F)
537 DENV-1, (C, G) DENV-3, and (D, H) DENV-4 were determined by Ag-capture ELISA and
538  50% FRuNT. Multiple comparisons between groups were carried out on log-transformed
539  data using one-way ANOVA with Tukey’s post-test. Horizontal bars indicate mean values.
540  Data are means £ SD of two independent experiments. *, p<0.05; **p<0.01.

541

542
543  Fig. 4. Protective efficacy of CRR DENV-2 RD vaccine using various prime-boost

544  immunization strategies with different combinations of DNA and VLP antigens. Groups of
545  two-day old pups from ICR female mice (Ntsg titer, >1:200) vaccinated with the designated
546 DNA-DNA, VLP-VLP, DNA-VLP, and VLP-DNA prime-boost immunization strategies or
547  TNE control were challenged intracranially with 10®° FFU of the homologous (A) DENV-2
548  (141-fold LDsp) and heterologous (B) DENV-1 (61-fold LDsg), (C) DENV-3 (11-fold LDs),
549 and (D) DENV-4 (1000-fold LDsg). Survival of the mice was monitored for 21 days after
550 infection. The number (n) of pups in each group is indicated. Kaplan-Meier survival curves
551  were analyzed by the log-rank test. (E) ***, p<0.001; **** p<0.0001.
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565 F 1. 5. Comparison of IgG isuwype profiles in mice immunized by various prime-boost
566  immunization strategies using different combinations of DNA and VLP antigens of the
567 DENV-2 WT and RD vaccines. The IgG isotype profiles were expressed as IgG2a/IgGl
568 ratios as indicator of Thl (IgG2a/IgGl ratio >1) and Th2 (IgG2a/IgGl ratio <1) immune
569  responses. Horizontal bars indicate mean values. Data are means + SD of two independent

570  experiments.
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