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ABSTRACT Marburg virus (MARV) is a filovirus related to Ebola virus (EBOV) associated with 7 

human hemorrhagic disease. Outbreaks are sporadic and severe with a reported case mortality 8 

rate upward of 88%. There is currently no antiviral or vaccine available. Given the sporadic 9 

nature of outbreaks, vaccines provide the best approach for long-term control of MARV in 10 

endemic regions. We have developed an inactivated rabies virus-vectored MARV vaccine 11 

(FILORAB3) to protect against Marburg virus disease. Immunogenicity studies in our lab have 12 

shown that a Th1-biased seroconversion to both RABV and MARV glycoproteins is beneficial 13 

for protection in a preclinical murine model. As such, we adjuvanted FILORAB3 with GLA-SE, a 14 

TLR-4 agonist. Across two different BALB/c mouse challenge models, we achieved 92% 15 

protection against murine-adapted Marburg virus (ma-MARV). Although our vaccine elicited 16 

strong MARV GP antibodies, it did not strongly induce neutralizing antibodies. Through both in 17 

vitro and in vivo approaches, we elucidated a critical role for NK cell-dependent antibody-18 

mediated cellular cytotoxicity (ADCC) in vaccine-induced protection. Overall, these findings 19 

demonstrated that FILORAB3 is a promising vaccine candidate for Marburg virus disease. 20  on January 1, 2019 by guest
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IMPORTANCE Marburg virus (MARV) is a virus similar to Ebola virus and also causes a 21 

hemorrhagic disease, which is highly lethal. In contrast to EBOV, only a few vaccines are 22 

developed against MARV and researcher do not understand what kind of immune responses 23 

are required to protect from MARV. Here we show that antibodies directed against MARV after 24 

application of our vaccine protect in an animal system but fail to neutralize the Virus in widely 25 

used virus neutralization assay against MARV. This newly discovered activity needs to be more 26 

considered when analyzing MARV vaccines or infections. 27 

  28 
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INTRODUCTION 29 

 Filoviruses are filamentous, enveloped viruses that can cause highly lethal hemorrhagic 30 

fever in both humans and nonhuman primates (1). Three major genera comprise the filovirus 31 

family: ebolavirus, marburgvirus, and the newly discovered cuevavirus. While the ebolavirus 32 

genus contains 5 species (Zaire ebolavirus [EBOV], Sudan ebolavirus [SUDV], Bundibugyo 33 

ebolavirus [BDBV], Reston ebolavirus [RESTV], and Taï Forest ebolavirus [TAFV]), the 34 

marburgvirus genus contains only one, the eponymously named Marburg marburgvirus (MARV) 35 

(2). MARV is further subdivided based on different isolates, including Ci67, Musoke, and 36 

Angola, and the more distinct lineage, Ravn virus (RAVV).  37 

 MARV was the first filovirus to be identified when it sickened laboratory workers handling 38 

tissue from infected nonhuman primates originating from Uganda in 1967(1). MARV has since 39 

re-emerged at least 8 times and has been imported to the United States and Europe by 40 

travelers who became infected in Africa (1). MARV Angola subspecies emerged in 2004 and 41 

caused the largest MARV outbreak known to date with a case fatality rate of 88%, (3, 4). 42 

 The glycoprotein (GP) of filoviruses mediate attachment and entry of the viruses into 43 

target cells. In infected cells, GP precursor protein is cleaved during proteolytic transport from 44 

the endoplasmic reticulum to the Golgi by host furin protease into two distinct subunits that 45 

associate via disulfide bonds (5). In the native MARV GP structure, three monomeric GP1-GP2 46 

pairs come together to form the GP trimer on the viral surface. GP1 is shielded by two heavily 47 

glycosylated domains (glycan cap and mucin like domain) which restricts access to the putative 48 

receptor binding site and facilitates viral immune evasion by epitope masking (6). GP2 subunit 49 

contains part of the mucin like domain, the transmembrane domain to anchor GP into the viral 50 

membrane, and the fusion machinery necessary to trigger viral entry into cells (7).  51 
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 Recent studies in nonhuman primates have demonstrated that passive administration of 52 

polyclonal sera against MARV can provide effective post-exposure therapy for MARV infection 53 

(8, 9). Monoclonal antibody therapies are also currently being developed for post-exposure 54 

prophylaxis (10, 11). However, post-exposure prophylaxis alone is not enough to combat the 55 

threat of Marburg Virus Disease (MVD) which may spread quickly once an outbreak has 56 

occurred. Preventative treatment with vaccines is strongly needed, especially considering recent 57 

ring vaccination methods to strategically limit the spread of Ebola infection (12). Various MARV 58 

vaccine approaches are currently underway. MARV GP DNA-based vaccines are safe but have 59 

low seroconversion against GP antigen in Phase I clinical trials in humans (13, 14). MARV-VLPs 60 

(3 doses plus adjuvant) fully protected cynomolgus macaques against MARV and heterologous 61 

Ravn virus (RAVV) lethal aerosol exposure (15). Preclinical work in nonhuman primates using 62 

either heterologous multivalent Ad26-Ad35 prime-boost vaccination regimens or vesicular 63 

stomatitis virus (VSV) as a platform have shown protection against MARV (range 75%-100% 64 

protection) (16-18).  65 

Despite these advances, potential mechanisms of vaccine-induced protection against 66 

MARV are still poorly understood, and there is still currently no approved antiviral or vaccine 67 

available to treat MARV disease. For a vaccine against MARV to be successful, it should 68 

provide long-lasting immunity. Exposures are spontaneous and unpredictable in endemic 69 

regions, so long-term immunity in at-risk populations would diminish spillover events to humans 70 

from the viral reservoir and could curb subsequent human-to-human transmission to greatly limit 71 

the spread of an epidemic. To understand the factors that influence long-term immunity, it is 72 

necessary to define the immune response required to achieve prolonged protection against 73 

MARV. A recent study reported that MARV survivors develop multivariate CD4+ T cell 74 

responses but limited CD8+ T cell responses, suggesting that CD8+ T cell may not be required 75 

for a protective response against MARV (19). However, different vaccine platforms may invoke 76 
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different mechanisms to elicit protection and may not necessarily need to mimic a natural 77 

infection (20) . Interestingly, neutralizing antibody responses in MARV survivors are rare and 78 

diminish rapidly over time (19, 21).  79 

In this study, we evaluated our inactivated bivalent rabies-vectored MARV vaccine, 80 

FILORAB3, as a promising human vaccine candidate for Marburg virus, and elucidated the 81 

mechanism of protection by determining the parameters of optimal vaccine efficacy. The 82 

vaccine is a chemically-deactivated purified rabies virions that expresses and incorporates both 83 

RABV G and MARV GP in the virion. We have chosen to use rabies virus (RABV) as our vector 84 

for MARV GP for the following reasons: 1) Due to its relative rarity, pre-existing immunity should 85 

not be a widespread problem, 2) target populations should be susceptible to successful 86 

immunization 3) the RABV vaccine strain used (SAD-B19) is highly attenuated and contains a 87 

mutation that abolishes neurovirulence; 4) rabies vaccine vectors replicate efficiently in VERO 88 

cells that are qualified for production of vaccines for human use; 5) rabies replicates in the 89 

cytoplasm, so integration into the host genome is not a concern, 6) killed rabies virions are 90 

replication deficient; 7) recombination events involving the rabies virus genome are extremely 91 

rare; 7) insertion of foreign genes into the rabies genome is stable; and 8) The rabies genome 92 

only has five genes, and the proteins they encode are not immunosuppressive toward the host 93 

(22). 94 

 Here, we demonstrated in a preclinical murine model that vaccinated animals show Th1-95 

biased seroconversion to both RABV and MARV glycoproteins. Furthermore, when the mice 96 

were immunized with a single dose of adjuvanted vaccine, they achieved full protection from 97 

lethal challenge with mouse-adapted MARV. Although our vaccine elicited high titers of specific 98 

antibodies, there was no strong induction of neutralizing antibodies, even after challenge. As 99 

such, we explored the role of antibody-dependent cellular cytotoxicity (ADCC) in protection 100 

against MARV challenge. For filoviruses as well as other viruses, neutralization in vitro does not 101 
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necessarily correlate with protection in vivo. Non-neutralizing antibodies are known to confer 102 

protection by ADCC, phagocytosis, prevention of virus budding, and other mechanisms (10, 23-103 

30). Through both an in vitro and in vivo approach, we identified an important role for ADCC and 104 

other non-neutralizing antibody functions in vaccine-induced immunity by FILORAB3. 105 

 106 

  107 
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RESULTS 108 

Generation of a rabies vaccine encoding a Marburg virus GP. Recombinant rabies virus 109 

expressing MARV glycoprotein (i.e., FILORAB3) was constructed by inserting a gene composed 110 

of rabies transcriptional start and stop sequences flanking the codon-optimized MARV Angola 111 

strain GP in between the nucleoprotein (N) and phosphoprotein (P) genes of BSNP333, an 112 

attenuated parental rabies vector derived from the SAD B19 vaccine strain (31-34). Based on 113 

our previous studies showing that codon-optimization can increase the level of foreign 114 

glycoprotein expression and incorporation into budding rabies virions (35, 36), we utilized a 115 

codon-optimized version of MARV GP (Angola strain). The vector BNSP333 also contains an 116 

arginine to glutamine mutation in amino acid position 333 of the rabies glycoprotein, which 117 

further reduces neurovirulence and thus increases its safety profile (37). For our studies, we 118 

generated both live, replication-competent and chemically-inactivated versions of the 119 

recombinant virus (Fig. 1). FILORAB3 was inactivated by treatment with beta-propriolactone, an 120 

alkylating agent frequently used to inactivate viruses including RABV (38).  121 

 Infectious recombinant virus was recovered by transfecting into BSR mammalian cells 122 

the FILORAB3 cDNA along with support plasmids individually bearing each of the RABV genes 123 

under the control of a T7 promoter and a plasmid-expressing T7 polymerase, as previously 124 

described (7, 37). To evaluate the in vitro replication potential of live FILORAB3, BSR cells were 125 

infected in a multi-step growth curve at a multiplicity of infection of 0.1 with the initial passages 126 

of recovered live virus in parallel with the parental vector, BNSP333, and previously developed 127 

recombinant rabies virus bearing the Ebola glycoprotein Mayinga strain (i.e., FILORAB1) (Fig. 128 

2). Viral titers were assessed at several timepoints for a duration of 96 h post-infection. While 129 

the appearance of viral progeny was not different between the parental strain and recombinant 130 

virus, FILORAB3 did grow to a lower overall titer by the terminal timepoint of 96 h post-infection, 131 

similar to FILORAB1.  132 

 on January 1, 2019 by guest
http://jvi.asm

.org/
D

ow
nloaded from

 



 9 

Expression of MARV GP by recombinant RABV vaccine. To confirm efficient co-expression 133 

of both the RABV and MARV glycoproteins in cells infected with recombinant virus, VERO cells 134 

were infected at an MOI of 0.1 with either live FILORAB3 or BNSP333 (control) for 48 h before 135 

immunofluorescence surface staining was performed. Monoclonal antibodies directed against 136 

RABV G appear in green, monoclonal antibodies directed against MARV GP appear in red, and 137 

overlap of expression of both glycoproteins is indicated by yellow (Fig. 3A). Cells that were 138 

infected with FILORAB3 recombinant virus exhibited co-expression of both glycoproteins, which 139 

suggests that these envelope proteins are being properly expressed by the vaccine vector, 140 

folded, and trafficked to the surface. 141 

Incorporation of MARV GP into RABV virions. For the inactivated vaccine to be 142 

immunogenic against both RABV G and MARV GP, both glycoproteins must be incorporated 143 

into budding virions. To analyze the incorporation of RABV G and MARV GP into purified 144 

virions, virus particles were isolated from the supernatant of infected VERO cells by filtration 145 

and concentration followed by purification over a 20% sucrose cushion. The virus particles were 146 

resolved by SDS-PAGE and visualized by SYPRO Ruby staining. FILORAB3 purified virions 147 

showed incorporation of all essential RABV proteins (Fig. 3B, left image) and in the same ratios 148 

as the parental virions (lane 3 vs. lane 1). An additional protein of the expected size for MARV 149 

GP1 (170 kDa) was detected in FILORAB3 viral particles (highlighted in the red box) (5, 39, 40). 150 

GP2 cannot be visualized on this gel because it migrates at a similar size as the RABV P 151 

protein. FILORAB1 was included as a positive control.  Incorporation of the codon-optimized 152 

MARV GP appears to occur but a to a lesser extent than previously shown for EBOV GP.  153 

 To confirm expression of both subunits of MARV glycoprotein, we analyzed purified 154 

virions by Western blot (Fig. 3B, right image) and probed with a cocktail of two monoclonal 155 

antibodies directed against both GP1 and GP2. Two proteins migrating at about 170 kDa and 40 156 

kDa, consistent with the molecular weight of MARV GP1 and GP2, were detected (39, 40) (Fig. 157 

 on January 1, 2019 by guest
http://jvi.asm

.org/
D

ow
nloaded from

 



 10 

3B, lane 3). These results further confirm that MARV GP has been incorporated into the virion 158 

and has been cleaved and processed. Two proteins of similar size were detected in cell lysates 159 

from VERO E6 cells infected with wildtype MARV (lane 5). No protein was detected in mock-160 

infected VERO E6 cell lysates (lane 6) or in lysate from cells infected with an unrelated virus 161 

(Lassa virus, lane 7), indicating that the identified bands are in fact specific to FILORAB3 and 162 

Marburg protein incorporation.   163 

Pathogenicity in vivo. We know from previous studies in our lab that BNSP333 is apathogenic 164 

in adult mice but neurovirulent in suckling mice following intracranial (IC) inoculation (41). To 165 

assess whether inclusion of MARV GP into the BNSP333 vector would increase neurovirulence, 166 

newborn/suckling mice were IC inoculated with escalating doses of FILORAB3 (Fig. 4A). As a 167 

positive control, we used BNSP vector which lacks the attenuating mutation at amino acid 168 

position 333 in RABV G. Mice receiving FILORAB3 experienced significantly delayed lethality 169 

compared to control mice (p<0.0001). The majority of mice in each FILORAB3 group (>70%) 170 

survived up to at least day 10 compared to control mice which all succumbed to infection by day 171 

5. with the majority surviving up to day 10 post challenge versus total lethality for all control mice 172 

by day 5. This suggests that FILORAB3-infected mice retained the neurovirulence characteristic 173 

of the parental BNSP333 vector but did not exacerbate it (Fig. 4A). To further evaluate safety of 174 

the vaccine, we exposed adult severe combined immunodeficient (SCID) mice to FILORAB3 or 175 

BNSP by intramuscular injection in the thigh of 6log10 FFU (Fig. 4B) (42). As expected, the 176 

control mice all succumbed by day 20 post-infection while the mice receiving FILORAB3 all 177 

survived, further demonstrating the safety of FILORAB3. Taken together, these data indicate 178 

that FILORAB3 possesses a good safety profile for use as a live vaccine in certain target 179 

species. Furthermore, the inactivated FILORAB3 vaccine for humans should be even safer 180 

since it does not have the capacity to replicate. 181 
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FILORAB3 induces humoral immunity to both RABV and MARV in mice. To analyze the 182 

immunogenicity of FILORAB3, groups of 5 C57BL/6 mice were immunized with 2 intramuscular 183 

doses, 28 days apart, of either inactivated FILORAB3 plus adjuvant or the parental control 184 

vaccine (BNSP333) plus adjuvant (Fig. 6A). Previous studies in NHPs with FILORAB1 indicated 185 

that a TLR-4 agonist, glucopyranosyl lipid adjuvant (GLA) in a squalene-in-water emulsion 186 

(GLA-SE), not only increases the humoral responses but also stimulates a Th1-biased humoral 187 

immune response that is considered beneficial for viral infection and protection against EBOV 188 

by RABV-based vectors (43). Therefore, we also included GLA-SE in our preclinical studies with 189 

FILORAB3 (44). Furthermore, GLA-SE has been shown to enhance the breadth and quality of 190 

humoral immune responses for influenza virus (35, 45-49) .  191 

 We collected final sera from the mice 42 days after the initial immunization and 192 

characterized the sera in indirect ELISA with soluble MARV GP (Fig. 5). Mice immunized with 193 

FILORAB3 plus adjuvant showed robust seroconversion towards MARV GP while GP-specific 194 

titers were not detected in negative controls (i.e., vector immunized mice). Both control and 195 

FILORAB3-immunized groups of mice showed strong seroconversion toward RABV G (Figs. 6B 196 

and C). To confirm a Th1-biased humoral response, we analyzed the isotype-specific antibody 197 

response by ELISA in mice receiving adjuvanted inactivated FILORAB3. Based on the relative 198 

titers of IgG2c to IgG1 in FILORAB3-immunized mice, it appears that the immune response is 199 

biased toward production of Th1 antibodies (Fig. 6D).   200 

Neutralizing antibodies against MARV are not induced by FILORAB3 immunization. 201 

Based on the high titers of MARV GP-specific antibodies elicited by our vaccine in mice, we 202 

tested whether these antibodies had the capacity to neutralize in vitro, thereby illuminating a 203 

potential mechanism of protection. To this end, we employed the use of a lentiviral pseudotyped 204 

virus expressing a luciferase reporter gene (50, 51). The assay was performed with purified 205 

immunoglobulin G (IgG) derived from the final sera of mice in the previously described 206 
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immunization study and virus neutralization percentage was standardized from the relative 207 

luminescence units readout. Compared to a positive control antibody (gray line) known to 208 

neutralize both retroviral and VSV pseudotypes containing MARV GP in vitro (52), purified IgG 209 

from the sera of FILORAB3-immunized mice did not elicit any detectable titers of neutralizing 210 

antibodies which were comparable to levels detected in sera from negative control mice (i.e., 211 

background) (Fig. 6E, top panel). By contrast, both groups of sera elicited robust titers of RABV 212 

neutralizing antibodies (compared to a positive control human mAb, gray line), which is a known 213 

correlate of protection against rabies virus (49, 53-55).  214 

FILORAB3 confers protection against ma-MARV challenge in mice (in the absence of 215 

neutralizing antibodies). After we established that mice immunized with adjuvanted 216 

FILORAB3 had high titers of MARV GP-specific antibodies but insignificant titers of neutralizing 217 

antibodies, we analyzed the potential to protect mice against lethal challenge with the mouse-218 

adapted Marburg virus (ma-MARV). Groups of 10 BALB/c mice with equally split gender were 219 

immunized with either 1, 2, or 3 doses of adjuvanted FILORAB3 vaccine, according to the 220 

schedule defined in Fig. 7A (Groups 5-7). One group of mice also received a single inoculation 221 

of live, replication-competent FILORAB3 (Group 4), and another group received live, replication-222 

competent BNSP333 as a negative control for the live virus vaccination (Group 3). To assess 223 

survival throughout the course of the experiment, we included vehicle-infected mice that did not 224 

receive any challenge (Group 1). As a positive control for lethality by ma-MARV, we included a 225 

group immunized with vehicle and challenged with a lethal dose of ma-MARV (Group 2).  226 

 Whereas all negative control vaccine groups (Groups 1-3) as well as mice immunized 227 

with live FILORAB3 (Group 4) succumbed to the infection by day 7 after challenge, we were 228 

able to achieve full protection against lethal ma-MARV challenge with just one inoculation of 229 

adjuvanted FILORAB3 (Fig. 7B). Linear regression analysis of the average OD490 nm value at 230 

the lowest antibody dilution (1:50) versus the percent of survival for each group revealed that 231 
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antibody titers correlated with survival (r2 = 0.7945). Analysis of pre-challenge sera (from D-40) 232 

from these groups of mice by ELISA revealed that GP-specific seroconversion was achieved in 233 

all groups immunized with adjuvanted inactivated FILORAB3. Moreover, these titers were high 234 

compared to background (Fig. 7C). Administering 2 and 3 doses of FILORAB3 increased the 235 

GP-specific titer in a dose-dependent fashion.  236 

 Mice immunized with live FILORAB3 (red line) seroconverted to MARV GP, but the GP 237 

ELISA titers were much lower compared to the inactivated vaccine groups. Live FILORAB3 238 

immunized mice were fully susceptible to challenge, thereby suggesting that immunogenicity 239 

from GP expression by the live, replication-competent vaccine is not able to control infection 240 

from ma-MARV, despite eliciting Th1-biased GP-specific antibodies. Thus, these data suggest 241 

that it is not solely elicitation of a Th1-type response that informs vaccine-induced survival, but 242 

also, a threshold antibody response must be achieved. We have encountered this phenomenon 243 

in our previous vaccine study with FILORAB1 in NHPs. One protected NHP had a clear Th2-244 

biased humoral response but was still protected against lethal challenge, presumably due to 245 

high pre-challenge antibody titers (56). 246 

 As expected, all mice receiving either live or inactivated vaccine seroconverted toward 247 

RABV G in a dose-dependent manner for the inactivated vaccine groups (Fig. 7C, right panel). 248 

Th1 bias of the humoral response was confirmed as measured by isotype ELISAs comparing 249 

the ratio of IgG2a to IgG1 at the lowest sera dilution (1:150) in these BALB/c mice (Fig. 7D). 250 

Post-challenge GP- and G-specific antibody titers in mice that survived ma-MARV challenge 251 

remained high, and GP-specific antibody titers increased in mice receiving 1, 2, or 3 doses of 252 

adjuvanted vaccine after challenge as measured by EC50 values, indicating that vaccine-253 

induced immunity can confer protection by controlling viral infection (Fig. 7E). Th1 skewing of 254 

the humoral response is maintained after challenge in survivors, as measured by isotype 255 
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ELISAs comparing the ratio of IgG2a to IgG1 at the lowest sera dilution (1:450) (Fig. 7F). This 256 

suggests that a Th1-bias is important for a survival response toward MARV. 257 

 We also assessed the MARV and RABV neutralizing antibody titers in pooled sera 258 

samples both pre- and post-challenge in mice in this study. Consistent with the results of the 259 

immunogenicity study previously described in C57BL/6 mice, BALB/c mice in this study 260 

immunized with either live or inactivated FILORAB3 did not elicit neutralizing antibody titers 261 

against MARV GP (Fig. 7G, top panels). In contrast, all mice receiving either live or inactivated 262 

FILORAB3 did elicit potent neutralizing antibodies against RABV G pre- and post-challenge, 263 

and the effect seemed to be dose-dependent: the groups of mice receiving 2 and 3 doses of 264 

adjuvanted vaccine elicited increasingly higher titers of RABV G-specific nAbs (Fig. 7G, bottom 265 

panel). 266 

Antibody Dependent Cellular Cytotoxicity. Based on the strong immunogenicity of 267 

FILORAB3 against both RABV G and MARV GP, negligible titers of neutralizing antibodies 268 

against MARV GP, and survival in mice following challenge with ma-MARV, we hypothesized 269 

that non-neutralizing antibodies might be important for vaccine-induced protection. To assess 270 

the capacity of antibodies elicited by vaccination to participate in ADCC effector functions, we 271 

developed an in vitro flow-based ADCC assay (Fig. 8). Briefly (as demonstrated in Fig. 9A), 272 

mouse 3T3 fibroblast target cells were transduced with mouse retrovirus expressing both an 273 

EGFP reporter gene and MARV GP gene. These target cells were confirmed to express MARV 274 

GP on their surface by flow cytometry (Fig. 9B). Target cells were then incubated with 50ug/mL 275 

of purified IgG derived from sera from immunized mice before the addition of primary effector 276 

NK cells purified from splenocytes from naïve mice (Fig. 9C). After 4 h, the population of dead 277 

target cells over the total population of target cells was assessed and reported as the percent of 278 

cytotoxicity (Fig. 9D).  279 
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 At an effector to target cell ratio of 5:1, antibodies from mice immunized with adjuvanted, 280 

inactivated FILORAB3 demonstrated significantly more specific killing of target cells expressing 281 

MARV GP (p < 0.0001) than negative control sera from BNSP333-immunized mice (Fig. 8). 282 

Furthermore, blocking the Fcγ receptor on the surface of NK cells abrogated the NK-cell 283 

mediated cytotoxicity to background killing levels, indicating that killing by NK cells in this assay 284 

is enhanced by GP-specific antibodies binding to the receptor and activating NK cells. While 285 

similar findings have been demonstrated with Ebola GP-specific NHP (25), this result adds to 286 

the growing body of evidence suggesting that non-neutralizing antibodies may be important for 287 

controlling MARV infection (57). 288 

FcyR receptor is important for in vivo protection in mice. To test the in vivo relevance of Fc 289 

receptor-dependent effector mechanisms to confer protection, we utilized a Fc-gamma chain 290 

knockout mouse model (43, 58, 59). This model has normal B and T cell compartments but 291 

does not express FcR1, II, III, or IV receptors on the surface of immune effector cells (i.e., 292 

macrophages, monocytes, NK cells) (43, 58, 59). Either wildtype BALB/c or FcyKO mice (on 293 

BALB/c strain background) were immunized with 1 or 2 doses of adjuvanted FILORAB3 vaccine 294 

(Groups 5-8). As positive controls, one group of WT mice and one group of KO mice (Groups 2 295 

and 4) were mock immunized before challenge. As a study control, we included WT and KO 296 

mice that were immunized with vehicle but remained unchallenged. Each group consisted of 12 297 

mice total (6 male and 6 female) (Fig. 10A). 298 

 Wildtype mice receiving 1 dose of adjuvanted vaccine demonstrated significantly better 299 

survival compared to FcγKO mice receiving 1 dose of adjuvanted vaccine (58.3% protection vs. 300 

0% protection, p = 0.0058) (Fig. 10B). To confirm that the difference in survival was not due to 301 

differential GP-specific antibody titers, we performed ELISA on pre-challenge sera from these 302 

mice (D-40). We did not see a significant difference in either RABV G or MARV GP-specific 303 

titers between these groups (p > 0.9999) (Fig. 10C). Survivors of challenge demonstrated an 304 
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increase in GP-specific antibody titers with no significant differences between the indicated 305 

groups (Fig. 10D). When we assayed for neutralizing antibodies in vitro, we found that neither of 306 

the single dose groups elicited detectable titers of neutralizing antibodies (Fig. 10E, top left 307 

panel), findings that suggested that differences in their survival are tied to the lack of functional 308 

Fc receptors in the KO group. In WT and KO mice receiving 2 doses of the vaccine, serology 309 

testing by ELISA confirms that pre-challenge sera (D-40) titers of RABV G and MARV GP are 310 

not significantly different (p > 0.9999) (Fig. 10C), and there is no significant difference in survival 311 

between these groups (p > 0.9999) Fig. 10B). The neutralizing antibody response elicited by 312 

both WT and KO mice receiving 2 doses of FILORAB3 was low, with greater than 50% 313 

reduction in infection achieved only at the lowest dilution of antibody (1:10), although the effect 314 

was insignificant considering variability (standard deviation of mean) (Fig. 10E). While we 315 

expected survival in the wildtype group, it was interesting that the 2-dose KO group showed 316 

survival. While the presence of a low titer of neutralizing antibodies in these groups could 317 

possibly have provided some protection against ma-MARV in the absence of Fc receptor 318 

function by limiting the spread of the virus, it was unlikely, since these GP-specific antibody 319 

titers were very low and our in vitro assay overestimates neutralizing antibody titers compared 320 

to the wildtype virus (50-52). Therefore, it is likely that other Fcγ-independent antibody effector 321 

mechanisms are involved in vaccine-induced immunity and protection, but it is clear from the 322 

results of this study that Fc gamma receptor mechanisms have an important role in vaccine-323 

induced protection.   324 

  325 
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DISCUSSION 326 

 We have described the generation, propagation, safety, immunogenicity, and protective 327 

efficacy of an inactivated recombinant rabies vectored Marburg virus vaccine, FILORAB3, 328 

developed by successful incorporation of the codon-optimized version of Marburg GP into 329 

RABV virions expressing native RABV G. Our results demonstrate that FILORAB3 induced 330 

strong humoral immunity in mice, as indicated by high titers of Th1-biased antibodies against 331 

MARV glycoprotein but negligible titers of MARV neutralizing antibodies. The antibody response 332 

against MARV is consistent with features of natural Marburg virus infection in both humans and 333 

NHPs, whereby survivors experience Th1 skewing of the humoral response marked by the rare 334 

occurrence of neutralizing antibodies that decrease rapidly over time (19, 21).  335 

 Based on its robust immunogenicity in vivo, we sought to evaluate the efficacy of 336 

FILORAB3 in a murine challenge model. From our previous immunogenicity and challenge 337 

studies in mice and NHPs with the recombinant RABV/Ebola virus vaccine candidate 338 

(FILORAB1), it was apparent that the quality of the antibody response has important 339 

consequences on protection elicited by our vaccine (56). As such, we chose to adjuvant 340 

FILORAB3 with GLA-SE (35, 46-48) with the goal of recapitulating a Th1- biased effect on the 341 

immune response. Two doses of the adjuvanted vaccine conferred 96% survival (combined 342 

efficacy from 2 challenge experiments) in mice against mouse-adapted MARV while 343 

unprotected mice succumbed to the infection by day 7. Differences in survival between single-344 

dose immunized mice in the first and second mouse challenge study could be due to apparent 345 

differences in threshold of the antibody response. Matrajt et al. used modeling to show that 346 

above a certain response threshold, vaccinating more people with one dose of the influenza 347 

vaccine resulted in lower attack rates. However, below that required level of response, 348 

vaccinating fewer people with 2 doses is better for protection (60). A single dose of our 349 

FILORAB3 vaccine elicits a more variable response in the population, likely reflective of 350 
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relatively small number of subjects. After a single dose vaccination, some animals are above 351 

threshold, and some are below the required threshold for protection. Varicella zoster virus (VZV) 352 

vaccine shows 94.9% seroconversion after a single dose but only 100% after 2 doses (61). In a 353 

pre-exposure setting, immunization with the human rabies vaccine must reach a threshold of at 354 

least 0.5 international units per mL of neutralizing activity in order to be protective. To achieve 355 

this protective threshold in 100% of the population, at least 3 doses of the rabies vaccine must 356 

be given (62). In our preclinical models, 2 doses of our FILORAB3 vaccine give uniform results 357 

across both studies. Overall, 2 immunizations of vaccine may achieve higher variation in the 358 

epitope specificities of GP-specific antibodies (63), which can have positive implications for 359 

long-lasting immunity.  360 

 Pre-challenge levels of antibody in mice immunized with inactivated vaccine were similar 361 

to levels observed after challenge, indicating that vaccination established and maintained a 362 

crucial memory B-cell response. Mice receiving a single inoculation of the live FILORAB3 had 363 

low titers of GP-specific antibodies and were not protected against lethal challenge, suggesting 364 

that antibodies play a major role in protection. Live virus vaccine antigenicity is dependent upon 365 

replication of the virus. It is possible that the live virus is highly attenuated upon peripheral 366 

administration and the antigen load is not enough to induce a protective response. It is also 367 

possible that the immune response mounted against RABV G might quickly block the spread of 368 

the vector (at least in intramuscular immunization) and therefore prevent a potent IgG immune 369 

response against MARV GP. This is corroborated by our data which show that the RABV G 370 

immune response with live FILORAB3 is lower than the corresponding response with killed 371 

vaccine.  Furthermore, live attenuated viral vectors encoding foreign glycoprotein are known to 372 

induce potent cellular immune responses because they engage the endogenous pathway or 373 

cross-priming to present epitopes via MHC I to CD8+ T cells (64, 65). Since live FILORAB3 374 

does not confer protection in mice, it suggests that cytotoxic T cells may not play a major role in 375 
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vaccine-induced protection against MARV or at least are not sufficient to control MARV infection 376 

in the absence of an appropriate antibody response.  377 

 In pursuit of defining antibody-mediated mechanisms of protection by FILORAB3, we 378 

concluded that neutralizing antibodies do not play a significant role in protection against 379 

survival. However, since we see high titers of specific IgG after vaccination, we hypothesized 380 

that non-neutralizing antibodies are involved in protection. This hypothesis was also supported 381 

by the finding the antibody levels correlated to survival (r2 = 0.7945). Functions of non-382 

neutralizing antibodies have been described for other viruses. We know that cocktail of 383 

exclusively non-neutralizing antibodies can protect NHPs against lethal Ebola challenge when 384 

administered as post-exposure prophylaxis (66). ZMapp, first used in the West African Ebola 385 

outbreak as emergency post-exposure prophylaxis, was developed to include a non-neutralizing 386 

antibody (c13C6) that binds to the tip of the viral glycoprotein after it was shown that inclusion of 387 

this antibody resulted in better survival in guinea pigs and in NHPs than a cocktail of neutralizing 388 

antibodies only (67). Non-neutralizing antibodies to HIV and lymphocytic choriomeningitis virus 389 

GPs inhibit infection of DCs and of macrophages and limit virus spread (66, 68). Various non-390 

neutralizing functions of antibodies elicited by vaccination against HIV have been described 391 

previously in great detail (44, 69, 70), and the recent RV144 Thai vaccine trial showed a 392 

correlation of protection between non-neutralizing antibodies and protection (71, 72).  393 

 To this end, we developed a novel, in vitro flow cytometry-based mouse ADCC assay to 394 

assess the ability of antibodies elicited by FILORAB3 to induce direct killing by NK cells (23). 395 

Purified IgG from the sera of mice immunized with 2 doses of adjuvanted FILORAB3 led to a 396 

significantly higher levels of killing by NK cells compared to purified IgG from sera of mice 397 

immunized with parental rabies vaccine alone plus adjuvant. When either GP-specific or control 398 

antibodies alone or NK cells alone were added to target cells expressing MARV GP, killing was 399 

significantly lower than when both specific antibodies and NK cells were present in the system. 400 
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 Furthermore, the cytotoxic effect could be abrogated to background levels of killing by 401 

the addition of mouse-specific FcγRIII-blocking antibodies. Taken together, these data 402 

demonstrate that NK cell-mediated killing measured in this assay is dependent upon FcγRIII 403 

receptor engagement with GP-specific antibodies. Furthermore, killing is antigen-dependent as 404 

GP-specific antibodies did not enhance killing beyond a background level for both target cells 405 

expressing either a different viral glycoprotein (Lassa virus GPC) or no viral envelope (Fig. 9E). 406 

While the importance of Fc gamma-dependent antibody-mediated immune responses have 407 

been described for Ebola virus (24-26), this result provides the first piece of evidence that 408 

ADCC may play a significant role in the protection against Marburg virus (24, 73). Other Fcγ-409 

dependent mechanisms of protection, such as FcγRI receptor-mediated phagocytosis or killing 410 

by macrophages or monocytes, could also be important and have been described in viral 411 

immunity for other viruses but were not tested within the scope of this study (28-30).  412 

 For filoviruses, in vitro ADCC capacity is not necessarily an effective predictor of in vivo 413 

protection (10). Therefore, we sought to determine the in vivo relevance of Fcγ-dependent 414 

antibody-mediated mechanisms of protection in a knockout mouse model in the BALB/c 415 

background. These knockout mice were developed by embryonic gene targeting to replace the 416 

gamma chain gene with a null allele. As a result, among other gamma chain-dependent immune 417 

effector functions, these mice have NK cells that lack ADCC function but are fertile and viable 418 

and have normal B and T cell compartments (43). We found no significant difference in the titers 419 

of GP-specific antibody induced between wildtype and KO mice receiving one dose of 420 

adjuvanted vaccine, but there was a significant difference in the survival between these groups. 421 

Since both pre-challenge animals and survivors had negligible titers of GP neutralizing 422 

antibodies (consistent with previous in vitro murine models), we concluded that in the absence 423 

of these potently neutralizing antibodies, functional Fcγ receptor is essential for survival in these 424 

mice. However, since KO mice receiving 2 doses of the vaccine showed indiscriminate survival 425 
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from the corresponding WT group, then it is apparent that Fcγ-independent mechanisms of 426 

protection are also involved in protection. Takada et al. described in vitro the phenomenon of 427 

GP specific antibodies that participate in budding inhibition of MARV. These antibodies are not 428 

classically neutralizing but can bind to GP on the surface of infected cells and prevent budding 429 

of progeny virions (57). Non-neutralizing antibodies that fix complement can also be an 430 

essential part of the antibody repertoire induced by FILORAB3 vaccination. The classical 431 

complement pathway has been shown to impact the control of influenza virus infections (74-77) 432 

and has been shown to be able to directly lyse HIV virions (78, 79). It is possible that our 433 

vaccine elicits antibodies that could bind to GP on the surface of infected cells and recruit C1q 434 

protein to initiate the classical complement cascade to lyse the infected cell or mediate 435 

opsonophagocytosis, however, complement added to our in vitro neutralization study does not 436 

decrease infectivity of lentivirus pseudotyped virions (data not shown), so direct lysis of MARV 437 

virions is not a likely mechanism of action. Lastly, since our vaccine is adjuvanted with GLA-SE, 438 

which is known to elicit type II interferon responses by induction of neutrophils and CD8+ T cells 439 

(80, 81), the possibility cannot be excluded that vaccination elicits CTLs that can kill virally 440 

infected cells during acute infection. 441 

 The studies described here demonstrate the potential for a RABV platform for the 442 

development of a safe and effective MARV vaccine. We have demonstrated preclinical safety 443 

and efficacy against the Angola strain of ma-MARV in mice. While protection against the highly 444 

pathogenic Angola strain is thought to confer protection against other MARV strains and RAVN 445 

(82-87), this still needs to be assessed with FILORAB3 in animal models. Presently, the 446 

immunogenicity and protective efficacy of FILORAB3 needs to be evaluated in NHPs to 447 

determine whether this candidate vaccine merits evaluation in humans, but preclinical results in 448 

mice, described in this paper, offer a promising outlook for the development of a human 449 

FILORAB3 vaccine. Additionally, further investigation into various other mechanisms of 450 
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protection are warranted in order to understand the optimal parameters of long-lasting immunity 451 

by FILORAB3.   452 

  453 
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Materials and Methods 454 

cDNA construction of vaccine vectors. 455 

We inserted codon-optimized Marburg virus glycoprotein gene GP (Angola strain, GenBank: 456 

KY047763.1) in between the N and P genes of the parental BNSP333 rabies vector using BsiWI 457 

and NheI restriction sites. Codon bias optimization for human codon use was carried out by 458 

GenScript, Inc. The resulting plasmid was designated BNSP333-coMARV-GP (FILORAB3), and 459 

the correct sequence of the plasmid was confirmed by sequencing using primers targeting the 460 

region between the N and P genes. 461 

 462 

Recovery of recombinant vectors. 463 

X-tremeGENE 9 transfection reagent (Roche Diagnostics) in Opti-MEM was used to transfect 464 

full-length viral cDNA clones along with support plasmids bearing RABV N, P, G, and L genes 465 

under the control of a T7 promoter and a plasmid expressing T7 RNA polymerase into BSR 466 

cells on 6-well plates as described previously (32-34). Successful recovery was determined by a 467 

rabies focus-forming assay. Briefly, 7 days after transfection, supernatant from each transfected 468 

well of the 6-well plate was transferred to duplicate wells of a 12-well plate seeded with VERO 469 

cells. 48 h later, cells in the 12-well plate were fixed with 80% acetone and stained with a FITC-470 

conjugated antibody against RABV N (Fujirebio Diagnostics, Inc). Fluorescence microscopy was 471 

used to observe the appearance of viral foci, indicative of recovered, infectious recombinant 472 

RABV.  473 

 474 

Sucrose purification and inactivation of the virus particles. 475 
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FILORAB3 was grown large-scale by infecting VERO cells in a 2-stack plate at MOI = 0.001. 476 

The supernatant was collected every 4 days for a total of 6 harvests. Harvests were titered 477 

using rabies focus-forming assay and harvest 4-6 were pooled and concentrated 9x in a stirred 478 

300-ml ultrafiltration cell (Millipore). Concentrated supernatant was then centrifuged for 2 h at 479 

25,000 rpm through a 20% sucrose cushion using SW32 Ti rotor (Beckman, Inc.) to pellet virus 480 

particles. Virion pellets were resuspended in phosphate-buffered saline (PBS), and protein 481 

concentrations were determined using a bicinchoninic acid (BCA) assay kit (Pierce). The virus 482 

particles were chemically inactivated with β-propiolactone (BPL) at a dilution of 1:2000 overnight 483 

at 4 °C. BPL in the virus preparation was inactivated the next day by hydrolysis at 37 °C for 30 484 

min. The absence of infectious particles was verified by inoculating VERO cells in a T25 vessel 485 

with 10 μg of BPL-inactivated virus for 2 passages. Inoculated cells were fixed and stained with 486 

FITC-conjugated anti-RABV N mAb and visualized by fluorescence microscopy for the presence 487 

of foci of infection. 488 

 489 

Immunofluorescence testing of the vaccine.  490 

VERO cells were plated onto 12-well plates with 3E5 cells with 15mm circular diameter 491 

coverslips inserted and then incubated overnight at 37 °C. The next day the wells were infected 492 

at an MOI of 0.01 in 500 μL of serum-free media (OptiPro) per well with FILORAB3 or 493 

BNSP333, mixed by rocking, and then incubated at 34 °C for 48 h. After 48 h, cells were 494 

washed with one mL of 1x PBS, then fixed with 500 μL of 2% paraformaldehyde (PFA) diluted in 495 

PBS for 15 min at room temperature. PFA was removed by aspiration and cells washed 3x with 496 

1x PBS. 1 mL of blocking solution (4% fetal bovine serum [FBS] in PBS) was added to each well 497 

for 1 h at room temperature while on the shaker. Blocking solution was aspirated off, then 500 498 

μL of primary antibody diluted 1:250 in 2% FBS was added for 1 h while rocking. Cells were 499 
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washed 4 times with 1x PBS and then 500 μL of 1:300 secondary antibodies containing Cy2 500 

and Cy3 dyes and incubated at room temperature for 45 min. Cells were washed 5 times with 501 

1x PBS and then cells were mounted onto slides with the mounting solution containing DAPI 502 

with the coverslips face down onto the slide and stored overnight at room temperature for 503 

viewing the next day. 504 

 505 

Pathogenicity and immunogenicity studies.  506 

(i) Animal ethics statement 507 

This study was carried out in strict adherence to recommendations described in the Guide for 508 

the Care and Use of Laboratory Animals (15), as well as guidelines of the National Institutes of 509 

Health, the Office of Animal Welfare, and the United States Department of Agriculture. All 510 

animal work was approved by the Institutional Animal Care and Use Committee (IACUC) at 511 

Thomas Jefferson University (animal protocols 00990, 01155, 01647). All procedures were 512 

carried out under isoflurane anesthesia by trained personnel, under the supervision of veterinary 513 

staff. Mice were housed in cages, in groups of 5, under controlled conditions of humidity, 514 

temperature, and light (12-h light/12-h dark cycles). Food and water were available ad libitum. 515 

 516 

ii) Immunizations 517 

Two groups of 6- to 8-week old C56BL/6 mice were immunized intramuscularly with 10 μg of 518 

virus particles and 5 ug of GLA-SE in a total volume of 100 μL (50 μL per hindlimb). The 2 519 

groups were as follows: inactivated FILORAB3 and inactivated BNSP333. Each group consisted 520 

of 5 female mice.  Mice receiving inactivated vaccine were given 2 doses on day 0 and day 28. 521 
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 522 

iii) Pathogenicity experiments 523 

Groups of suckling mice (n=8) were intracranially infected with escalating doses of FILORAB3 524 

(2 log10, 4 log10, 5 log10 ffu) or 5log10 FFU of parental rabies, BNSP. Groups of adult SCID mice 525 

(n=8) were intracranially infected with 6 log10 ffu of live FILORAB3 or parental rabies, BNSP. 526 

The mice were monitored for signs of disease such as ruffled fur, ataxia, and disorientation and 527 

weighed until day 40. Mice that lost more than 20% of their original weight were considered to 528 

have reached the endpoint and were euthanized. 529 

All vaccine efficacy experiments involving the use of mouse-adapted MARV (GenBank 530 

Accession number KM261523) were performed under Bio Safety Level-4 conditions at the 531 

National Institute for Allergy and Infectious Disease Integrated Research Facility-Frederick MD 532 

and approved by the National Institute for Allergy and Infectious Disease, Division of Clinical 533 

Research, Animal Care and Use Committee. Samples removed from the BSL-4 environment for 534 

further analyses were inactivated by 5MRad gamma-irradiation (sera) or Trizol LS in a 3:1 535 

vol:vol ratio (whole blood). Seven groups of 10 mice each were vaccinated as follows: Group 1: 536 

Vehicle (PBS)-no ma-MARV exposure, Group 2: Vehicle (PBS), Group 3: BNSP333 (rabies 537 

parental vaccine virus) 5.69 log10 PFU of vaccine, Group 4 FILORAB3, 5.69log10 PFU of 538 

vaccine, Group 5: 10μg inactivated FILORAB3 + 5μg GLA-SE D-40 vaccination, Group 6: 10μg 539 

inactivated FILORAB3 + 5μg GLA-SE D-54, D-40 vaccination (prime-boost). Group 7: 10μg 540 

inactivated FILORAB3 + 5μg GLA-SE D-61, D-54, D-40 vaccination (prime-boost-boost). All 541 

groups except Group 1 were exposed to 1,000 PFU ma-MARV by intraperitoneal injection and 542 

Group 1 received PBS on D0. 543 

Production of HA-tagged MARV-GP. 544 
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Subconfluent T175 flasks of 293T cells (human kidney cell line) were transfected with a 545 

eukaryotic expression vector (pDisplay) encoding amino acids 1 to 643 of the head and stalk 546 

domains of codon-optimized MARV-GP (Angola strain) fused to a C-terminal hemagglutinin 547 

(HA) peptide. Supernatant was collected 48 h after transfection, clarified by centrifugation, and 548 

filtered through a 0.45 um filter before being loaded onto an equilibrated anti-HA agarose 549 

column (Pierce) containing a 2.5 ml agarose bed volume. The supernatant was allowed to bind 550 

to the column overnight at 4 °C. The next day, the column was washed with 10-bed volumes of 551 

TBST (TBS with 0.05% Tween 20) and 2-bed volumes of TBS, and bound MARV-GP-HA was 552 

eluted with 5 ml of 250 ug/ml HA peptide in TBS. Fractions were collected and analyzed for the 553 

presence of coMARV-GP by Western blotting with monoclonal anti-HA antibody (Sigma) 554 

prepared in 5% BSA-TBST. Peak fractions were pooled and dialyzed against PBS in 10,000 555 

molecular weight cutoff dialysis cassettes (MWCO) (Thermo Scientific) to remove excess HA 556 

peptide. After dialysis, the protein was quantified by BCA and frozen in aliquots at -80 °C. 557 

Further characterization was carried out by Western blotting analysis with monoclonal mouse 558 

antibodies 3E10 and 5A2 to confirm presence of both GP1 and GP2 subunits, respectively.  559 

RABV and MARV-GP Response by ELISA. 560 

Sera from immunized mice were collected by retro-orbital eye bleed under isoflurane anesthesia 561 

on days 0, 28, and 42, and samples were tested for immunogenicity by indirect ELISA using C-562 

terminus HA-tagged soluble recombinant protein for antibody capture (Fig. 5). We tested 563 

individual mouse sera as well as purified immunoglobulin G from day 42 for the presence of 564 

total IgG specific to MARV-GP and RABV-G. To test for anti-MARV-GP humoral responses, we 565 

produced soluble MARV GP (sMGP) as described above. Soluble MARV GP was resuspended 566 

in coating buffer (50 mM Na2CO3 [pH 9.6]) at a concentration of 0.5 ug/mL and then plated in 567 

96-well ELISA MaxiSorp plates (Nunc) at 100 μL in each well. RABV-G was also resuspended 568 

in coating buffer at a concentration of 0.5 ug/mL and then plated in 96-well ELISA MaxiSorp 569 
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plates (Nunc) at 100 μl per well. After overnight incubation at 4 °C, plates were washed 3 times 570 

with PBST (0.05% Tween 20 in 1× PBS) and incubated for 1 h at room temperature with 571 

blocking buffer (5% dry milk powder in 1x PBST) in a volume of 250 μl per well. The plates were 572 

then washed 3 times with PBST and incubated overnight at 4 °C with 3-fold or 4-fold serial 573 

dilutions of sera from immunized mice in PBS containing 0.5% BSA. Plates were washed 3 574 

times the next day, followed by the addition of horseradish peroxidase-conjugated goat anti-575 

mouse-IgG (H+L) secondary antibody (1:20,000) (Jackson ImmunoResearch). After incubation 576 

for 2 h at room temperature, plates were washed 3 times with PBST, and 200μl of o-577 

phenylenediamine dihydrochloride (OPD) substrate (Sigma) was added to each well. The 578 

reaction was stopped by the addition of 50 μl of 3 M H2SO4per well after 15 min. Optical density 579 

was determined at 490 nm (OD490). 580 

Antibody-dependent cellular cytotoxicity (ADCC). 581 

In the direct ADCC assay, target cells were 3T3 mouse fibroblast cells made to express GP 582 

antigen on their surface by transduction with murine stem cell virus bearing the GP gene 583 

(MSCV-MARV GP) and GFP reporter gene. Effector cells were primary NK cells derived from 584 

naïve mouse splenocytes and purified by Miltenyi MACS® Mouse NK cell isolation kit II. Purified 585 

NK cells were further enriched in culture with recombinant mouse IL-2 and IL-15 cytokines.  586 

Procedurally, labeled target cells were seeded in a 96-well U-bottom plate and incubated for 30 587 

min at 37 °C with 50ug/mL of purified IgG derived from sera from animals previously immunized 588 

with FILORAB3 to allow binding of GP-specific antibodies to surface antigen. Non-specific sera 589 

were used as negative controls. Subsequently, purified NK cells were added at an effector cell-590 

to-target cell ratio of either 5:1 or 10:1 and incubated for 4 h at 37 °C. Propidium iodide 591 

(35ug/mL) viability dye was then added to these cells which were analyzed by flow cytometry 592 
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using a BD LSR-Fortessa cytometer. ADCC activity was measured as the percent of target cells 593 

killed (GFP/PI positive) out of the total GFP positive target cell population (1).  594 

Virus neutralization Assay (VNA). 595 

HIV lentivirus bearing a luciferase reporter gene was pseudotyped with either MARV GP or 596 

RABV G and 10,000 infectious particles per well (as measured by qPCR using ABM® lentiviral 597 

tittering assay) were incubated for 30 min (in a total volume of 60uL) at 37 °C with dilutions of 598 

purified immunoglobulin from the sera from FILORAB3 and control immunized mice in a 96-well 599 

U-bottom plate before infection of a monolayer of 293T target cells seeded in a 96-well flat 600 

bottom plate 24 h prior in 5% complete DMEM. At 48 h after incubation at 37 °C, the target cells 601 

were lysed and spin clarified, and supernatant from these cells was measured for luciferase 602 

activity (in relative light units) by FluoStar Omega fluorimeter in a luciferase assay based in 96-603 

well white plates using D-luciferin salt (Sigma) reconstituted in ATP-containing buffer to a 604 

concentration of 0.5mM as the substrate.  Positive luciferase activity indicated infectivity by 605 

pseudotyped virus, and the infectivity was normalized to the infectivity in control conditions 606 

where no antibody was added (i.e., maximum infectivity signal). Neutralization was reported as 607 

a percentage of infectivity, and potent neutralization activity was measured by IC50 values. 608 

  609 
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Figure. 1. FILORAB3 vaccine constructs. Schematic of RABV vaccine constructs expressing 872 

codon-optimized Angola strain MARV GP (FILORAB3) used for immunizations. MARV GP is 873 

inserted between the N and P genes of the negative sense RNA genome of RABV. The 333 874 

mutation in RABV G that attenuates neurovirulence is depicted. 875 

 876 

Figure. 2. Growth kinetics of recombinant RABV/MARV (FILORAB3). Multi-step growth 877 

curve comparing the kinetics of live virus replication of FILORAB3 (red), parental RABV vaccine 878 

vector (BNSP333, blue), and recombinant rabies expressing codon-optimized Ebola 879 

glycoprotein (FILORAB1, green) in the recovery cell line (BSR cells).  BSR cells were infected 880 

with a multiplicity of infection of 0.1 and supernatant was collected at 0, 24, 48, 72, and 96 h. 881 

Virus titers were measured by foci-forming assay (in Y axis) and plotted through time (X axis). 882 

 883 

Figure 3. Vaccine vector characterization. (a) VERO CCL-81 cells were infected at a MOI of 884 

0.1 with BNSP333 parental rabies vaccine virus or recombinant FILORAB3 for 48 h later before 885 

surface immunostaining with monoclonal antibodies directed against RABV G (Green) and 886 

MARV GP (Red). Yellow indicates an overlap in the expression of both glycoproteins. (b) [left 887 

panel] 4ug each of purified inactivated FILORAB3 and control virions were loaded onto a 888 

denaturing 10% SDS-PAGE gel and stained with SYPRO Ruby to visualize incorporated 889 

proteins. Full-length codon-optimized MARV GP and soluble MARV GP (2ug) with 890 

transmembrane and cytoplasmic domain deletion (used for antibody capture in ELISAs) are 891 

indicated by the red box. FILORAB1 purified virions were included as a control for successful 892 

foreign glycoprotein incorporation. Critical RABV proteins are indicated. [right] Confirmation of 893 

MARV GP incorporation into purified FILORAB3 virions by Western blot analysis. 2ug of purified 894 

inactivated FILORAB3 or control virions were loaded onto 10%SDS-PAGE gel and transferred 895 
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to a nitrocellulose membrane. The blot was probed with a cocktail of two mouse-derived 896 

monoclonal antibodies specific for either the GP1 or GP2 subunit of MARV GP. Lysates from 897 

VERO cells infected with MARV were used a positive control. As a negative control, mock 898 

infected or Lassa virus infected VERO cell lysate was used.  899 

 900 

Figure 4. Pathogenicity in vivo of FILORAB3 (A) Survival in newborn BALB/c mice (n=8) 901 

intracranially challenged with escalating doses of live FILORAB3 compared to live parental 902 

rabies virus (BNSP) in blue. (B) Survival in adult SCID mice (n=8) challenged intramuscularly 903 

with 6 log10 ffu of either FILORAB3 (red line), BNSP as a positive control (blue line), or PBS as a 904 

negative control (gray line). The log-rank (Mantel-Cox) test was used for comparison of survival 905 

curves to assess significant differences in survival. 906 

 907 

Figure 5. Characterization of recombinant soluble MARV GP capture antigen for indirect 908 

ELISA. (a) 1ug of purified soluble MARV GP antigen was loaded onto a denaturing SDS-PAGE 909 

gel for Western Blot analysis. Blots were probed with anti-MARV GP1 or anti-MARV GP2 910 

mouse monoclonal antibodies to confirm the presence of both subunits of MARV GP. (b) 50ng 911 

of soluble MARV GP antigen was used to coat wells in a 96-well plate for an indirect ELISA to 912 

test reactivity against MARV GP specific sera or antibodies. A 1:500 starting dilution of sera 913 

from an NHP survivor of Marburg virus disease (blue solid line) and a 1:50 starting dilution of an 914 

anti-GP2 monoclonal mouse antibody (red solid line) was analyzed in a 3-fold serial dilution in 915 

the ELISA. Pooled pre-immune sera from naïve BALB/c mice and NHPs were used as negative 916 

controls (red & blue dotted lines, respectively).  917 

 918 

 on January 1, 2019 by guest
http://jvi.asm

.org/
D

ow
nloaded from

 



 39 

Figure 6. Humoral response to FILORAB3. (a) Experimental timeline for immunization of 919 

C57BL/6 mice (n=5 per group). C57BL/6 mice were immunized IM in the gastrocnemius muscle 920 

with a total of 10μg each of either FILORAB3 or BNSP333 inactivated viral particles adjuvanted 921 

with 5ug of a TLR-4 agonist in 2% stable emulsion (GLA-SE). All mice were primed on Day 0 922 

and boosted once on Day 28. (b). Sera from immunized mice at Day 42 post inoculation were 923 

diluted 1:50 and analyzed in a 3-fold serial dilution via indirect ELISA to test for relative 924 

quantities of both MARV GP-specific (top panel) and RABV G-specific (bottom panel) 925 

antibodies. OD490 values were compared to antigen-specific monoclonal antibody positive 926 

control samples (black starred lines). (c) EC50 values from total MARV (top) and RABV 927 

(bottom) IgG ELISA curves were analyzed. Statistical significance was performed using 928 

unpaired t-test with Welch’s correction to compare FILORAB3 and BNSP333-immunized 929 

groups. Results are presented as mean values; *p<0.05, **p<0.01, ***p<0.001. (d) IgG2 and 930 

IgG1 isotype responses in FILORAB3- and BNSP333-immunized mice were assessed by 931 

ELISA at Day 42 post inoculation to evaluate Th1 vs Th2 biased humoral immunity. (e) Purified 932 

IgG derived from pooled sera of FILORAB3 or BNSP333-immunized mice were analyzed in an 933 

in vitro pseudotyped lentivirus luciferase assay to determine the titers of MARV GP and RABV 934 

G neutralizing antibodies compared to a positive control monoclonal antibody known to 935 

neutralize either MARV or RABV pseudotyped virus in vitro (gray lines). Graphs are 936 

representative of average data from three independent experiments. Gray horizontal line 937 

indicates the threshold for 50% reduction in infection. 938 

Figure 7. Murine MARV challenge model. (a) Experimental timeline for immunization of 939 

BALB/c mice and table of immunization groups included in the study. Groups of mice (n=10 per 940 

group) were immunized IM in the gastrocnemius muscle with the indicated treatments. Mice 941 

receiving 3 doses of adjuvanted inactivated vaccine (Group 7) were primed 61 days before 942 

challenge (D-61) and boosted both 54 and 40 days before challenge (D-54, D-40). Mice 943 
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receiving 2 doses of adjuvanted inactivated vaccine (Group 6) were primed 54 days before 944 

challenge (D-54) and boosted 40 days before challenge (D-40). All other groups of mice were 945 

primed 40 days before challenge (D-40). (b) Survival of BALB/c mice challenged 946 

intraperitoneally (i.p.) with a lethal dose of ma-MARV (1000pfu). (c) Pre-challenge humoral 947 

response in pooled mouse sera from each vaccine group after completion of immunization 948 

schedule (Day 0). Left and right panels show MARV GP and RABV-G specific antibody titers 949 

(ELISA curves and corresponding bar graph of EC50 values) compared to positive control 950 

monoclonal antibodies (gray lines, gray bars). (d) Bar graph of MARV GP-specific IgG1 and 951 

IgG2 isotype ELISA OD490 readings at the lowest antibody dilution (1:50) in pre-challenge sera 952 

(D0) for each vaccine group. (e) Post-challenge humoral response in pooled sera from survivor 953 

mice in the indicated vaccine groups after challenge with ma-MARV (Day 28, necropsy). Left 954 

and right panels show MARV GP and RABV-G specific antibody titers (Bar graph of EC50 955 

values) compared to positive control monoclonal antibodies (gray bars). The D’Agostino & 956 

Pearson normality test was performed to test for normal distribution in each data set.  Statistical 957 

significance for MARV-GP antibody titers was performed using the nonparametric Kruskal-958 

Wallis test and Dunn’s multiple comparisons test. For RABV G antibody titers, statistical 959 

significance was performed using ordinary one-way ANOVA with Holm-Sidak’s multiple 960 

comparisons test. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. (f) Bar graph of MARV GP-961 

specific IgG1 and IgG2 isotype ELISA OD490 readings at the lowest antibody dilution (1:150) in 962 

post-challenge sera (D28) for each vaccine group. (g) Purified IgG derived from pooled mouse 963 

sera from the indicated vaccine groups were analyzed in an in vitro pseudotyped lentivirus 964 

luciferase assay to determine the titers of both pre-challenge (D0) and post-challenge (D28) 965 

MARV GP and RABV G neutralizing antibodies compared to a positive control monoclonal 966 

antibody known to neutralize either MARV or RABV pseudotyped virus in vitro (gray lines). 967 

Graphs are representative of average data from three independent experiments. Gray horizontal 968 

line indicates the threshold for 50% reduction in infection. 969 
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 970 

Figure 8. Evaluation of NK cell-mediated antibody-dependent cellular cytotoxicity (ADCC) 971 

effector function in an in vitro killing assay. Purified IgG derived from pooled sera of BALB/c 972 

mice immunized with either adjuvanted FILORAB3 (purple) or adjuvanted BNSP333 (blue) was 973 

incubated with 3T3-MARV cells with or without addition of an antibody cocktail to block FcγRIII 974 

receptor on the surface of NK cells. NK effector cells were subsequently added at an effector to 975 

target cell ratio of 5:1. Killing was measured by flow cytometry (reported as % cytotoxicity). As 976 

negative controls, 3T3-MARV cells were incubated with purified IgG alone in the absence of NK 977 

effector cells (black/brown bars) or with NK effector cells alone and no antibodies (orange bars). 978 

Statistical significance was performed using 2way ANOVA and post-hoc analysis with Tukey’s 979 

multiple comparisons test. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Data is representative 980 

of average values from triplicate values across 3 independent experiments. 981 

 982 

Figure 9. Characterization of in vitro NK cell-mediated ADCC assay (a) Schematic depicting 983 

the experimental procedure and corresponding biological events for our in vitro mouse ADCC 984 

direct killing assay. (b) [left panel] MARV GP expression in transduced mouse 3T3 target cells 985 

was confirmed by flow cytometry (green curve) using an anti-MARV GP mouse monoclonal 986 

antibody (mAb 3E10). 3T3 target cells expressing a non-specific viral glycoprotein (LASV GPC) 987 

were stained with mAb 3E10 and assayed as a negative control (blue curve). VERO CCL81 988 

cells infected at an MOI of 0.1 for 48 hrs were fixed and stained with mAb 3E10 and assayed as 989 

a positive control for MARV GP expression (red curve). [right panel] Bar graph derived from flow 990 

cytometry plots showing the geometric mean of medium fluorescence intensity (MFI) for both 991 

GFP and MARV GP. (c) Phenotypic characterization by flow cytometry on magnetically-purified 992 

NK cells enriched from splenocytes of naïve BALB/c mice to determine the purity of NK cells in 993 

the effector cell population for the ADCC assay. CD3 and NKp46 biomarkers were used to 994 
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identify the percentage of effector NK cells in the population. (d) Gating strategy on 3T3-MARV 995 

cells for ADCC assay. Percentage of cytotoxicity was determined by the percentage of 996 

GFP+/Propidium iodide (PI)+ cells in the total parental GFP+ cell population. Top row is a 997 

representative flow plot of killing in 3T3-MARV target cells incubated with negative control sera. 998 

Bottom row is a representative flow plot of killing in target cells incubated with purified IgG 999 

derived from pooled sera from BALB/c mice immunized with FILORAB3. (e) Overlapping PI 1000 

histograms of 3T3-MARV (blue) and 3T3-LASV (red) cells incubated with FILORAB3 purified 1001 

IgG (1:100) showing the difference in cytotoxicity. 40,000 target cells were used in the assay.  1002 

Figure 10. Evaluation of the in vivo relevance of Fcγ receptor in protection against ma-1003 

MARV in a murine challenge model. (a) Experimental timeline for immunization of BALB/c 1004 

mice and table of the immunization groups included in the study. Groups of wildtype or Fcγ 1005 

knockout mice (n=12 per group) were immunized IM in the gastrocnemius muscle with the 1006 

indicated treatments. Mice receiving 2 doses of adjuvanted inactivated vaccine (Groups 6 & 7) 1007 

were primed 61 days before challenge (D-61) and boosted both 54 and 40 days before 1008 

challenge (D-54, D-40). All other groups of mice were primed 40 days before challenge (D-40). 1009 

(b) Survival of BALB/c mice challenged intraperitoneally (i.p.) with a lethal dose of ma-MARV 1010 

(1000pfu). Statistical significance was performed using Log-rank (Mantel-Cox) test for 1011 

comparison of survival curves (*p<0.05, **p<0.01). (c) Pre-challenge humoral response in 1012 

pooled mouse sera from each vaccine group after completion of immunization schedule (Day 0). 1013 

Left and right panels show MARV GP and RABV-G specific antibody titers (Bar graph of EC50 1014 

values) compared to positive control monoclonal antibodies (gray bars). The D’Agostino & 1015 

Pearson normality test was performed to test for normal distribution in each data set.  Statistical 1016 

significance for both MARV-GP and RABV G antibody titers was performed using the 1017 

nonparametric Kruskal-Wallis test and Dunn’s multiple comparisons test (*p<0.05, **p<0.01, 1018 

***p<0.001, ****p<0.0001) (d) Post-challenge humoral response in pooled sera from survivor 1019 
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mice in the indicated vaccine groups after challenge with ma-MARV (Day 28, necropsy). [left & 1020 

middle graphs] MARV GP and RABV G specific antibody titers are represented by EC50 values 1021 

of ELISA curves compared to positive control monoclonal antibodies (gray bars). The 1022 

D’Agostino & Pearson normality test was performed to test for normal distribution in each data 1023 

set. Statistical significance for MARV-GP antibody titers was performed using the nonparametric 1024 

Kruskal-Wallis test and Dunn’s multiple comparisons test (*p<0.05, **p<0.01, ***p<0.001, 1025 

****p<0.0001). [right graph] Bar graph of MARV GP-specific IgG1 and IgG2 isotype ELISA 1026 

OD490 readings at the lowest antibody dilution (1:50) in post-challenge sera (D28) for survivors 1027 

in the indicated vaccine groups. (e) Pooled sera from mice from the indicated vaccine groups 1028 

were analyzed in an in vitro pseudotyped lentivirus luciferase assay to determine the titers of 1029 

both pre-challenge (D0) and post-challenge (D28) MARV GP and RABV G neutralizing 1030 

antibodies compared to a positive control monoclonal antibody known to neutralize either MARV 1031 

or RABV pseudotyped virus in vitro (gray lines). Graphs are representative of average data from 1032 

three independent experiments. Gray horizontal line indicates the threshold for 50% reduction in 1033 

infection. 1034 

 1035 
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Figure 5 
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Figure 9 
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Figure 10 
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