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  1051 

One Sentence Summary: A single dose of a clinically-relevant adenovirus-based vaccine 1052 

induces a strong and functional antibody response against group B meningococcus.  1053 

  1054 

Abstract: Adenoviral-vectored vaccines are licensed for prevention of severe acute respiratory 1055 

syndrome coronavirus 2 (SARS-CoV-2) and Ebola virus, but, for bacterial proteins, expression 1056 

in a eukaryotic cell may impact the antigen’s localization, conformation, or lead to unwanted 1057 

glycosylation. Here, we investigated the potential use of an adenoviral-vectored vaccine platform 1058 

for capsular group B meningococcus (MenB).  Vector-based candidate vaccines expressing 1059 

MenB antigen factor H binding protein (fHbp) were generated, and immunogenicity was 1060 

assessed in mouse models, including the functional antibody response by serum bactericidal 1061 

assay (SBA) using human complement. All adenovirus-based vaccine candidates induced high 1062 



 

antigen-specific antibody and T cell responses. A single dose induced functional serum 1063 

bactericidal responses with titers superior or equal to those induced by two doses of proteinbased 1064 

comparators, as well as longer persistence and a similar breadth. The fHbp transgene was further 1065 

optimized for human use by incorporating a mutation abrogating binding to the human 1066 

complement inhibitor factor H. The resulting vaccine candidate induced high and persistent SBA 1067 

responses in transgenic mice expressing human factor H. The optimized transgene was inserted 1068 

into the clinically-relevant ChAdOx1 backbone, and this vaccine has now progressed to clinical 1069 

development. The results of this preclinical vaccine development study underline the potential of 1070 

vaccines based on genetic material to induce functional antibody responses against bacterial 1071 

outer membrane proteins.  1072 

  1073 

Main Text:  1074 

INTRODUCTION  1075 

Neisseria meningitidis is a leading cause of childhood meningitis and septicemia in several 1076 

countries, including the United Kingdom. Effective conjugate vaccines against the capsular 1077 

groups A, C, W and Y, are licensed, For the serogroup B (MenB), the licensed vaccines 1078 

4component MenB vaccine (4CMenB, Bexsero, GlaxoSmithKline) and recombinant lipoprotein 1079 

2086 (rLP2086, Trumenba, Pfizer) are based on subcapsular protein antigens (1–5). 4CMenB 1080 

also contains outer membrane vesicles (OMV), used to control a previous outbreak in New 1081 

Zealand (6). Both vaccines are licensed for adolescents and adults in a two-dose schedule (4), but 1082 

the persistence of the protective response appears limited(7), and there is no evidence that 1083 

4CMenB can reduce bacterial colonization within an organism (8). These factors negatively 1084 

affect the cost-effectiveness of an adolescent program for MenB vaccines (9). A low cost, 1085 

singledose MenB vaccine capable of inducing sustained protective immune responses would be 1086 

well positioned (10).  1087 

Viral-based vaccine platforms such as adenoviral and poxviral vectors induce both innate and 1088 

adaptive immune responses in mammalian hosts (11, 12). Although they were originally 1089 

developed for their well-recognized ability to induce potent cellular immunity, a single dose of 1090 

an adenovirus-based vaccine is able to induce potent neutralizing antibodies against some 1091 

pathogens, as demonstrated with vaccines against rabies (13), severe acute respiratory syndrome 1092 

coronavirus 2 (SARS-CoV-2) (14, 15), malaria (16) and Ebola virus (17). Their capacity to 1093 

induce strong interferon (IFN)-γ producing T cell responses should provide the ideal conditions 1094 

for class switching to complement-fixing bactericidal antibody against MenB (18).  1095 

The use of viral vectors to induce antibody responses to bacterial outer membrane proteins is 1096 

complicated by the differences between prokaryotic and eukaryotic expression systems, which 1097 

may result in incorrect or sub-optimal expression of bacterial antigens in mammalian cells. If 1098 

successfully expressed, there may still be a loss of protective epitopes due to misfolding or 1099 

aberrant post-transcriptional modifications (19). However, some successes at eliciting functional 1100 

responses were described for bacterial antigens from Streptococcus pneumoniae (20) and 1101 

Yersinia pestis (21). In the current study, a series of vectors were constructed expressing the 1102 

MenB protective antigen factor H binding protein (fHbp) (22–25). The vectors were assessed for 1103 

antigen expression in mammalian cells, and for immunogenicity and induction of protective 1104 



 

bactericidal activity in mouse models. One candidate was selected and optimized for human use 1105 

by incorporating a point mutation, which abrogates binding of fHbp to the human complement 1106 

inhibitor factor H. The resulting vaccine candidate is now in clinical development.  1107 

  1108 

RESULTS   1109 

Adenoviral vaccine vectors encoding fHbp induce bactericidal activity in mice.   1110 

Recombinant replication-deficient human adenovirus 5 (HuAd5) vectors encoding a full length 1111 

(immature sequence including the signal sequence), or a truncated version (without the signal 1112 

sequence) of fHbp were created (HuAd5 fHbp and HuAd5 fHbp-truncated, respectively). Both 1113 

vectors induced antibody responses in BALB/c mice as soon as two weeks post a single 1114 

intramuscular injection, as evidenced by antibodies detected against whole H44/76 bacteria 1115 

containing a homologous fHbp variant (Fig. 1A). The antibody titers were of similar magnitude 1116 

to those induced by a single dose of native H44/76 OMVs containing the same fHbp variant as 1117 

well as many more antigens including the immunodominant PorA protein. Endpoint 1118 

enzymelinked immunosorbent assay (ELISA) titers reached 32,000 to 256,000 at week 6 post 1119 

HuAd5 fHbp injection, and 16,000 to 128,000 with native OMVs (Fig. 1A). An analysis of the 1120 

IgG subclasses at week 6 indicated that HuAd5 fHbp induced IgG1 and IgG2a mainly, whereas 1121 

the native H44/76 OMVs induced responses that also included high IgG2b and IgG3 antibodies 1122 

(Fig.  1123 

1B). The latter could be directed against any of the immunogenic antigens comprised within 1124 

OMVs, in particular the immunodominant PorA. Both the full length and truncated 1125 

fHbpencoding adenoviruses elicited T cell responses (Fig 1C).  1126 

Importantly, both vectors were able to induce functional antibody responses, as evidenced by the 1127 

bactericidal activity detected in pooled mouse serum samples at week 42 (Fig. 1D). Individual 1128 

SBA titers and T-cell responses were similar when a tissue plasminogen activator (tPA) signal 1129 

sequence was used instead or in addition of the wild type fHbp signal sequence (fig. S1A and 1130 

S1B). The vector comprising both the tPA signal sequence followed by the full-length 1131 

(immature) bacterial signal sequence (HuAd5 fHbp) was selected for further analysis and 1132 

optimization. Induction of bactericidal response was confirmed in a second mouse inbred strain 1133 

(NIH Swiss) against strain H44/76-SL as well as against another bacterial strain expressing a 1134 

lower amount of fHbp variant 1.1 (BZ83, Fig. 1E), and also after intranasal and sublingual 1135 

delivery (fig. S1C). A dose response experiment suggested that bactericidal responses appeared 1136 

highest after vaccination with 109 infectious units (IU) per mouse (Fig. 1F), a relatively high 1137 

dose in mice. Finally, a longitudinal study was performed. As a single dose OMV vaccines is 1138 

poorly immunogenic, and OMVs are not used as single dose in humans, a single dose adenovirus 1139 

was compared with two doses OMV in order to better represent real use (Fig. 1G).  We observed 1140 

that a single injection with HuAd5 fHbp elicited SBA titers that were consistently equivalent to 1141 

or higher than OMV-induced responses, at different time points, included when compared with 1142 

two doses of OMVs (Fig. 1H). The quantitative antibody responses, detected by ELISA, were 1143 

similar between a single dose HuAd5 fHbp, expressing a single antigen, and two doses of 1144 

OMVs, containing many more antigens (Fig. 1I). Moreover, the SBA titers remained stable up to 1145 

32 weeks post the single injection with HuAd5 fHbp (Fig. 1H). Altogether these results confirm 1146 



 

the capacity of the adenoviral-vector platform to elicit functional antibody responses after a 1147 

single dose in mice.   1148 

  1149 

The adenovirus-induced SBA response is not increased with a prime-boost regimen.  1150 

Heterologous prime-boost regimens using a vectored vaccine construct have been shown to 1151 

induce higher antibody responses than single dose or homologous prime-boost modalities (26). 1152 

Combinations of HuAd5 fHbp and native (n) OMVs from strain H44/76 were assessed in mice 1153 

(Fig. 2A and B). The SBA responses induced by two-dose approaches (homologous and 1154 

heterologous) did not induce higher SBA titers than those observed at 6 weeks post a single 1155 

injection (Fig. 2C). Remarkably, the SBA assay against strain H44/76-SL detects bactericidal 1156 

antibodies directed to all antigens present in the OMVs, including the immunodominant and 1157 

protective antigen PorA, and thus may advantage the OMV vaccine, due to this PorA-specific 1158 

response, as well as potential bactericidal responses to other lesser known antigens. Therefore, 1159 

strain BZ83 was used as target in the SBA assay as it contains low amounts of homologous fHbp 1160 

variant 1.1, and a PorA (P1.5-2,10) heterologous to the OMVs used for immunizing mice (P1.7, 1161 

16), and thus allows a fairer comparison of the fHbp-specific bactericidal antibodies in this 1162 

study. Only HuAd5 fHbp was able to elicit SBA responses against this strain, whereas nOMVs 1163 

did not (Fig. 2D).  1164 

One of the most immunogenic vaccine regimens with regard to induction of T cell responses is 1165 

based on heterologous adenovirus prime-poxvirus boost regimen (27). A Th1-biased T cell 1166 

response may be associated with better functional responses to protein-based meningococcal 1167 

vaccines (18). Therefore, the heterologous vectored prime-boost approach was explored, using a 1168 

modified vaccinia Ankara (MVA) vector encoding the same fHbp 1.1 sequence as in the 1169 

adenovirus prime (Fig. 2E). MVA was a poorer primer of antibody responses as compared with 1170 

HuAd5, as evidenced by the lower and slower induction of SBA response after a single dose 1171 

(Fig. 2F). The prime-boost regimen, whether HuAd5-MVA or MVA-HuAd5, did not induce 1172 

substantially higher SBA titers than HuAd5 alone, (Fig. 2F). The SBA responses persisted in all 1173 

groups up to week 50 (Fig. 2F). Addition of an adjuvant previously shown to increase the 1174 

immunogenicity of adenoviral vectors (AddaVax) also did not impact the SBA response induced 1175 

by HuAd5 fHbp (Fig. 2F), nor the amount of binding antibodies as detected by ELISA at week 1176 

50 (Fig. 2G). At week 50 post the single injection or prime, bone marrow B cell responses were 1177 

explored in a subset of groups as these are associated with longer persistence of circulating 1178 

antibodies. The results did not suggest that the heterologous prime-boost elicited higher B cell 1179 

responses (Fig. 2H). Similar results were observed in an independent experiment using bone 1180 

marrow and spleens of mice immunized with each vector alone or immunized with a prime-boost 1181 

regimen, where higher numbers of fHbp-specific B cells were detected in the mice that received 1182 

at least one HuAd5 injection (HuAd5 alone, HuAd5-MVA or MVA-HuAd5, fig. S2A). 1183 

Altogether, these results suggests that the SBA response induced in this model by a single 1184 

HuAd5 fHbp injection may be at a plateau at that dose and time points.  1185 

  1186 

A single dose of HuAd5 fHbp compares favorably with 4CMenB.   1187 



 

The adenovirus-based vaccine candidate was compared with one, two and three doses of 1188 

4CMenB, which contains detergent-extracted OMVs from strain NZ98/254 (PorA P1.7-2,4), and 1189 

a recombinant fHbp protein variant 1.1 (Fig. 3A). 4CMenB was assessed at one-tenth and 1190 

onefifth of the human dose, the latter administered intraperitoneally because the volume 1191 

exceeded the permitted volume for intramuscular injection. At week 20, antibody responses 1192 

measured by ELISA were higher after two or three doses of the licensed vaccine as compared 1193 

with a single dose of adenoviral vaccine (Fig. 3B). However, the SBA responses against a strain 1194 

containing an homologous fHbp (H44/76-SL) were equivalent or higher with the adenovirus 1195 

vaccine (Fig. 3C, top panels). 4CMenB administration schedule is two or three doses, and indeed 1196 

the SBA response induced by a single dose of 4CMenB in mice was low (Fig. 3C, first time 1197 

point a week 3). SBA responses against strain NZ98/254 (homologous to the OMV in 4CMenB) 1198 

were also explored. This strain expresses intermediate amounts of heterologous fHbp ID 14. 1199 

Results showed that the adenoviral vaccine was able to induce SBA responses against that 1200 

heterologous fHbp with titers in the same range as 4CMenB except for the latest time points 1201 

(from 40 weeks post prime, Fig. 3C, bottom panels). At week 56, a terminal bleed was 1202 

performed and allowed the assessment of individual SBA responses and their persistence over a 1203 

year post vaccination. The results mirrored the SBA titers obtained with the pooled serum 1204 

samples. A single dose of adenovirus vaccine elicited higher or similar SBA titers than two or 1205 

three doses of 4CMenB, with titers comprised between 1:128 and 1:1,024 at 56 weeks after a 1206 

single injection (Fig. 3D). Enumeration of antigen-specific B cells in the bone marrow and 1207 

spleen suggested that a single adenoviral vaccine induced persistence of B cell responses in these 1208 

organs as well as two or three doses of 4CMenB (Fig. 3E). An exploration of the CD45RA+ 1209 

CD19+ B cells in lymph nodes and spleens two weeks after injection with a single dose of 1210 

HuAd5 fHbp, 4CMenB or OMVs confirmed the capacity of the viral vector to induce early high 1211 

B cell responses in mice, that may explain the persistence of protective SBA titers for up to a 1212 

year in mice after a single dose (fig. S2B).  1213 

In an independent longitudinal experiment (Fig. 3F), assessment of the SBA response was 1214 

compared with a higher dose of 4CMenB (two-fifths of a human dose). In this study, a single 1215 

dose of HuAd5 fHbp induced similar SBA titers to those induced by three doses of 4CMenB 1216 

against strain H44/76-SL (Fig. 3G), and also induced SBA responses against strain BZ198 (PorA 1217 

P1.7-2,4, similar to the one in the 4CMenB vaccine, and fHbp 1.5), albeit lower than three doses 1218 

of 4CMenB containing a homologous PorA to that strain (Fig. 3H).   1219 

Lastly, immunogenicity was confirmed in outbred mice (CD-1, Fig. 3I). The single dose 1220 

adenovirus vaccine induced similar SBA titers to those elicited by three doses of 4CMenB, and 1221 

induced better persistence from six months post first injection against strain H44/76-SL (Fig. 3J). 1222 

Altogether, these results demonstrate that a single dose adenovirus-based vaccine is sufficient to 1223 

induce immunity in mouse models.  1224 

  1225 

HuAd5 fHbp induces bactericidal responses against different strains.  1226 

Many variants of fHbp circulate in invasive meningococcal strains (28); therefore the capacity of 1227 

the vaccine candidate to induce serological evidence of protection against strains expressing 1228 

different fHbp variants in different quantities was measured by SBA using pooled serum samples 1229 

at different time points post injection with a single dose of the adenovirus vaccine, or one, two or 1230 



 

up to three doses of the licensed vaccines, 4CMenB or rLP2086. Twelve target strains were 1231 

selected, varying either by the variant expressed or by the putative quantity of fHbp expressed on 1232 

their surface (Table 1). The SBA responses induced by a single dose of the protein-based 1233 

vaccines was absent, or very low (titer of 1:4) against a single strain out of the 12 tested (Table 1, 1234 

week 2). None of the vaccines induced SBA against a strain expressing a low amount of fHbp 1235 

1.1 (Table 1, M08 0240375). However, a single dose of HuAd5 fHbp induced earlier SBA 1236 

responses than those generated by the protein-based vaccines against strains expressing medium 1237 

and high amount of homologous fHbp 1.1 (Table 1, M08 0240063 and M07 40800, respectively) 1238 

despite the fact that 4CMenB contains other antigens able to induce SBA responses. Both 1239 

HuAd5 fHbp and 4CMenB were able to induce SBA responses against strains expressing 1240 

variants 1.13 and 1.15, but not against 1.14 (Table 1). Responses were induced against strains 1241 

expressing low and medium amounts of variant 1.4. Only rLP2086 was able to induce SBA 1242 

responses against strains containing fHbp variant 3.187 and 3.45, as expected (Table 1). rLP2086 1243 

appeared to induce limited SBA against some of the variant 1 strains included in this panel, 1244 

despite containing a variant 1 fHbp, but this may be an artefact of the small number of strain 1245 

assessed in this study. Altogether, these results show that the strain coverage induced by a single 1246 

dose of fHbp inserted in the adenovirus delivery platform was similar to that induced by three 1247 

doses of 4CMenB when tested using this particular panel of strains.  1248 

  1249 

Modifications of the vaccine candidate were designed to increase clinical potential.  1250 

Pre-existing immunity to human adenovirus serotypes such as the serotype 5 has the potential to 1251 

neutralize the vaccine and thus dampen its immunogenicity. One solution is to use adenoviruses 1252 

that do not circulate in humans, such as chimpanzee serotypes, including ChAdOx1 and 1253 

ChAdOx2 (29, 30). In addition, the influence of two different CMV promotors on antigen 1254 

expression was explored, a long and a shorter version described previously (31). The vectors 1255 

were assessed at suboptimal doses in order to detect differences that may not be observed when 1256 

using the higher dose of 109 IU/mouse (Fig. 4). There was no statistically significant difference 1257 

(p>0.05) between the two clinically-relevant backbones at week 20 post vaccination and 1258 

ChAdOx1 was selected (Fig. 4).  1259 

  1260 

Mutations of the fHbp transgene to prevent binding to human factor H increases the 1261 

bactericidal response.  1262 

In humans, N. meningitidis fHbp binds to the human complement inhibitor factor H (fH), thus 1263 

decreasing the innate response to the invading bacteria and allowing its survival in the 1264 

bloodstream (32). This interaction may affect the anti-fHbp antibody repertoire when fHbp is 1265 

used as vaccine antigen, and decrease SBA due to fH covering important epitopes when binding 1266 

on fHbp in the vaccine (33). Therefore, mutant fHbp proteins with lower binding to human fH 1267 

have been generated (34–36), and are associated with higher SBA titers in the presence of human 1268 

fH (34, 37). We thus explored if the same would occur when fHbp is expressed within the host 1269 

cells by an adenoviral vector. Two vectors were constructed, HuAd5 fHbp-H248L and -S223R, 1270 

containing previously described mutations that decrease fH binding (38). The expression of the 1271 

fHbp mutants in cells infected with the vectored vaccines was at least equivalent to the 1272 



 

expression of the wild type antigen in infected HeLa cells (21 to 32% of infected cells, Fig. 5A, 1273 

top panels). The fHbp mutants expressed in infected HeLa cells had reduced binding to human 1274 

factor H present in human serum, as well as to recombinant human fH, and the reduction was 1275 

independent of the adenoviral backbone used (Fig. 5A, middle and bottom panels, respectively). 1276 

Mouse fH does not bind to fHbp, and we verified that both mutants induced SBA responses 1277 

comparable with those elicited by the wild-type fHbp in BALB/c mice (Fig. 5B and C) and in 1278 

outbred mice (Fig. 5D). SBA titers were assessed in transgenic mice expressing human fH and 1279 

were at similar amounts to those found in healthy humans in the two experiments described 1280 

previously (34) (fig. S3A and B). In this model, the vector expressing the mutant S223R induced 1281 

superior SBA titers as compared with vectors containing the wild type sequence or the H248L 1282 

mutation (Fig. 5E and 5F). In a longitudinal study using human fH-expressing transgenic mice, a 1283 

single HuAd5 fHbp-S223R dose elicited comparable or higher titers than three injections of 1284 

4CMenB that persisted up to 17 weeks post-injection (Fig. 5G). The S223R mutation was 1285 

therefore introduced in the ChAdOx1 backbone (ChAdOx1 fHbp-S223R). Induction of SBA 1286 

responses by a single dose of ChAdOx1 fHbp-S223R was confirmed in three strains of mice, 1287 

including an outbred strain (Fig. 6A). Dose responses in BALB/c and CD-1 highlighted the 1288 

higher variability observed in outbred mice, where a higher dose is required to obtain 100% 1289 

seroconversion. SBA responses induced by a single dose ChAdOx1 fHbp-S223R were similar to 1290 

those induced by 4CMenB administered 3 times in the presence of human fH, and persisted up to 1291 

week 21 (Fig. 6B). Altogether, these results highlight the potential of an adenoviral-based 1292 

vaccine expressing a mutated fHbp for use in humans.  1293 

  1294 

DISCUSSION   1295 

In this study, we explored the immunogenicity of adenovirus-based vaccine candidates 1296 

expressing fHbp. Screening of different transgene designs was performed using HuAd5 and 1297 

allowed a comprehensive exploration of different signal sequence and mutations. The optimal 1298 

transgene was inserted into the clinically-relevant ChadOx1 vector. We demonstrate that a single 1299 

dose of ChAdOx1 fHbp-S223R induces higher SBA responses in mice than three doses of 1300 

4CMenB in the presence of human factor H. This MenB vaccine is now in phase I human 1301 

clinical trials. Although the expression of CMV-driven transgenes in adenovirus vectors was 1302 

shown to be dose-dependent, it is not known if the quantity of antigen expressed, the timing, or 1303 

the pattern recognition or danger signals provided after infection with the adenovirus are 1304 

responsible for the response after a single dose. The capacity of adenoviral vaccines to induce T 1305 

cell responses may also support higher B cell responses and contribute to better persistence as 1306 

compared with conventional adjuvants, such as aluminum.  1307 

Mouse IgG isotypes differ in their capacity to promote bactericidal activity (39). We quantified 1308 

the antigen-specific IgG1, IgG2a, IgG2b, and IgG3 induced by fHbp-expressing vectors. HuAd5 1309 

fHbp induced IgG responses dominated by IgG2a, whereas the nOMV vaccines also induced 1310 

IgG2b and IgG3. Induction of IgG2a has been observed with adenoviral vectors encoding 1311 

different antigens (viral, parasitic, and bacterial) in mouse models (40–42), suggesting that this 1312 

induction of this IgG2a subclass is not driven by the antigen itself, but by the adenovirus vector. 1313 

IgG1 is not reported as a primary driver of bactericidal activity, but this observation was made 1314 

for antibodies against the outer membrane PorA protein only, and only in mice (39). It is not 1315 



 

known if fHbp-specific subclass antibodies would behave similarly and which subclass is 1316 

responsible for SBA responses after HuAd5 injection. The  IgG1 and IgG2a induced by the 1317 

nOMV vaccine may be against other antigens (as shown by the ELISA used whole cells), or may 1318 

be against other epitopes in fHbp due to the different presentation (OMV versus mouse host 1319 

cells). The titers of binding antibodies was lower after OMV injection than those elicited by 1320 

HuAd5 fHbp by week 26, which supports the hypothesis that the lower SBA at later time points 1321 

may in part be due to lower persistence of antibodies after injection with OMVs.  1322 

The fHbp gene was inserted as either the immature protein (bacterial signal sequence followed 1323 

by the protein encoding gene) or the mature protein only (with the bacterial signal sequence 1324 

removed) to manipulate the N-terminal sequence and the resulting folding of the proteins. In 1325 

both cases, we elected to add a tPA signal sequence to target the protein to the secretion pathway 1326 

and to promote antigen presentation on the plasma membrane. Therefore, two signal sequences 1327 

were encoded for the immature construct. The tPA followed by the bacterial sequence is an 1328 

original design compared with other adenoviral vaccines expressing bacterial antigens (43–45).  1329 

The design with the double signal sequence consistently induced higher antibody titers and SBA.  1330 

This may suggest that preserving the native fHbp signal sequence contributed to correct 1331 

processing by signal peptidase and supported native folding for this antigen, as previously 1332 

observed with the SARS-CoV-2 spike protein (46). However structural data suggest the same 1333 

folding for fHbp, regardless of presence or absence of leader peptide and regardless of variant 1334 

type; thus, the exact mechanism for when two signal sequences are used is unknown (46). 1335 

Moreover, although it is expected that the expressed fHbp is glycosylated due to the presence of 1336 

the tPA (which may cause issues for bacterial antigens in this type of vaccine platform), we do 1337 

not know if it would be lapidated. The contribution of each element in the signal sequence has 1338 

been explored separately (47).   1339 

The lack of boosting of the SBA responses with heterologous prime-boost regimen was 1340 

surprising given existing literature suggesting that such regimen leads to higher immune 1341 

responses (12, 26, 48, 49). The lack of boosting may be a dose effect, as a high dose of 1342 

adenoviral vaccines was used in this study (1x109 IU per mouse). In this study, any regimen 1343 

including an adenovirus injection, whether as a prime or a boost, induced high bactericidal 1344 

antibody responses, and a remarkable persistence of antibody titers, linked with higher numbers 1345 

of bone marrow antibody-secreting B cells as compared with protein-based vaccines. Whether a 1346 

single dose will elicit similar high and long-lasting SBA responses in humans is currently being 1347 

explored. Persistence of antibody responses with a single adenoviral vaccine injection in humans 1348 

has been observed for an Ebola virus vaccine. After a single dose in children, the antibody titers 1349 

decreased during the first six months and remained remarkably stable at 12 months (50). 1350 

However, higher total responses and better antibody persistence were observed after a second 1351 

dose of ChAdOx1 nCoV-19 (51), suggesting that there are differences in immunogenicity due 1352 

either to the backbone vector in humans, or to the antigen itself. There is induction of 1353 

neutralizing antibody responses against the vector, which increases with increasing numbers of 1354 

doses. However, this induction of neutralizing activity does not seem to affect the antibody 1355 

response to the expressed transgene protein (51). Whether the administration of ChAdOx1 1356 

nCoV-19 interferes with another ChAdOx1-based vaccine will need to be addressed during 1357 

clinical development.   1358 



 

A limitation is that a MenB vaccine based on a single antigen is unlikely to induce sufficiently 1359 

broad protection (52), as the prevalence of different fHbp variants differs across geographical 1360 

regions. The absence of cross-reactivity across families was previously observed in fHbp 1361 

protein-based vaccines (53). The licensed vaccine based solely on fHbp (rLP2086) contains two 1362 

variants (52, 54). However, introducing two fHbp variants in one adenovirus vector is 1363 

challenging, as the homology between the two variants is highly likely to lead to internal 1364 

recombination depending on the position of the transgenes. In this context, a mRNA-based 1365 

approach may be more amenable to mixing several antigens than the adenovirus platform. 1366 

However, the challenges of preserving the correct expression and presentation of bacterial B cell 1367 

epitopes are likely to be similar between adenovirus and mRNA platforms. Our attempts to 1368 

induce bactericidal responses to other protective MenB antigens in adenoviral vectors were 1369 

unsuccessful (19). Therefore, in an attempt to improve the bactericidal antibody response 1370 

induced by a single fHbp variant and produce a clinically-relevant vaccine, we elected to 1371 

introduce a point mutation abrogating binding to human fH (38). In multiple studies, it has been 1372 

suggested that reduced fH-fHbp binding induces higher SBA responses in mouse models (33, 36, 1373 

37, 55). We introduced two mutations described previously (38) and demonstrated that when 1374 

expressed with the adenoviral vaccine platform, the S223R mutation induced the highest SBA 1375 

titers in the presence of human fH in mice. It would be of interest to assess if the mutation 1376 

resulted in higher cross-reactivity as shown for the original insert. This question is being 1377 

addressed in humans as part of the phase I clinical trial, as another limitation of this study is that 1378 

it relies on mouse models using the accepted correlate of protection (SBA).   1379 

.  1380 

In conclusion, our results demonstrate that outer membrane bacterial antigen targets can be 1381 

expressed in eukaryotic cells from viral vectors and retain a relevant conformation, so that a 1382 

functional antibody response is elicited. Here, fHbp is presented in a relevant conformation when 1383 

expressed by a viral vector, and the resulting vaccine is able to induce a rapid, strong, longlasting 1384 

and functional antibody response. This vaccine is now being tested in a first-in-human phase I 1385 

clinical trial in healthy adults, and has the potential to address the lingering need for a more cost-1386 

effective vaccine against serogroup B Neisseria meningitidis which has low manufacturing costs 1387 

(56), and only requires a single injection to provide sustained protection in adolescents (57). The 1388 

results of these preclinical studies have the potential to be transferable to other gene-based 1389 

vaccine delivery platforms, such as mRNA, and further highlight the potential of such vaccines 1390 

to be used for other bacterial diseases.   1391 

  1392 

MATERIALS AND METHODS  1393 

  1394 

Study design  1395 

The overall objective of this study was to investigate the potential of a viral-vectored vaccine 1396 

platform to induce functional protective antibody responses against the bacterial disease caused 1397 

by group B meningococcus. The outer membrane protein target selected was known to contain 1398 

protective epitopes. Several vaccine candidates based on replication-deficient adenoviruses were 1399 

constructed and preclinical batches produced. Groups of mice were immunized with defined 1400 



 

doses of vaccines, and the individual mouse experiments within this study were designed to 1401 

address different questions: murine experiments were performed to explore the strength, 1402 

longevity and cross-reactivity of the responses, as described in the corresponding figure. The 1403 

treatments included vaccine comparators and/or naïve animals. The measurement of the immune 1404 

responses included quantitative (ELISA) and qualitative (serum bactericidal activity) antibody 1405 

assays. All data were included in the analysis. Sample size determination was performed based 1406 

on previous experience with immunization with MenB fHbp mutants and number of available 1407 

transgenic animals, the number of animals per group is indicated in the figure legends. Each 1408 

animal was allocated randomly to a treatment group by the animal caretaker. The experimenter 1409 

was not involved in the randomization. Assays included either two (SBA) or three (ELISA) 1410 

technical replicates.  1411 

  1412 

Vaccine candidates  1413 

The nucleotide sequence for the antigen fHbp, variant 1.1 was obtained from the GenBank 1414 

sequence database (https://www.ncbi.nlm.nih.gov/genbank/, NMB_1870). The sequences were 1415 

codon-optimized for expression in mammalian cells. Recombinant adenoviruses (Ad5, 1416 

ChAdOx1 and ChAdOx2) were generated as described previously using a Gateway-compatible 1417 

entry vector (51, 58, 59), using a CMV promotor and a tissue plasminogen activator signal 1418 

sequence (tPA). The antigen was inserted as ‘full length’ using the immature fHbp sequence, 1419 

including the signal sequence that is cleaved in the mature protein, or truncated (labelled t) 1420 

where the bacterial signal sequence was omitted (mature protein). Empty or irrelevant adenoviral 1421 

vectors were used as controls. Although vectors are dosed as viral particles (VP, quantified by 1422 

OD280) in humans, the antigen-specific immunogenicity is due to infectious virus (IU, 1423 

quantified by titration) that leads to transgene expression as opposed to viral particles which also 1424 

measures non-infectious virus. Therefore, dosing as IUs was selected for these preclinical studies 1425 

aiming at comparing different transgene designs. The P:I ratios (particles:infectivity) were 1426 

measured for all batches. All HuAd5 expressing the various designs had P:I ratios below 39. The 1427 

ChAdOx1 and ChAdOx2 preclinical batches had P:I ratios ranging from 195 to 545. The 1428 

modified vaccinia Ankara (MVA) vectors encoding the same antigen were generated as 1429 

described previously (60). Outer membrane vesicles (OMVs) were generated and purified as 1430 

described previously (61, 62).  1431 

  1432 

Immunogenicity experiments in mice  1433 

Procedures were performed according to the UK Animals (Scientific Procedures) Act 1986 and 1434 

were approved by the University of Oxford Animal Care and Ethical Review Committee or the  1435 

Institutional Animal Care and Use Committee at UCSF Benioff Children’s Hospital Oakland. 1436 

Experimental design followed ARRIVE guidelines. Randomized healthy 6- to 8-week-old 1437 

female BALB/c-OlaHsd and NIH-OlaHsd, Hsd:ICR (CD-1)outbred mice (Harlan, UK), or 8 to 1438 

16-week old human factor H transgenic (hfH Tg BALB/c mice of both sexes (Center for  1439 

Immunobiology and Vaccine Development, Children’s Hospital Oakland Research Institute, 1440 

5700 Martin Luther King Jr. Way, Oakland, CA 94609, USA)(35), were housed in specific 1441 

pathogen-free conditions. Sex, age and human fH concentration for the hfH Tg mice were 1442 

https://www.ncbi.nlm.nih.gov/genbank/
https://www.ncbi.nlm.nih.gov/genbank/


 

randomized in each vaccine group. Injections were performed by intramuscular route unless 1443 

otherwise indicated. Blood was collected from tail bleeds or terminal cardiac bleeds at various 1444 

time points and allowed to clot, then centrifuged at 15000 x g for 10 minutes. Sera were 1445 

aliquoted and stored at -20oC until use. Spleen, lymph nodes and bone marrow were harvested 1446 

following cervical dislocation under terminal sedation. Mouse serum samples collected in the 1447 

USA were shipped and assayed in the UK.  1448 

  1449 

Detection of antibodies by ELISA against whole cells or recombinant proteins  1450 

Immulon 2HB plates (Thermo Fisher Scientific) were coated with heat-killed whole-cell 1451 

preparations of N. meningitidis in phosphate-buffered saline (PBS) (optical density (O.D.) 1452 

600nm = 0.1), or with recombinant fHbp protein expressed in E.coli using an fHbp expression 1453 

construct as previously described (63), at 2.5 µg/ml in carbonate-bicarbonate buffer (Sigma 1454 

Aldrich). Serum samples were serially diluted in PBS containing 0.5% (v/v)Tween-20 and 1% 1455 

(w/v) bovine serum albumin (BSA). High, medium, and low positive quality controls were used 1456 

in each plate (anti-PorA monoclonal antibody P1.7 or anti-fHbp monoclonal antibody JAR4, 1457 

National Institute of Biological Standards and Controls). Serum from naïve BALB/c mice was 1458 

used as negative control along with buffer only. Antibody binding was detected with horseradish 1459 

peroxidase-conjugated goat anti-mouse IgG (Jackson ImmunoResearch Inc) and visualized with 1460 

3,3’,5,5’-Tetramethylbensidine substrate (TMB, Sigma Aldrich). The reaction was stopped with  1461 

50 µl H2SO4, and O.D. were measured at 450 nm with a reduction at 600 nm. Endpoint titers 1462 

were defined as the serum dilution corresponding to the O.D. reading above two times the 1463 

average of naïve negative control serum.   1464 

  1465 

Serum bactericidal assay (SBA)  1466 

SBAs were performed as described previously using 25% (vol/vol) human serum as a 1467 

complement source, from donors screened for no intrinsic SBA (64). Heat-inactivated murine 1468 

serum samples were serially diluted in Hanks Balanced Salt Solution supplemented with 0.5% 1469 

BSA. SBA titer was defined as the reciprocal of the highest dilution of serum that yielded ≥50% 1470 

decrease in colony forming units relative to that of control wells within 60 minutes at 37oC 1471 

without CO2. Meningococcal target strains were provided by the Manchester Meningococcal 1472 

reference Unit, UK).  1473 

  1474 

Enumeration of antigen-specific antibody-secreting B cells by enzyme-linked immune-spot 1475 

assay (ELISPOT)  1476 

Ninety-six well filtration ELISPOT plates (Millipore) were coated with recombinant fHbp at 2.5 1477 

µg/ml or 1:1000 dilution of goat-anti-mouse IgG (BioLegend, positive controls), or PBS (blank 1478 

wells). Splenocytes or bone marrow cells (acquired by flushing the bones with PBS through a 1479 

needle) were incubated in duplicates at a concentration of 4x105, 2x105 and 1x105 cells per well. 1480 

Detection of spots was performed with alkaline phosphatase conjugated goat-anti-mouse IgG 1481 

(Invitrogen) followed by alkaline phosphatase substrate (Bio-RAD). Spot counts were performed 1482 

using an AID ELISpot Reader ELR03 and ELISpot software as described previously (65). 1483 



 

Results were expressed as the number of antigen-specific spots detected per million cells, minus 1484 

the number of spots counted in the absence of antigen (medium only). A negative result was 1485 

recorded as 1.   1486 

  1487 

Detection of fHbp expression and hfH binding by flow cytometry  1488 

Human epithelial HeLa cells (CCL-2, the American Type Culture Collection) were infected with 1489 

5 x 108 IU of adenovirus constructs and incubated overnight at 37°C. Infected cells were stained 1490 

with anti-fHbp monoclonal antibody JAR5 (National Institute of Biological Standards and 1491 

Controls) followed by anti-IgG AlexaFluor-488 (Invitrogen, 1:10000 dilution), for 30 minutes at 1492 

4°C. The cells were washed with AutoMacs running buffer (Miltenyi) pre- and post-antibody 1493 

staining, fixed and permeabilized with a Fixation/Permeabilization kit (BD Biosciences). The 1494 

antibody incubation steps with JAR5/anti-IgG AlexaFluor-488 were repeated for intracellular 1495 

staining. The stained cells were then ran on a FACSCalibur flow cytometer (BD Biosciences). 1496 

The percentage of fHbp expressing cells was measured using FlowJo software (BD Biosciences).  1497 

  1498 

Statistics  1499 

Antibody titers as measured by ELISA are presented as median +/- 95% confidence intervals, 1500 

SBA titers are presented as geometric mean titers +/- 95% confidence intervals.  Statistical 1501 

analysis of differences between antibody titers were performed using either Kruskal-Wallis test, 1502 

Mann-Whitney test, two-way ANOVA with Bonferroni post-tests, or one-way ANOVA with 1503 

Dunn’s multiple comparisons test when appropriate and as stated, using Prism 5 (Graphpad Inc.). 1504 

The experimental units are single animals. No data exclusion was done. Potential confounders 1505 

were minimized by changing orders of treatments and measurements and random cage location.  1506 
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Figures   1913 

  1914 

  1915 

Fig. 1. HuAd5 vectors expressing different versions of fHbp are immunogenic in mice. 1916 

Groups of mice (n=8 to 16) were immunized with HuAd5 expressing fHbp full length or 1917 

truncated, or nOMVs as indicated. (A) Serum IgG antibody responses were detected in serum 1918 

samples by ELISA against heat inactivated H44/76 bacteria, 2 and 6 weeks post a single 1919 

injection. (B) IgG subclass titers were measured at week 6. In (A and B), the titers for each 1920 

individual mouse, the median and 95% confidence interval of the group, are presented. (C) 1921 

Individual (n=6) fHbp-specific T cell responses were assessed in spleens two weeks post a single 1922 

injection of 108 or 109 infectious units per mouse. (D) Mice (n=4 to 6) were immunized as per 1923 

(A), and SBA responses were measured in pooled serum samples at week 42. (E) SBA titers 1924 

were measured in pooled serum samples from BALB/c and NIH Swiss mice (n=4 to 6 per group 1925 

and strain) two weeks post injection with 109 infectious units of HuAd5 fHbp (blue); white bars 1926 

are titers observed in pooled naïve mouse serum samples. (F) Shown is a dose response in 1927 

BALB/c mice. Individual IgG and SBA titers were measured 6 weeks after a single injection 1928 



 

with HuAd5 fHbp at the doses indicated on the x-axis (n=4 to 8). (G) Shown is a schematic of 1929 

the longitudinal study (n=10) assessing the persistence of antibody responses after a single dose 1930 

of HuAd5 fHbp (blue) as compared with two doses of native (n) OMVs (pink). (H and I) SBA 1931 

titers in pooled serum (H) and individual IgG titers (I) at the different time points are shown. In 1932 

(E, F, and H), the horizontal dotted red line denotes the putative threshold associated with 1933 

protection (titer of 1:4). Individual data in (A, B, F left panel and I) are presented as median +/- 1934 

95% confidence intervals, and data in (C and F right panel) are presented as geometric mean 1935 

titers +/- 95% confidence intervals . Data were analyzed by Kruskal Wallis with Dunns multiple 1936 

comparison test.  1937 

  1938 

  1939 

  1940 

Fig. 2. A single adenovirus is sufficient to induce high SBA response in mice. Shown are the 1941 

effects of prime-boost regimen using HuAd5 and nOMV combinations (A, B, C and D), 1942 

or HuAd5 and MVA combinations (E, F, G and H). Mice (n=5 to 6 per group) were 1943 

immunized with the regimen indicated (109 infectious units HuAd5, 5 g nOMV or 107 1944 

infectious units MVA). (A) Shown is the timeline for the HuAd5 and nOMV 1945 

immunization regimen. (B and C) Individual serum IgG titers are shown. (C) SBA titers 1946 

in pooled serum were measured against strain H44/76-SL expressing the homologous 1947 

fHbp (variant 1.1) (C) or strain BZ83 expressing an homologous fHbp but heterologous 1948 

to the PorA in the nOMV (D). The horizontal dotted red line denotes the putative  1949 

threshold associated with protection (titer of 1:4). (E) Shown is the timeline for the  1950 

HuAd5 and MVA immunization regimen. (F) SBA responses measured in pooled serum 1951 

samples at different time points.  (G and H) At week 50, individual serum IgG titers (G) 1952 

and bone marrow B cell responses (H) were measured in each group. Individual data in 1953 

(B and G) are presented as median +/- 95% confidence intervals, and data in (D, F and H) 1954 

are presented as the geometric mean +/- 95% confidence interval of the group as 1955 

indicated. Data in (B , G and H) were analyzed by Kruskal Wallis with Dunns multiple 1956 

comparison test.  1957 

  1958 

  1959 

  1960 

Fig. 3. A single dose of adenovirus vaccine induces a persistent humoral response in mice. 1961 

Kinetics of SBA responses against different strains and comparison with 4CMenB are 1962 

shown. (A) Groups of mice (n=4 to 8) were immunized as indicated and blood samples 1963 

were collected at different time points. At the termination of experiment, spleens and 1964 

bone marrow were collected. HD, human dose. (B) Individual anti-fHbp endpoint titers 1965 

were measured by ELISA at weeks 6 and 20; data show individual titers, the median and 1966 

95% confidence intervals for each group. (C) SBA using human complement was 1967 

performed using pooled serum samples at the different time points against strain 1968 

H44/76SL expressing the homologous fHbp and strain NZ98/254 expressing a 1969 

heterologous fHbp but homologous for the OMV component in 4CMenB. The titer 1970 



 

obtained for each pooled sample is indicated. (D) At week 56, individual SBA titers were 1971 

measured; geometric means and 95% confidence intervals are indicated. (E) At week 56, 1972 

individual antibody-secreting cell numbers were calculated in spleens and bone marrow 1973 

samples; geometric means and confidence intervals are indicated for each organ. (F) A 1974 

second longitudinal study compared HuAd5 fHbp vaccination with a higher dose of 1975 

4CMenB. (G and H) SBA titers were measured at different time points in pooled serum 1976 

samples against strain H44/76 (G) and BZ198 (H). (I and J) In an independent 1977 

experiment (I), sufficient blood volumes were collected at four time points to measure 1978 

individual SBA titers (J). Individual SBA titers, geometric means, and confidence 1979 

intervals are reported. The horizontal dotted red line in (D, E, G, H, and J) denotes the 1980 

putative threshold associated with protection (titer of 1:4). Data in  (B, D, E and J) were 1981 

analyzed by Kruskal Wallis with Dunns multiple comparison test.   1982 

  1983 

  1984 

  1985 

  1986 

Fig. 4. The clinically relevant ChAdOx1 vector encoding the selected antigen design induces 1987 

SBA in mice. The mpact of clinically-relevant modifications to the vaccine on the SBA 1988 

response in mice is shown. Groups of BALB/c mice (n= 4 or 6) were immunized with a 1989 

single dose of adenovirus vaccine using different backbones and either a short or a longer 1990 

version of the CMV promoter as indicated. Individual SBA titers, geometric mean and 1991 

95% CI are shown. The horizontal dotted red line denotes the putative threshold 1992 

associated with protection (titer of 1:4).  1993 

  1994 

  1995 

  1996 

Fig. 5. A point mutation in the transgene abrogates binding to human fH and increases 1997 

SBA responses in the presence of human fH. Point-mutations were introduced in the 1998 

fHbp transgene (H248L) and (S223R). (A) In vitro expression of the resulting protein, 1999 

and capacity to bind human factor H was verified in HeLa cells infected with the 2000 

adenoviruses as mentioned. In the top row, expression of the antigen was measured by 2001 

flow cytometry using an anti-fHbp monoclonal antibody (JAR5), and expressed as 2002 

percentage of positive cells. Middle and bottom rows: HeLa cells were infected with the 2003 

adenoviruses as mentioned, followed by incubation with human serum fH (middle row) 2004 

or with recombinant human fH (bottom row). Detection of bound human fH was 2005 

performed using a commercial anti-human fH antibody by flow cytometry.  2006 

Representative panels from an individual experiment are shown. (B) Immunogenicity of 2007 

the mutant-expressing vectors was measured in the absence or presence of human (h) fH. 2008 

Groups of BALB/c, CD-1 or hfH transgenic (Tg) mice (n=5 for BALB/c and CD-1, n=12 2009 

for hfH Tg mice) were immunized once with the adenovirus as mentioned. (C to E) 2010 

individual serum SBA titers against strain H44/76-SL were measured at weeks 2, 6 or 14 2011 

in BALB/c (C), CD-1 (D), and fH Tg BALB/c (E) mice. (F) Individual SBA titers were 2012 



 

measured in fH Tg mice vaccinated in an independent experiment repeating the 2013 

assessment of HuAd5 fHbp S223R. Individual human fH amounts and correlation with 2014 

SBA titers for both experiments are shown in fig. S3. (G) Shown is a comparison of 2015 

immunogenicity between HuAd5 fHbp-S223R and 4CMenB in transgenic mice 2016 

expressing human fH (n=12). Tg mice were immunized once with the vectors expressing 2017 

the S223R mutant, or three times with 4CMenB, and individual SBA titers were 2018 

measured at several time points post injection against strain H44/76-SL. For (C to G), 2019 

geometric means and 95% confidence intervals are indicated. Data were analyzed by 2020 

Kruskal Wallis with Dunns multiple comparison test, except for (D), data were analyzed 2021 

by Mann-Whitney test. The horizontal dotted red line denotes the putative threshold 2022 

associated with protection (titer of 1:4).  2023 

  2024 

  2025 

Fig. 6. SBA responses are induced by the clinical vaccine composition ChAdOx1 2026 

fHbpS223R in mice. (A) Immunogenicity and dose response experiment results are 2027 

shown for ChAdOx1 fHbp-S223R vaccination in three strains of mice (two inbred and 2028 

one outbred). Individual SBA titers at week 6 are indicated with geometric means and 2029 

95% confidence intervals. (B) Longitudinal analysis of SBA responses in the presence of 2030 

hfH are shown. hfH Tg mice (n=10) were immunized as indicated. Individual SBA titers 2031 

geometric means and 95% confidence intervals are shown for mice followed up to 21 2032 

weeks post prime. Data were analyzed by Kruskal Wallis with Dunns multiple 2033 

comparison test. The horizontal dotted red line denotes the putative threshold associated 2034 

with protection (titer of 1:4).  2035 
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Table 1. Bactericidal activity was measured against a panel of MenB strains. The target strains are indicated along with their fHbp variant, relative potency 2061 

and clonal complex. The table shows the SBA titers elicited in groups of mice immunized with either rLP2086 (after 1, 2 or 3 doses), 4CMenB (after 1, 2 or 3 2062 

doses) or HuAd5 fHbp (single dose), at the time points indicated. The assays were performed using human complement and pooled serum samples from each 2063 

group against each of the strain. * The relative potency for fHbp is reported from the meningococcal antigen typing system (MATS) (Plikaytis et al., 2012).  ND, 2064 

not determined.  2065 

  2066 

Target 

strain  

fHbp 

variant  
Relative  
potency  
*  

Clonal 

complex  
2 weeks post vaccination  9 weeks post single HuAd5 

dose  
11 weeks post single HuAd5 

dose  

6 weeks post protein dose 2  6 weeks post protein dose 3  

rLP2086  4CMenB  HuAd5 

fHbp  
rLP2086  4CMenB  HuAd5 

fHbp  
rLP2086  4CMenB  HuAd5 

fHbp  

M08 0240375  1.1  0.218  ST-32 /ET-5   <4  <4  <4  <4  <4  <4  <4  <4  <4  

M08 0240063  1.1  0.746  ST-32 /ET-5   <4  <4  32  <4  32  2048  8  512  1024  

M07 0240800  1.1  1.243  ST-162   <4  <4  16  <4  64  1024  <4  512  1024  

M07 0240639  1.13  0.034  ST-41/44 

/Lineage 3  
<4  4  16  <4  256  128  <4  1024  512  

M07 0241016  1.14  0.07  ST-41/44 

/Lineage 3  
<4  <4  <4  <4  <4  <4  <4  <4  <4  

M07 0240871  1.15  0.053  ST-269   <4  <4  <4  <4  <4  <4  <4  256  512  

M08 0240103  1.4  0.032  ST-41/44 

/Lineage 3  
<4  <4  <4  <4  64  32  <4  512  128  

M08 0240102  1.4  0.074  ST-41/44 

/Lineage 3  
<4  <4  <4  <4  <4  1024  <4  256  512  

M11 240 181  3.187  ND  ST-213   <4  <4  <4  <4  <4  <4  64  <4  <4  

M11 240 183  2.49  ND  ST-32  <4  <4  <4  <4  <4  <4  <4  <4  <4  

M11 240 976  3.45  ND  ST-213   <4  <4  <4  <4  <4  <4  32  <4  <4  

M13 240 519  2.19  ND  ST-213   <4  <4  <4  <4  <4  <4  <4  <4  <4  

   2067 

    2068 

  2069 



 

 2070 

Fig. S1. Immunogenicity of adenoviral vectored vaccine candidates in mice models  2071 

(A) Individual serum bactericidal assay (SBA) titers in mice immunized with a single dose of human adenovirus 5  2072 

(HuAd5) containing a tissue plasminogen activator (tPA) signal sequence followed by the mature form of the group 2073 

B meningococcus (MenB) antigen factor H binding protein (fHbp) (referred to as truncated in this study), as 2074 

compared with the full length fHbp with its own signal sequence, and no tPA (n=4 mice per group) (B) Individual T 2075 

cell responses in mice immunized with a single dose of HuAd5 containing a tPA signal sequence followed by the 2076 

mature form of fHbp (referred to as truncated in this study, light blue), as compared with the immature, full length 2077 

fHbp with its own signal sequence, with or without tPA (both dark blue) (n=6 mice per group). IFN- γ, interferon-γ; 2078 

PBMC, peripheral blood mononuclear cells. (C) Outbred CD-1 mice were immunized by the routes indicated on the 2079 

X-axis. IU, infectious units. Individual SBA titers were measured at week 6 (n=5 to 6 mice per group). Data in (C) 2080 

were analyzed by Kruskal Wallis with Dunns multiple comparison test. Geometric mean and 95% confidence 2081 

intervals (CI) are indicated for all panels. The red dashed lines indicate the protective SBA titer of 4.     2082 
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 2083 

  2084 

Fig. S2. B cell responses induced by the different vaccine regimen in mice.  2085 

(A) Number of fHbp-specific antibody-producing B cells in bone marrow and spleens after immunization with a 2086 

single dose of HuAd5 or modified vaccinia Ankara (MVA) expressing fHbp variant 1.1, or a prime-boost regimen 2087 

with HuAd5 followed by MVA, or MVA followed by HuAd5 (eight weeks apart), or three injections of one-tenth of 2088 

a human dose of 4CMenB, as assessed by a B cell assay. Data are presented as geometric mean with 95% 2089 

confidence intervals. (B) Percentage of CD45RA+ CD19+ B cells of total cells in lymph nodes and spleens two 2090 

weeks after immunization with a single dose of HuAd5 fHbp (blue), 4CMenB (red), or rLP2086 (orange), as 2091 

measured by flow cytometry. Data are presented as median±95% confidence intervals, and analyzed by 2092 

KruskalWallis test.  2093 
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 2108 

    2109 

Fig. S3. Level of human factor H in mice and relation with the SBA titer after immunization with the wild type and 2110 

mutant vaccine designs.  2111 

(A and B) Human factor H concentrations were measured in the immunogenicity experiments in human fH 2112 

transgenic mice (x-axis), in relation with the SBA titers (y-axis). (A) and (B) show two independent experiments.   2113 
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1069  Data file S1. Raw, individual-level data for experiments where n<20.  
1070    
1071    
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