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Abstract:

Capsular group B meningococcus (MenB) remains an important cause of disease in the
globally and additional vaccines against MenB would aid in reducing the incidence of
infection. Previous work has demonstrated that a MenB adenoviral-vectored vaccine,
ChAdOx1 MenB.1, elicited high serum bactericidal responses in preclinical models after a
single dose, supporting further clinical development of this vaccine. Here, we report the
results of a trial designed to assess the safety and immunogenicity of ChAdOx1 MenB.1 in
healthy adults aged 18 to 50. In this phase /113, single-center trial, participants received one
or two doses of ChAdOx1 MenB.1 at days 0 and 180. One dose of ChAdOx1 MenB.1 was
also given at day 180 to some individuals primed with one dose of 4CMenB at day 0.
Participants recorded their symptoms in an electronic diary after vaccination and safety blood
readouts were monitored. Serum bactericidal antibody (SBA) assays were performed against
a panel of MenB target strains. ChAdOx1 MenB.1 was well tolerated with no safety concerns
and elicited protective SBA titers against a MenB strain expressing a homologous factor H-
binding protein (fHbp) variant in 100% of participants after two doses. However, cross-
reactivity analysis indicated a low SBA response to strains expressing heterologous fHbp,
suggesting that a multivalent vaccine may be needed. In sum, ChAdOx1 MenB.1 is
immunogenic in humans, and addition of another fHbp variant or of another antigen in this
platform could provide an approach to extend protection against endemic MenB disease.

Editor’s Summary: Mitigating MenB. There are currently only two approved vaccines for
capsular group B meningococcal (MenB), but their cost effectiveness could be improved
upon. To that end, Dold et al. developed an adenoviral-vectored MenB vaccine, ChAdOx1
MenB.1, and tested its safety and immunogenicity in a clinical trial enrolling healthy adults.
The authors found that the vaccine was indeed safe and elicited immunity against the
homologous bacteria, proving the proof of concept with this approach. However, cross-
reactivity to other MenB strains was limited. These data support further development of
ChAdOx1 MenB vaccines, particularly multivalent versions that could elicit broader
immunity. —Courtney Malo
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Main Text:
INTRODUCTION

Neisseria meningitidis remains an important cause of meningitis and septicemia, particularly
in infant, toddler, and young adult populations(1). It is a human-restricted pathogen that has
an ecological niche in the nasopharynx; it can be found as a commensal in approximately
10% of healthy adults (2) and above 50% in certain populations, and can cause invasive
meningococcal disease in a minority of individuals. Amongst the twelve N. meningitidis
capsular serogroups, six (A, B, C, W, X and Y) cause most cases of invasive meningococcal

disease (3). Capsular group B meningococcus (MenB) remains the most common cause of
invasive meningococcal disease in individuals under the age of 25 in high income regions (4).
Experimental vaccines based on serogroup B polysaccharides are poorly immunogenic (5)

due to molecular mimicry with fetal neural cell adhesion molecules (6).

Two vaccines, 4CMenB (Bexsero) and rLP2086 (Trumenba) are licensed in several
countries. 4CMenB, licensed in the European Union (2013) and in the United States (2015),
includes four non-polysaccharide components: non-lipidated factor H-binding protein (fHbp
variant 1 peptide 1; alternative nomenclature B24), neisserial heparin binding antigen (NHBA
peptide 2), each expressed as a recombinant fusion protein, recombinant Neisseria adhesin A
(variant NadA-2/3 peptide 8) protein, and outer membrane vesicles from N. meningitidis
group B strain NZ98/254 containing Porin A (PorA; subtype P1.4) and multiple minor
antigens. The vaccine rLP2086 (Trumenba, or MenB-FHbp), licensed for adolescents and
adults in the United States in 2014, and in the European Union in 2017, contains two
recombinant lipidated fHbp peptides 45 and 55 (A05 and BO1, respectively), and is also
formulated in combination with meningococcal conjugate vaccines against other capsular
groups (Penbraya, pentavalent ABCWY vaccine). Vaccine efficacy was inferred from serum

bactericidal antibody (SBA) responses against MenB test strains. In clinical trials, SBA
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responses elicited by the bivalent rLP2086 vaccine were assessed against four primary
vaccine antigen-heterologous strains and ten secondary strains (7), and those elicited by
4CMenB were assessed against four vaccine antigen-homologous strains. In the United
Kingdom (UK), 4CMenB was included in the national immunization program for infants in

2015 and vaccine effectiveness reached 59.1% after a 2+1 schedule (8-10).

We previously developed a ChAdOx1 MenB.1, a replication-deficient (E1 and E3 deleted)
chimpanzee adenovirus (ChAd) vaccine (11). The vaccine expresses fHbp variant 1 peptide 1
with a point mutation at the amino acid position 223 to abrogate its binding to human factor
H (fH) while retaining immunogenicity (12). In humanized mouse models, a single dose
ChAdOx1 MenB.1 elicited robust bactericidal activity after a single immunization (12).
Whether this strong immunogenicity would occur in humans remained to be determined.
Here, we report the results of an open-label, dose-escalation, non-randomized, single-site
phase I/l1a clinical trial, designed to evaluate the safety and tolerability of ChAdOx1 MenB.1
as a vaccine against MenB in healthy adults aged 18 to 50 in Oxford (VAMBOX). The
original trial design comprised three groups who received ChAdOx1 MenB.1, one group
received a combination of ChAdOx1 MenB.1 and 4CMenB in a heterologous prime — boost
regimen, and two groups immunized with 4CMenB at one or 6 months interval. The trial was
then extended by adding two large groups of volunteers to enable the development of new
reference serum standards against the two licensed meningococcal vaccines available in the
UK, 4CMenB and bivalent rLP2086, led by the National Institute for Biological Standards
and Controls (NIBSC). This trial therefore provided an opportunity to compare the safety
profile of the study vaccine, 4CMenB, and bivalent rLP2086 in the same trial. The secondary
and tertiary objectives of the VAMBOX trial were to characterize the immunogenicity of one

or two doses of ChAdOx1 MenB.1 in healthy adults.
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RESULTS
Participant demographics

Eighty-eight healthy volunteers were enrolled into the trial and sequentially assigned first to
groups one to six (first-in-human part of the trial), and then to groups eight and nine (the part
of the trial aiming at raising a serum standard) (Table 1), in a single center in Oxford, UK.
The first vaccine date for the first dose was 2018-04-18, the last vaccine date for the first dose
was 2019-12-16, and the last (visit 8) vaccine date for the booster dose was 2020-11-26.
Recruitment was open to 18 to 50 years old healthy volunteers, and the enrolled participants
were aged between 19 and 50 years old, median 28.15 years [interquartile range (IQR) 25.25-
38.33], with 60.23% identifying as female. The participants were 90.9% White, 3.4% Mixed,
and 5.7% of other ethnic origin (Table 2). All 88 participants adhered to the initial
vaccination schedule and were therefore included in the primary safety analysis. However,
eight participants missed their second vaccine dose across various groups (Fig. 1). Overall, 13
participants withdrew; four moved out of area, four cited heavy work or personal time
commitments, three were lost to follow-up or unable to attend visits, and two were withdrawn

by investigators because of low hemoglobin.

Safety and tolerability

ChAdOx1 MenB.1 was administered at 2.5x10° (low dose) or 5x10%° (standard dose for
ChadOx1-based vaccines, from here on referred to as standard dose) viral particles (vp). Only
three participants received the low dose of 2.5x10%° vp, as this group was included in the trial
design for safety purposes. An interim safety review was undertaken with the independent

Data and Safety Monitoring Committee before proceeding with the target dose of 5x10%° vp.

5
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ChAdOx1 menB.1 was well tolerated at doses up to 5x10%° viral particles when given as a
single dose, in two doses, or as a booster following 4CMenB, with no serious adverse
reactions (Fig. 2). Participants receiving a low dose of ChAdOx1 MenB.1 (ChAd low dose)
of 2.5x10%° vp reported the fewest adverse reactions of all the trial arms: on day 1, 33.33% of
participants had a mild headache, moderate fever, or experienced mild or moderate injection
site pain, swelling, or redness that resolved by day 3 (Fig. 2A). Both a single standard dose of
ChAdOx1 MenB.1 (5x10% vp) and a single dose of 4CMenB had the highest frequency of
reactions. Up to 22.22% of participants receiving ChAdOx1 MenB.1 standard dose reported a
mild or moderate fever, whereas none of the individuals who received a single dose 4CMenB
reported a fever (and only 4.76% experienced a moderate fever in the rLP2086 group at Day
0). There was a high incidence of headaches among the ChAdOx1 MenB.1 standard dose
recipients, which were resolved by day 2. Headaches occurred in the single dose 4CMenB
and rLP2086 group participants and persisted to day 6. Apart from headache, “generally
unwell” reaction was the only systemic severe reaction reported in the ChAdOx1 MenB.1
group. In contrast, muscle ache and joint pain reactions graded severe were reported in the
4CMenB and rLP2086 groups, respectively. Across all trial arms, the distribution of local
reactions was similar, with the most frequently reported vaccine reaction being injection site
pain, followed injection site redness. Severe-graded hardness and swelling were reported in

all three groups.

The booster vaccinations elicited fewer adverse reactions than the standard dose prime
vaccinations, particularly fewer systemic reactions, whether they were homologous or
heterologous vaccine combinations (Fig. 2B). The ChAdOx1 MenB.1 prime at day 0 and
second dose at day 180 (ChAd-ChAd(6)) vaccine schedule was well-tolerated; there were few
reported adverse reactions that were predominantly mild, with no severe adverse reactions.

The 4CMenB-4CMenB schedule was reactogenic, and the regimen with the shorter 1-month
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interval (4CMenB-4CMenB(1)) appeared more reactogenic than the regimen with the 6-
month interval (4CMenB-4CMenB(6)). The 4CMenB-4CMenB(1) participants also had a
higher frequency of severe reactions than those in the 4CMenB-4CMenB(6) arm. The
heterologous prime-boost combination of 4CMenB at day 0 followed by ChAdOx1 MenB.1
at day 180 (4CMenB-ChAd(6)) was well-tolerated and caused only mild or moderate adverse
reactions. There were no clear differences in the reactogenicity profile between the prime
dose of rLP2086 at day 0 and the booster dose at day 180 (rLP2086-rLP2086(6)). The
summary of reported Adverse Events in the clinical trial is reported in Table 3. There were
three serious adverse events (SAES) reported during the trial: one participant had appendicitis
requiring surgery, one participant had severe anemia, and one participant had cholecystitis

related to known gallstones. None of these SAEs were considered vaccine-related.

ChAdOx1 MenB.1 induces SBA responses against a strain expressing a homologous

fHbp in healthy adults

The ability of the study vaccines to induce SBA against homologous fHbp variant (v)
following vaccination was explored using the target strain 44/76-SL, which expresses the
fHbp variant 1 peptidel included in the ChAdOx1 MenB.1 and 4CMenB vaccines (Table 4).
Prior to vaccination, most individuals (range: 20% in ChAd standard dose to 55% in
rLP2086-rLP2086) did not have SBA titers greater than 1:4 specific for the target strain
44/76-SL (Fig. 3A, day 0 and 3B, day 0; table S1). Both ChAdOx1 MenB.1 and 4CMenB
prime vaccination elicited 44/76-SL -specific SBA responses (Fig. 3A). Immunization with
ChAdOx1 MenB.1 induced SBA titers that continued to increase up to day 56 (geometric
mean titers (GMT): 35.3, 95%CI [9.8-155.28]) (table S1). Individuals who received two
doses of 4CMenB, one (GMT: 50.7, 95%CI [17.15-150.47]) or six months apart (GMT: 22.6,

95%CI [4.95-103.35]), had high 44/76-SL-specific SBA titers 28 days after the second dose



193  (table S1). Heterologous boosting did not generate similarly high 44/76-SL SBA titers. SBA
194  waning was observed over the course of the trial observation period in all groups regardless
195  of which vaccine was received (Fig. 3A, from day 180). However, the percentage of

196 individuals with protective titers (>1:4) following vaccination with a fHbp variant 1 peptide
197  1-containing vaccine (ChAdOx1 MenB.1 or 4CMenB) at standard dose remained at or above
198  78% at day 365 (Fig. 3B). The bivalent rLP2086 vaccine did not induce a high degree of

199  cross-bactericidal activity against 44/76-SL (day 28 GMT: 4, 95%CI [1.74 — 9.22]) (table

200 S1).

201 The proportion of baseline responders with SBA titers > 1:4 by day 28 was 67% for

202 ChAdOx1 MenB.1 low dose, 78% for ChAdOx1 MenB.1 standard dose, 75% for ChAd-
203  ChAd(6), 75% for 4CMenB-ChAd(6), 89% for 4CMenB-4CMenB(1), 100% for 4CMenB-
204  4CMenB(6), and 50% for rLP2086-rLP2086(6) (Fig. 3B). By day 56, this rose to 100% for
205  ChAdOx1 MenB.1 low dose, 100% for ChAdOx1 MenB.1 standard dose, 86% for ChAd-
206 ChAd(6), 86% for 4ACMenB-ChAd(6), 100% for 4CMenB-4CMenB(1), and 100% for

207 4CMenB-4CMenB(6) (table S2). 67% of participants receiving a single dose of ChAdOx1
208  MenB.1 low dose and 63% of participants receiving a single dose of ChAdOx1 MenB.1

209  standard dose achieved a greater than 4-fold increase in SBA titers against the 44/76-SL

210 strain at day 28 from baseline. This response peaked at day 56 before starting to wane (Fig.
211 3C). By day 208 (28 days post second dose), 100% of the participants in the ChAd-ChAd(6),
212 4CMenB-ChAd(6) and 4CMenB-4CMenB(6) arms had achieved at least a 4-fold increase in
213  SBA activity against the 44/76-SL strain, as well as 86% of the participants in the 4CMenB-

214  4CMenB(1) arm.

215  We also explored whether the two vaccines containing fHbp 1.1 induced B cell responses by
216  characterizing IgG subclass profile by ELISA, and enumerating the fHbp 1.1 -specific

217  antibody-secreting cell responses in participants who received ChadOx1 MenB.1 and
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4CMenB. Serum IgG1 and 1gG3 antibody titers were measured after a single injection of
ChAdOx1 MenB.1 or 4CMenB at 3 time points during the first month (fig. S1A and S1B).
Increases in the 1gG1 and 1gG3 responses were observed between day 0 and day 28 for both
vaccines, and the IgG1 to IgG3 ratio remained stable at day 7 and day 28 for each vaccine
type (fig. S1C). Additionally, antibody-secreting cell responses were increased after the 6
month boosts as measured by enzyme-linked immunosorbent spot (ELIspot) assay (day 208,

fig. S1D).

ChAdOx1 MenB.1 induces only modest heterologous SBA responses in humans

The capability of the study vaccines to induce SBA against heterologous fHbp variants
following vaccination was explored using the target strains M01 240355 (v3.31), M01
240101 (v1.15), MO1 240185 (v1.10), M0OO 242922 (v1.4) and M15 240912 (v1.13) (Table 4,
table S3 to S8 for GMT, and tables S9 to S13 for percentage of participants with SBA over
4). Variable SBA titers were present at day O prior to vaccination (Fig. 4A, day 0, tables S4 to
S8). A single low dose of ChAdOx1 MenB.1 induced a transient increase in SBA titers to
strain M01 240101 (expressing fHbp 1.15, v1.15) from a GMT of 4 [0.5-31.87] at day O to
20.1 [3.94-103.18] at day 28 (Fig. 4A, table S4). A single standard dose also induced a
modest increase in SBA titers against this strain from 7.46 [2.69-20.73] at day 0 to 21.7
[8.77-54.03] at day 28 (Fig. 4A). A second dose of ChAdOx1 MenB.1 at day 180 did not
further increase these SBA titers (Fig. 4A, day 208). ChAdOx1 MenB.1-immunized
individuals maintained a low abundance of bactericidal antibodies against the variant 3 fHbp
expressing strain (strain M01 240355, Fig. 4A, table S5) as well as low proportion of
individuals with titers superior or equal to 1:4 (Fig. 4B). Negligible v1.10-specific SBA

responses were observed in ChAdOx1 MenB.1- and 4CMenB-vaccinated individuals across
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all schedules at all time-points (Fig. 4A and B, M01 240185 and table S6). The individual
fold change in SBA activity against four heterologous MenB strains is shown in fig. S2 (Fig.
S2), and the percentage of participants with SBA over the putative protective titer against

each of the heterologous strains are shown in tables S9 to S13 (Tables S9 to S13).

ChAdOx1 MenB.1 vaccination induces a Thl-biased immune response

Adenoviral vaccines are expected to induce higher Thl-biased T cell responses than protein-
based vaccines containing aluminum adjuvants. To investigate if this is the case when the
same antigen is delivered with these two vaccine platforms, plasma cytokine concentrations
were assessed in individuals 24 hours following vaccination with ChAdOx1 MenB.1 or
4CMenB, and fHbp 1.1-specific T cell responses were measured pre- and post-vaccination.
Of the 10 plasma cytokines evaluated, five [interferon (IFN)-vy, interleukin (IL)-2, IL-6, IL-
10, and tumor necrosis factor (TNF)-a, Fig. 5A] were noticeably increased at day one post-
injection in those who received ChAdOx1 MenB.1. In contrast, IL-6 was the only cytokine
with an observed increase in participants who received 4CMenB post-injection. A decrease in
IL-8 was observed one day following immunization with 4CMenB. Homologous boosting
with ChAdOx1 MenB.1 or 4CMenB did not elicit substantial increase in any plasma cytokine
at day 181. 4CMenB prime followed by a heterologous boost with ChAdOx1 MenB.1
induced increases in IFN-y, IL-10, IL-6, and TNF-a. Nearly all IL-2 concentrations were
below the limit of detection (Fig. 5B). Neither vaccine, regardless of regimen, elicited an
elevation in IL-1p or IL-13 in the plasma within 24 hours following immunization. Finally,
we analyzed the fHbp 1.1-specific T cell response by IFN-y ELIspot assay. These data
indicated that, as expected, one or two injections with ChAdOx1 MenB.1 induced antigen-

specific T cell responses (Fig. 5C).
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DISCUSSION

ChAdOx1 MenB.1 was safe and well tolerated in this first-in-human trial in healthy adults.
Both the low dose and SD elicited robust bactericidal activity against the homologous target
N. meningitidis strain, 44/76-SL after a single immunization, which remained detectable for a
year. This provides proof of concept that a Gram-negative outer membrane protein can be
effectively expressed from an adenoviral vector and can induce bactericidal responses in
humans. Additionally, the results show that fHbp with a point mutation abrogating binding to
human factor H is immunogenic. However, the use of the adenoviral platform and the

presence of the mutation induced only modest cross-reactive bactericidal responses.

ChAdOx1-based vaccine candidates and other viral-vectored vaccines in development,
including those based on adenovirus (Ad) serotype 5, ChAdOx2, Adenovirus serotype 26,
vesicular stomatitis virus, modified vaccinia Ankara, and yellow fever 17D, are mainly
against viral or parasitic targets (13). Adenoviral-vectored vaccines expressing bacterial
proteins can produce a functional immune response in animal models, as demonstrated for
Bacillus anthracis (14) and Clostridium botulinum (15), although these were targeting the
excreted toxin proteins, rather than the complex bacterial surface-exposed antigens. An
experimental adenoviral-vectored vaccine against non-typeable Haemophilus influenzae
tested in chinchillas elicited robust but non-protective immune responses (16). Although we
previously identified challenges in correctly expressing other meningococcus antigen targets
(17), our study contributes to the increasing evidence that viral vectors are suitable vehicles
that can elicit functional antibody responses against complex conformational bacterial

epitopes.
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All adverse reactions reported by participants receiving the ChAdOx1 MenB.1 were mild or
moderate and short-lived, and there were no vaccine-related SAEs. This is in keeping with
results from both clinical trials and real-world effectiveness studies of ChAdOx1-based
vaccines. Similar safety and reactogenicity profiles were observed in the trials for ChAdOx1-
MERS against Middle East respiratory syndrome coronavirus (18), ChAdOx1 NP+M1
against influenza A virus (19) , and ChAdOx1 Chik against chikungunya virus (20). More
than 3 billion doses of ChAdOx1 nCoV-19 (AZD1222), a vaccine against SARS-CoV-2,
have been distributed to over 180 countries following the success of a multi-center,

international, phase I1I/111 trial, which reported it to be safe and efficacious (21). Investigators
have also been able to validate these findings in real world effectiveness studies (22). There

were also very few reported incidents of fever among the participants who received the

4CMenB vaccine in the trial described here, in agreement with current safety data in this age

group.

As the incidence of capsular group B invasive meningococcal disease is low, vaccine efficacy
trials are challenging to conduct and not likely to be feasible. However, the rise of SBA
above the putative protective titer of 1:4 is accepted as an indication of efficacy and was used
for licensure of both 4CMenB and rLP2086. Based on this metric, ChAdOx1 MenB.1 elicited
a protective immune response against the 44/76-SL strain. It has been proposed that the
percentage of participants with titers of >1:4 at 28 days post-immunization correlates with
short-term protection against infection with a homologous strain, whereas the percentage of
participants with >4-fold titer increases represent a more robust response (23, 24). In our trial,
75% of the participants in the ChAd-ChAd(6) arm had a > 4-fold increase in SBA titers
against the 44/76-SL strain by day 28, after a single dose, rising to 100% after the second
dose. Most adults will have carried N. meningitidis and subsequently developed SBA against

multiple antigens in their lifetime, which is supported by the SBA detected in the trial

12
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participants at baseline. Importantly, this phenomenon was present in participants in all arms
of the trial. Of note, the SBA assays were validated, quality-controlled, and performed

blinded, therefore differences at baseline were likely not a result of technical issues.

As a first-in-human trial, this trial was not powered to compare the immunogenicity between
groups, therefore no comparison in immunogenicity between the different vaccines included
were made, as they could have been affected by the small sample size and differences in
baseline titers. Moreover, the last two larger groups were added at a later time point and for a
different purpose (generation of reference standards), therefore not all analysis were
performed for these groups. As an indication, the SBA responses observed in participants
who received two doses of 4CMenB (100% participants with SBA >4 and hSBA GMT titers
of 147 (94-229) against strain 44/76-SL) were in similar ranges to SBA responses observed in
adults in other studies (23, 25). In Toneatto et al., the percentage of participants with SBA
titers >4 against strain 44/76-SL after two doses was 100% with 95% CI 87 to 100. The SBA
titers were only reported after 3 doses in adults in that trial (GMT 77 with 95% CI of 57 to
106) (25). In a trial including naive young adults aged 18 to 24 years old, two doses of
4CMenB resulted in 100% participants with SBA >4, and GMTs of 57 (45-73) in the naive
participants from Canada and Australia or 64 (52—78) in the naive participants from Chile

(26).

ChAdOx1 MenB.1 elicited a limited cross-reactive SBA response. SBA immune responses

were generated against strains M00 242922 (expressing fHbp variant v1.4) and M01 240355
(fHbp v3.31) in a proportion of participants. The fHbp variant 1.1 is closer to variant 1.4 than
variant 3.31 on the phylogenetic tree, and this is reflected in the degree of cross-reactivity of
the SBA response against each strain. The poor cross-reactivity of immune responses against

specific MenB fHbp variants has been well-described and is a universal challenge for all
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protein-based MenB vaccines (27), indicating the need for delivery of a multi-antigen vaccine
for broad protection. This appears to be similar here when using the ChAdOx1 platform and
the mutated fHbp. ChAdOx1 MenB.1 elicited poor SBA activity against MenB strain M01
240185, which contains a vaccine-heterologous fHbp subvariant (v1.10), and a modest effect
against M01 240101 (v1.15). These data suggest that ChAdOx1 MenB.1 induced limited
cross-reactivity in humans, contrary to the results observed in mice during pre-clinical
development (12). This may be linked with the dose of ChAdOx1 in human, as the dose used
in mice was in the high range of the dose-response. Moreover, although we observed a drastic
decrease of the mutant binding to human factor H during preclinical development (12), this
was performed in a cell lines, therefore the binding of factor H after immunization in human

is not known.

The ChAdOx1-based vaccine induced a cellular mediated response, as expected with
replication-deficient adenoviral vectors in humans (18-20). T-cell responses can improve
vaccine efficacy by supporting the B-cell response (28), as shown for meningococcal
polysaccharide conjugate vaccines (29, 30). Therefore, the T-cell response induced by the
ChAdOx1 may provide the conditions to increase the longevity of the memory B-cell
response. T-cell responses against outer membrane proteins are induced after meningococcal

disease (31, 32). However, whereas the SBA is an established surrogate marker of efficacy
against invasive meningococcal disease (33), there is no evidence for the potential of such

cellular responses to support direct protection in addition to, and independently of the SBA

responses.

The main limitation of this trial is its small sample size, which was acceptable for a first-in-
human trial aiming to assess safety. Although adequate expression of fHbp was assessed in

vitro (12) and is assumed by the capacity to elicit an SBA response, we did not assess post-
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translational changes and whether all fHbp B cell epitopes were presented in their natural
conformation. Another limitation is that it is impossible to evaluate the overall dose of
expressed fHbp from ChAdOx1 MenB.1 and how it compares with fHbp doses in protein-
based vaccines. We have not attempted to measure the quantity of antigen expressed after
injection in preclinical models as this would involve complex in vivo studies that cannot be
reliably recapitulated in vitro. After in vivo injection, the amount of fHbp produced per
infected cell includes cell-bound as well as secreted antigen, and varies depending on the cell
type, its immediate environment (influenced by the innate immune response), anatomical
location (muscle tissue, secondary lymphoid organs) (34), and time since vaccination (35).
The amount of antigen expression can also be influenced by the vaccine-elicited T cell
response itself, as demonstrated with DNA-based vaccines (36). Geiben-Lynn et al.
performed a comprehensive study using a luciferase-based real-time photon imaging and
found that intramuscular adenovirus delivery resulted in transgene expression for a week, and
that the T cell response contributed to the decrease of the antigen expression from day 4 (37).
There was no association between the peak amount of antigen expression in the first 2 days
and T cell response, nor with the establishment of long-term immune response. However, the
study did not explore the relation with the antibody response. Another limitation is that we
did not assess the response to the vector itself. Anti-ChAdOXx1 vector responses were
analyzed in detail in a larger trial after one or two doses of the ChAdOx1 COVID-19 vaccine
(38), and the results showed no relationship between antibodies to ChAdOx1 on the day of
vaccination and the antibody or T cell responses to the target antigen. It is unlikely that the
anti-vector data generated from our trial with small sample size would support any further
meaningful interpretation. We have also not measured the serum IgA titers in the participants.
Restrictions on research activities, introduced in response to the COVID-19 pandemic, led to

missed trial visits; however, very few of these were key immunological time points.
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Furthermore, this first-in-human phase I/l1a trial was conducted in adults and may not be
generalizable to other age groups or populations. Finally, although adenovirus vectors are
considered an inexpensive vaccine platform owing to low production costs, without cost-
effectiveness modelling, we cannot infer whether such vaccine would have a favorable cost-

effectiveness profile for adolescent programs (39, 40).

In conclusion, this phase I/1la trial demonstrates that ChAdOx1 MenB.1 vaccine is well-
tolerated and immunogenic. Our findings show that ChAdOx1 MenB.1 and 4CMenB elicited
comparable SBA activity against 44/76-SL, and although the trial was not powered to assess
differences in immunogenicity between the groups, the results suggest that ChAdOx1
MenB.1 did not induce strong cross-reactivity. The inclusion of another variant of fHbp or
another antigen, similarly to other vaccine platform (41), would potentially result in a MenB

vaccine with broader cross-reactivity.

MATERIALS AND METHODS

Study design

This is a first-in-human trial to evaluate the use of a viral-vectored vaccine with a transgene
expressing a Gram-negative bacterial surface protein. The trial was an open-label, dose-
escalation, non-randomized, single-site Phase I/1la clinical trial in healthy adults aged 18 to
50. Participants were enrolled following an informed consent process. Participants received
one or two doses of either the vaccine under investigation, ChAdOx1 MenB.1, or one of the
licensed MenB vaccines. The observations included safety and tolerability (primary
endpoints) as well as immunogenicity, measured by SBA, ELISPOT and quantification of
serum cytokines. The analyses for this study were descriptive and did not include any

hypothesis testing or presentation of p-values for group comparisons. Consequently, there
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were no power calculations used to determine the trial sample. Anyone who received at least
one dose of study vaccine was included and all data obtained up to the point of withdrawal
were used in the analysis and there were no imputations for missing data. Rules for stopping

data collection and inclusion/exclusion criteria are in the protocol (data file S1).

Baseline assessments and information was collected by a study investigator as part of the
assessment of inclusion/exclusion criteria (detailed in the study protocol, data file S1). Blood
samples were taken for routine hematological and biochemical markers, as well as a blood-
borne virus screen. Urinalysis was performed and a point-of-care pregnancy test was taken by

participants with child-bearing potential.

In the first group, ChAdOx1 MenB.1 was administered at a dose of 2.5x10%° (low dose) for
safety purpose (three volunteers, group 1), and then at 5x10%° (standard dose) viral particles.
The 4CMenB (Bexsero, GlaxoSmithKline) and rLP2086 (Trumenba, Pfizer) vaccines were
given as per summary of product characteristics at the standard dose of 0.5mL. All vaccines

were administered as an intramuscular injection into the deltoid.

The trial contained eight groups (Table 1 and Fig. 1) with a sequential, non-randomized
allocation: groups who received a single low or standard dose of ChAdOx1 MenB.1 (groups
1 and 2); then groups who received two doses of either standard dose of ChAdOx1 MenB.1
(group 3) or a heterologous immunization with 4CMenB followed by ChAdOx1 MenB.1 six
months later (group 4); 4CMenB was administered at day 0 and either 1 month (group 5) or a
6 months later (group 6); the larger groups dedicated to raising a serum standard received two
doses of 4CMenB or rLLP2086 as per the respective vaccine licenses (groups 7 and 8). The
latter two groups were supported by the NIBSC and were independent of the original first-in-
human design. The sampling strategy was therefore different with a focus on large serum

sampling supplied to the NIBSC. Therefore, not all samples and time points were available in
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these groups. For group 7 (19 participants immunized with two doses of 4CMenB at 6
months interval), only the large blood collection were performed for the generation of a
serum standard (no immunology analysis). For group 8 (21 participants immunized with two
doses of rLP2086 at 6 months interval), only a subset of 10 participants were randomly used
for the SBA assays. All SBA assays were performed blinded at the Vaccine Evaluation Unit
(UKHSA) (samples were coded at the size of study). As a first-in-human trial, this trial was
not powered to compare the immunogenicity between groups; therefore, no comparison in
immunogenicity between the different vaccines included were made. Participants were
recruited to each group sequentially. A staggered enrollment approach was used for the first
three participants in group 1 and 2, receiving the low dose and standard dose of ChAdOx1
MenB.1, respectively. An interim safety review was undertaken with the independent Data

and Safety Monitoring Committee before each dose escalation.

Ethics and approvals

Clinical Trial Authorization was granted by the United Kingdom Medicines and Healthcare
products Regulatory Agency (MHRA reference 21584/0379/001-0001). Ethical approval and
amendments were granted by South Central - Oxford A Research Ethics Committee
(17/SC/0470). The trial was registered with EudraCT (2017-000965-61). The trial was
conducted in accordance with the clinical trial protocol and the principles of the Declaration
of Helsinki (2008) and the International Conference on Harmonization (ICH) Good Clinical

Practice standards.

Vaccine construction and preparation
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ChAdOx1 MenB.1 is a replication-deficient viral vector expressing the fHbp variant 1.1
transgene and was produced as described previously (12). The vaccine was produced to
current Good Manufacturing Practice by the Clinical Biomanufacturing Facility (the
University of Oxford) in a Tet-repressed HEK-293 cell line and sterile-filtered to generate a
clinical lot at a concentration of 1.1x10* viral particles per mL. Vaccine aliquots were stored

at -80°C until use.

Safety monitoring

Participants were observed in the clinic for 30-60 minutes following immunization and each
recorded any AEs using electronic diaries, from day 0 (day of vaccination) to day 6 for
solicited symptoms (induration, redness, swelling, headache, malaise, myalgia, nausea and
vomiting, anorexia, arthralgia, and fever) and up to 28 days post-vaccination for unsolicited
adverse events. The grading of AEs were predefined, where 0 indicates absence of symptoms,
1 indicates transient or mild discomfort, 2 indicates some intervention or medical therapy
required, 3 indicates significant interference with daily activity, and 4 indicates emergency
department visit or hospitalization. Laboratory AEs were graded using a table adapted from
the US Food and Drug Administration (US FDA) toxicity grading scale. All reported or
observed AEs were recorded in the OpenClinica electronic database and SAEs could be

reported throughout the trial. An independent local safety monitor provided trial oversight.

Blood samples were taken and vital signs were recorded to undertake safety clinical
assessments before vaccination at day 0 and at days 1, 2, 7, 14, 28, 56, 84, 180, 208 and 365
following the first vaccination. Hematological parameters were entered in a blood safety
database and graded mild, moderate, severe, or potentially life-threatening based on the US

FDA guidelines (42).
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Meso scale discovery (MSD) cytokine profiling

Cytokine responses were measured in plasma samples with the MSD V-PLEX
Proinflammatory Cytokine (human) Panel 1 kit (Meso scale K15049D). The 10 spot plates
were coated with capture monoclonal antibodies against the following cytokines: IFN-y, IL-
1B, IL-2, IL-4, IL-6, IL-8, IL-10, IL-12p70, IL-13, and TNF-a. Plasma samples were diluted
at 1:2 in MSD diluent 2 and added in duplicates to the plates for two hours at room
temperature with shaking. Each plate also included MSD standard diluted 1:4 and 3 MSD
controls diluted 1:2. After incubation and a wash step, detection antibodies were added to the
plates and incubated for 2 hours at room temperature. After adding the read buffer, plates
were read on a MESO QuickPlex SQ 120 reader and analysis was carried out with the MSD
Discovery Workbench 4.0. Samples with a coefficient of variation greater than 20% between
replicates were repeated. Concentrations in pg/ml were determined by back fitting to the

standard curve and multiplied by the dilution factor.

SBA assay

Vaccine-induced functional bactericidal antibodies were determined using a standardized
SBA assay (43). As described previously, a starting serum dilution of 1:2 was tested using
human serum as an exogenous complement source (44). A panel of MenB target strains were
selected to represent key 4CMenB and ChAdOx1 MenB.1 vaccine antigen variants. VVaccine
type strains were considered homologous if the serum sample was from a participant
vaccinated with a vaccine based on that strain and other comparisons were considered
heterologous. All strains utilized are shown in Table 4. The strains utilized include the

homologous fHbp v1.1 as well as different V1 variants including v1.14, v1.10, v1.13 and
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v1.15 as well as a fHbp v3.31. These selected strains have been utilized in other clinical
trials of 4CMenB (44-46). A vaccine response was defined as a >4-fold rise in SBA titer
compared with pre-vaccination baseline titer; no response was defined as less than a 4-fold

rise in titer.

Detection of serum IgG1 and 1gG3 by enzyme-linked immunosorbent assay (ELISA)

Immulon 2HB plates (Thermo Fisher Scientific) were coated with recombinant fHbp 1.1
protein at 2.5 pg/ml in carbonate-bicarbonate buffer (Sigma Aldrich). Serum samples were
serially diluted in phosphate-buffered saline containing 0.5% (v/v) Tween-20 and 1% (w/v)
bovine serum albumin and tested in duplicates. Antibody binding was detected with
horseradish peroxidase-conjugated anti-human 1gG1 or 1IgG3 (Invitrogen A 10648 and 05-
3620, Thermo-Fisher Scientific) and visualized with 3,3”,5,5’-Tetramethylbensidine substrate
(Sigma Aldrich). The reaction was stopped with 50 ul H2SO4, and optical densities (O.D.)

were measured at 450 nm with a reduction at 600 nm.

Enumeration of antibody-secreting cell responses and IFN-y T cell responses by

ELISpot

Antigen-specific antibody-secreting cell enumeration was performed using cryopreserved
peripheral blood mononuclear cells by human B cell FLUOROSpot as described previously
(47) and following the manufacturer’s instructions (Mabtech) using recombinant fHbp 1.1.
Briefly, peripheral blood mononuclear cells were isolated from fresh heparinized blood
samples by density gradient centrifugation and cryopreserved. After thawing, cells were
stimulated with a cocktail of R848 and IL-2 (Mabtech) and incubated for 72 hours at 37°C.

Cells were then washed and added to the 96-well ELISPOT plates coated with recombinant
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fHbp 1.1 protein. Cells were incubated overnight at 37°C/5%C02/95% humidity and
detection of spots was carried out according to the manufacturer’s instructions (Mabtech) and
analyzed with the iSpot EliSpot reader (Autoimmun Diagnostika). The T cell responses were
measured in peripheral blood mononuclear cells by human T cell FLUOROSspot according to
the manufacturer’s instructions (Mabtech). Briefly, peripheral blood mononuclear cells were
stimulated overnight with a peptide pool of 15mer peptides overlapping by 11 amino acids
and covering the entire sequence of fHbp 1.1. Plates were coated overnight at 4 °C with anti-
human IFN-y antibody (clone 1-D1K, Mabtech) in carbonate buffer, washed, and blocked
with media for 2 hours minimum. 2.5 x 10° cells were incubated with the peptide pool,
medium alone or overnight at 37 °C with 5% CO2. Plates were washed and developed, and
spots were counted using an AID automated ELISpot counter (AID Diagnostika, algorithm
C). For both assays, identical settings were used for all plates. Responses were averaged
across the replicate wells. For the T cell ELISPOT, the mean response of the unstimulated
(negative control) wells was subtracted and results expressed as spot forming cells per

million peripheral blood mononuclear cells.

Statistical analysis

The analyses for this study were descriptive and did not include any hypothesis testing or
presentation of p-values for group comparisons. Consequently, there were no power
calculations used to determine the trial sample. Eighty-eight participants were included in the
analyses according to the group to which they were assigned. Anyone who received at least
one dose of study vaccine was included and all data obtained up to the point of withdrawal
were used in the analysis and there were no imputations for missing data. Safety data were

summarized by each dose and in total.
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The comparability of the groups was assessed using the demographic and baseline
characteristics. Continuous variables that followed an approximately normal distribution were
summarized using means and standard deviations. Skewed continuous variables were
summarized using medians and inter-quartile ranges. Categorical variables were summarized
using frequencies and percentages. All confidence intervals (CI) for descriptive analyses were

set at 95%.

The geometric mean titer (GMT), with 95% CI, of the SBA were determined for each group
at Day 0, 7, and 28 after each vaccination dose. The percentage of people with 4-fold increase
compared to baseline and the percentage of participants with SBA titers greater or equal to
1:4, with 95% CI, are reported. Values less than 0.25, which are not detectable, were replaced
by 0.125 in the analysis. As a first-in-human trial, this trial was not powered to compare the
immunogenicity between groups, therefore no comparison in SBA between the different
vaccines included were made. All available data were used in the analyses without
imputations for missing data using R version 4.2.2, in agreement with the statistical analysis
plan (data file S2). Individual-level data are presented in data file S3. For the plasma cytokine
data, some data were missing at random, therefore a mixed-effects analysis with multiple
comparisons (Sidak’s comparisons test) was used, and the adjusted P value for significance

indicated in the graphs.

List of Supplementary Materials
Fig. S1 and S2
Tables S1 to S13

MDAR Reproducibility Checklist
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Figure legends

Figure 1. CONSORT Diagram for the primary safety analysis. LD indicates low dose
(2.5x10%° vp); SD indicates standard dose (5x10*° vp). 4CMenB and rLLP2086 were
administered as per product specifications. Gray boxes indicate the two groups added to
generate serum standards. The numbers in parentheses in the allocation boxes indicate the
interval between two doses in months. N/A, not applicable.

Figure 2. Reported AEs from the day of vaccination until 6 days after vaccination. AEs
are reported for all trial arms. (A) Frequency of solicited local and systemic reactions on days
0 to 6 following the first dose of vaccination. (B) Frequency of solicited local and systemic
reactions on days 0 to 6 following booster dose vaccination. ChAd, ChAdOx1 MenB.1; LD,
low dose (2.5x10%°vp); SD, standard dose (5x10°vp). Bars represent the percentage of
participants with the reaction mentioned on the top, and the color indicates the severity of the
reaction as indicated in the legend. *Rash was measured as a binary variable and color does
not indicate severity.

Figure 2. ChAdOx1 MenB.1 induces SBA responses against the MenB strain 44/76-SL
containing a homologous fHbp 1.1. (A) Shown are individual SBA titers in participants in
each group of the trial as indicated at day 0 prior to vaccine (D0) and at days 28, 56, 180, 208
and 365 following the first vaccine dose. Each dot represents an individual. The number of
individuals assessed at each time point is provided in table S3. Single tests were run for each
sample, but multiple repeats were performed depending on the sample. The putative
protective threshold titer of > 1:4 is indicated by the horizontal red dotted line. Boxes and
vertical lines indicate geometric means and 95% confidence intervals, respectively. (B)
Proportion of participants with an SBA titer >1:4 at the indicated time points following first
vaccination. Error bars show 95% confidence interval (Cl). (C) Proportion of participants
with a 4-fold increase in SBA titers at the indicated time points following first vaccination.
Each dot represents an individual. The horizontal red dotted line indicates a value of 1 (no
change). Boxes and vertical lines indicate geometric means and the 95% confidence intervals,
respectively. The number of samples per group at day 0 are: ChAd LD, n = 3; ChAd SD, n =
10; ChAd-ChAd, n = 8; 4CMenB-ChAd, n = 8; 4CMenb-4CMenb(1), n = 10; 4CMenb-
4CMenB (6), n = 8; and rLP2086-rLP2086, n = 10. Some of the samples at further time
points were not collected, as some participants did not continue with the study.

Figure 4. ChAdOx1 MenB.1 did not elicit robust cross-reactive SBA responses following
vaccination. (A) Individual SBA titers against each of the four strains indicated on the x-axis
are shown for samples collected at the indicated time points from participants in each group
of the trial. Each dot represents an individual. The number of individuals assessed at each
time point is provided in table S3. Single tests were run for each sample, but multiple repeats
were performed depending on the sample. The putative protective threshold titer of > 1:4 is
indicated by the horizontal red dotted lines. Boxes and vertical lines indicate 3geometric
means and 95% Cls, respectively. (B) Shown is the proportion of participants with an SBA
titer >1:4 against the indicated strain at each time point. Error bars indicate 95% Cls.
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Figure 5. ChAdOx1 MenB.1 elicits Thl-biased cytokine production and fHbp-specific
IFN-y secreting T cell responses in peripheral blood samples following vaccination. (A)
Plasma cytokines indicated on top of the graphs were measured immediately prior to and 24
hours post the first vaccination with ChAdOx1 MenB.1 (blue, n = 18) or 4CMenB (gold, n =
25). (B) Plasma cytokines indicated on top of the graphs were measured immediately prior to
and 24 hours after the second vaccination for participants that received two doses of
ChAdOx1 MenB.1 (cyan, n = 6), two doses of 4CMenB (yellow, n =5), or 4CMenB
followed by ChAdOx1 MenB.1 (magenta, n = 7). Each dot represents an individual
participant. The horizontal red line indicates the lower limit of detection and the horizontal
black line indicates the lower limit of quantification. Data are presented as individual results,
and the median * interquartile range per group and time point. Significant differences
between 24 hours post and prior to injection were measured using mixed-effects analysis with
Sidak’s multiple comparisons test. (C) IFN-y secreting T cell responses were measured prior
to and at the indicated time points after vaccination. Each dot represents an individual
participant. The boxplots correspond to the median values with the first and third quartile,
and whiskers show the highest and lowest values no more than 1.5 times the interquartile
range from the corresponding edge of the box.
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Tables

Table 1. Study Groups and Vaccination Schedules. LD indicates low dose (2.5x10°vp); SD indicates

standard dose (5x10'°vp). 4CMenB and rLP2086 were administered as per product specifications.

Study Group Day 02 Day 28 Day 180

1 ChAdOx1 MenB.1 LD - -

2 ChAdOx1 MenB.1 SD - -

3 ChAdOx1 MenB.1 SD - ChAdOx1 MenB.1 SD
4 4CMenB - ChAdOx1 MenB.1 SD
5 4CMenB 4CMenB -

6 4CMenB - 4CMenB

7 4CMenB - 4CMenB

8 rLP2086 - rLP2086
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Table 2. Summary of participant demographic characteristics. LD indicates low dose (2.5x10°vp); SD indicates standard dose (5x10°vp). 4CMenB and
rLP2086 were administered as per product specifications. The numbers in parentheses in the top row indicate the interval in months between two doses.

4CMenB- 4CMenB- 4CMenB- 4CMenB- rLP2086-
ChAd LD ChAd SD ChAd-ChAd(6) | A d6) ACMenB(1) ACMenB(6) | 4CMenB(6) | rLP2086(6)
N=3 N=10 N=8 N=8 N=10 N=9 N=19 N=21

Age

21.0 (20.6-32.7)

29.0 (26.4-42.2)

29.2 (23.6-37.0)

28.8 (25.1-43.5)

23.8 (23.5-29.0)

26.1(25.1-27.4)

30.4 (26.7-42.9)

28.7 (27.3-34.5)

Body mass index

255 (12.7-26.9)

22.8 (0.0-25.0)

22.5 (14.1-25.5)

24.3 (22.1-25.9)

22.9 (5.6-26.8)

19.8 (0.0-21.8)

23.5(21.8-25.8)

23.4 (20.7-26.1)

Gender Female | 0(0.0%) 4 (40.0%) 6 (75.0%) 5 (62.5%) 4 (40.0%) 7 (77.8%) 13 (68.4%) 14 (66.7%)
Male 3 (100.0%) 6 (60.0%) 2 (25.0%) 3 (37.5%) 6 (60.0%) 2(22.2%) 6 (31.6%) 7 (33.3%)
Mixed | 0(0.0%) 0 (0.0%) 0 (0.0%) 1(12.5%) 1(10.0%) 0 (0.0%) 0 (0.0%) 1(4.8%)

Ethnicity Other 0 (0.0%) 0 (0.0%) 2 (25.0%) 1(12.5%) 1(10.0%) 0 (0.0%) 1(5.3%) 0 (0.0%)
White 3 (100.0%) 10 (100.0%) 6 (75.0%) 6 (75.0%) 8 (80.0%) 9 (100.0%) 18 (94.7%) 20 (95.2%)
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Table 3. Summary of AEs and SAEs. LD indicates low dose (2.5x10*° vp); SD indicates standard dose (5x10'°vp). 4CMenB and rLP2086 were administered as
per product specifications. The numbers in parentheses in the top row indicate the interval in months between two doses.

No. of AEs

No. of participants

Severity Mild
Moderate
Severe
Emergency or
Hospital visit
Unknown

Relation to No relationship

administered

vaccine Possibly related

Probably related
Definitely related

Median (Q1, Q3)
No. of missing

Duration of AE
(days)
Post-first dose
Post-second dose
SAE

ChAd LD

N=3
28
3

15
10
2

1

18

ChAd SD

N=10
67

10
41

16

6

2

2
35

23
7
2

7 (1, 34.75)
5

67

0

0

ChAd-
ChAd(6)
N=8

63

8

38

16

5

3

1
39

20
3
1

7 (4.5, 19.25)
1

42

21

1

4CMenB-
ChAd(6)
N=8

56

7

34

15

4

3

39
10
5
2

7.5 (5.25, 27)
2

35

21

1

4CMenB-
4CMenB(1)
N=10

36

2

1

14 (5.5, 77)
5

20

16

1

4CMenB-
4CMenB(6)
N=9

62

8

35

20

5

2

50

2

1

13 (1.25, 28)
8

46

16

0

4CMenB-
4CMenB(6)
N=19

24

4

28 (14, 184.5)
13

11

13

0

rLP2086-
rLP2086(6)

N=21

60
15
23
24
11
0

2
25

12

12

11

6 (11, 14)

11
29
31
0
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Table 4. Characteristics of the MenB Strains used to assess SBA responses in relation with the fHbp variants contained in each study vaccine. VR, variable

region; ?Pfizer classification; Pphase variable NadA allele in off state; “NadA gene inactivated by insertion sequence 1301. The ChAdOx1 MenB.1 vaccine

contains fHbp variant 1 peptide 1 only (1.1); 4CMenB contains PorA-VR2 1.4, fHbp 1.1, NadA 3.8 and NHBA peptide 2; rLP2086 contains fHbp variants 1.55
and 3.45. n/a, not applicable.

Isolate Country | Sequence | Clonal PorA fHbp NadA NHBA
type Complex VR1 VR2 Variant Peptide Alternative Variant Peptide Peptide
Classification?
44/76-SL | Norway 32 ST-32 7 16 1 1 B24 n/a 0 3
MO01 b
240355 UK 213 ST-213 22 14 3 31 A47 4/5 0 18
Mol 1049 ST-269 19-1 15-11 1 15 B44 n/a 0 21
240101 UK
MO1 .
540185 UK 11 ST-11 5-1 10-8 1 10 B64 2/3 0 20
MO0
242927 UK 41 ST-41/44 7-2 4 1 4 B16 n/a 0 2
M15 1161 ST-269 22 9 1 13 B0O9 n/a 0 17
240912 UK
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