Open Forum Infectious Diseases

MAJOR ARTICLE

“®IDSA

Controlled Human Infection of Healthy Adults With
Lyophilized Neisseria lactamica Induces Asymptomatic,
Immunogenic Nasopharyngeal Carriage in the United
Kingdom and Mali

D. F. Gbesemete,">*° F. Haidara,>*® J. R. Laver,"*® M. Ibrahim,"® J. MacLennan,*® A. P. Dale,"® A. R. Gorringe,>° Y. Traore,? F. Diallo,? H. Badji,?
A. Traore,® U. Onwuchekwa,>® E. Jones,' C. Webb,"® J. Guy,"® A. A. Theodosiou,"® S. N. Faust® S. 0. Sow,>® R. S. Heyderman,”® M. D. Tapia,*
and R. C. Read"**

'Controlled Human Infection Group, Clinical and Experimental Sciences, Faculty of Medicine, University of Southampton, Southampton, UK, 2NIHR Southampton Biomedical Research Centre and
NIHR Southampton Clinical Research Facility, University Hospital Southampton, Southampton, UK, 3Centre pour les Vaccins en Développement - Mali, Bamako, Mali, “Department of Zoology,
University of Oxford, Oxford, UK, *United Kingdom Health Security Agency, Porton Down, Salisbury, UK, SFaculty of Medicine and Institute for Life Sciences, University of Southampton, Southampton,
UK, ’NIHR Global Health Research Unit on Mucosal Pathogens, Division of Infection & Immunity, University College London, London, UK, and 8Center for Vaccine Development and Global Health,
University of Maryland, School of Medicine, Baltimore, Maryland, USA

Background. Carriage of Neisseria lactamica (Nlac), a harmless nasopharyngeal commensal, correlates inversely with carriage
of Neisseria meningitidis (Nmen), a common cause of meningitis and sepsis outbreaks in sub-Saharan Africa. Nasally administered
lyophilized Nlac (LyoNlac) might interrupt carriage and transmission of Nmen in sub-Saharan settings without requirement of a
cold chain, but whether LyoNlac can establish colonization is undetermined.

Methods. Healthy adult volunteers aged 18-45 years were inoculated intranasally with 10*~10” colony forming units (CFU) of
reconstituted, lyophilized Nlac strain Y92-1009 (LyoNlac) in 2 dose-ranging controlled human infection studies conducted in the
United Kingdom and Mali. Safety was measured as a primary objective. Secondary objectives included the dose achieving >70%
colonization rates for each setting, colonization kinetics, and serological responses. Both trials were registered with
ClinicalTrials.gov (United Kingdom: NCT04135053, Mali: NCT04665791) and are complete.

Results. Intranasal inoculation with LyoNlac was well tolerated with no significant safety concerns. In the United Kingdom, 10°
CFU yielded 100% colonization (n = 10/10) while in Malj, 107 CFU achieved 65% colonization (n = 13/20). An increase in Nlac- and
Nmen-specific IgG from pre-challenge to day 28 post-challenge was observed in colonized participants—median fold-change
[interquartile range] United Kingdom: Nlac 2.24 [1.37-4.24], Nmen 1.39 [1.20-3.70] and Mali: Nlac 1.31 [1.04-1.94], Nmen
1.32 [0.99-1.73]. No significant seroconversion occurred in non-colonized participants.

Conclusions. Intranasal inoculation with LyoNlac was safe and induced immunogenic nasopharyngeal colonization in healthy
adults in the United Kingdom and Mali. Future clinical trials to determine whether LyoNlac reduces meningococcal carriage and
transmission in the meningitis belt are warranted.
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The meningitis belt is a region of sub-Saharan Africa with a
high incidence of meningococcal meningitis [1]. Outbreaks
typically occur during the dry season and disappear with the
rains, with large epidemics occurring every 5-12 years [2, 3].
Multiple serogroups of Neisseria meningitidis (Nmen) are im-
plicated, necessitating either single-component or multi-
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component vaccines for control. Mass vaccination with the
Nmen serogroup A conjugate vaccine, MenAfriVac, and its
subsequent introduction into the Expanded Programme on
Immunisation (EPI), resulted in a dramatic decline in Nmen
A disease and pharyngeal carriage [4, 5], but outbreaks contin-
ue to occur with an increase in carriage of, and disease caused
by other serogroups such as C, X, and W [5-7]. A recently de-
veloped pentavalent ACYWX conjugate vaccine is being intro-
duced into routine childhood immunization schedules across
the meningitis belt and in mass vaccination campaigns in the
highest risk areas [8]. The impact of this vaccine on meningo-
coccal carriage and disease will be evaluated post-rollout.
Vaccination campaigns are triggered when the incidence of
disease crosses a pre-defined epidemic threshold [9]. These
are logistically complex and depend upon rapid serogroup
identification, adequate vaccine supply, storage and transport
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infrastructure, a robust cold chain, and trained healthcare staff.
These constraints cause delays in response times [10].

Nasopharyngeal colonization with Nmen is prerequisite to the
development of meningococcal disease [11], but the majority of
colonization events remain asymptomatic, with a minority pro-
gressing to invasion and disease (most commonly meningitis, sep-
sis, or both). Colonization rates vary by location and age. In high
income countries, approximately 10% of the population are colo-
nized, increasing from a very low prevalence in infants, to a peak of
24% in adolescence [12]. Across the meningitis belt, overall colo-
nization is lower at approximately 4%, but with significant varia-
tion by age, season, and country [13]. During epidemics,
colonization prevalence can increase up to 30-fold, suggesting
that an increase in asymptomatic colonization drives outbreaks
[14]. In addition to providing direct protection from disease, cap-
sular polysaccharide-conjugate vaccines protect against asymp-
tomatic colonization and therefore onward transmission.
However, this effect is serogroup specific [4, 15-17]. It follows
therefore that the development of an intervention capable of rap-
idly preventing asymptomatic meningococcal colonization could
decelerate or even terminate an outbreak. In support of such an
approach are data demonstrating that during a sub-Saharan out-
break, village-wide administration of ciprofloxacin to reduce col-
onization and therefore person-to-person spread reduced the
subsequent attack rate within that village [18].

Neisseria lactamica (Nlac) is a common commensal of the
human pharynx during childhood [19-21]. It is non-capsulate
and extremely rarely associated with disease [22]. Colonization
with Nlac is inversely associated with Nmen colonization, both
in high income countries [20] and in the meningitis belt [13].
Mathematical modeling suggests that Nmen acquisition is in-
hibited for several years following natural Nlac colonization
which peaks at 2.4 years [23]. Furthermore, in a carriage survey
conducted during a meningococcal outbreak, geographical ar-
eas with higher rates of colonization with Nlac were found to
have a reduced incidence of meningococcal disease [24].

We previously demonstrated that experimental nasopharyn-
geal Nlac colonization of humans via intra-nasal inoculation
significantly reduced colonization with Nmen by both direct
displacement and prevention of new meningococcal acquisi-
tion events. This effect was evident within 2 weeks post-
inoculation, with the effect persisting until at least 16 weeks,
and was not restricted to a particular meningococcal clonal
complex [25]. The mechanism underpinning this effect could
be direct competition for niche occupation or induction of
cross-reactive adaptive immunity. In support of the latter hy-
pothesis, we demonstrated that Nlac colonization induces
cross-reactive adaptive immune responses, including antibody
with anti-meningococcal opsonic activity, and cross-reactive
immunological memory [26, 27]. We have observed no safety
signals having inoculated more than 350 volunteers, and colo-
nization is stable and long-lasting [25-29].

For Nlac to be used as a live bacterial product in a
sub-Saharan outbreak, it would require a formulation that
could be deployed conveniently and without a cold chain or
medical expertise. We therefore developed a lyophilized formu-
lation of Nlac strain Y92-1009 (LyoNlac) suitable for long-term
storage and distribution beyond a cold chain, which could then
be reconstituted for use as a nasal inoculum. Given the inherent
differences in host immunity between the United Kingdom and
sub-Saharan Africa, it was considered vital to demonstrate the
colonization potential and immunogenicity of Nlac in a popu-
lation within the meningitis belt as well as in the United
Kingdom. Therefore, to test the hypothesis that inoculation
with reconstituted LyoNlac would safely and reliably induce
immunogenic nasopharyngeal Nlac colonization, we per-
formed 2 dose-escalation controlled human infection studies.
The first study was conducted in the United Kingdom, and
the second in Mali, within the meningitis belt [30]. The
objectives of these studies were to determine the optimum
dose of LyoNlac required to induce nasopharyngeal coloniza-
tion in healthy adults in each setting and to demonstrate the
safety and immunogenicity of experimentally induced
colonization.

METHODS

Challenge Agent Production

LyoNlac was developed from Nlac strain Y92-1009, ST-3493,
clonal complex 613, originally produced according to Good
Manufacturing Practice (GMP) principles by UK Health
Security Agency at Porton Down, Salisbury, and stored as fro-
zen bacterial stocks. Subsequently, a GMP-like process was
used in a dedicated facility at the University of Southampton,
with highly structured standard operating procedures and ded-
icated personnel and equipment, consistent with current rec-
ommendations and best practice [31]. Briefly, log phase Nlac,
grown in Tryptone Soya Broth supplemented with 0.2% yeast
extract (TSB), were washed in PBS, resuspended in a soya-based
lyophilization excipient, snap-frozen, lyophilized, and then vac-
uum sealed in ampoules as described previously [29]. The same
batch of LyoNlac was used in both studies (batch number:
LyoNlac01-190221).

Previous analysis of LyoNlac viability following storage at
different temperature conditions showed ampoules remained
above minimum viable product (MVP) levels (>10” colony
forming unit [CFU] per ampoule) for a minimum of approxi-
mately 3 months (Supplementary Materials and Supplementary
Figure 1). These data imply that LyoNlac might be a stable for-
mulation in which to store an infective inoculum beyond a re-
liable cold chain. Viable counts and purity checks were
performed (1) immediately following production, (2) prior to
study start, (3) following each inoculation, and (4) following
transportation to Mali.
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Patient Consent Statement

The first study was conducted at University Hospital
Southampton Clinical Research Facility, United Kingdom, be-
tween May 2019 and March 2020 (UK study). This study was
registered with ClinicalTrials.gov (NCT04135053), with ap-
proval from South-Central Hampshire B Research Ethics
Committee (Ref 18/SC/0420). Following review of the safety
and colonization data, the second study was conducted at the
Centre pour le Développement des Vaccins - Mali, Bamako,
Mali, between March and June 2021 (Mali study). It was regis-
tered with ClinicalTrials.gov (NCT04665791) with approval
from the University of Maryland, Baltimore Institutional
Review Board (HM-HP-0093831-2), and the ethics committee
of the Faculté de Meédecine, Pharmacie et Odonto-
Stomatologie, Mali (2020/291/CE/FMOS/FAPH). Both studies
were conducted in accordance with the Declaration of Helsinki
(1996) and the International Conference on Harmonisation
Guidelines for Good Clinical Practice. Written informed consent
was obtained from all volunteers prior to enrollment.

Study Participants

Healthy adult volunteers aged 18-45 were recruited, with exclu-
sion criteria including immunodeficiency, previous experimen-
tal challenge with Nlac, contra-indication to ciprofloxacin as a
potential rescue therapy, or allergy to soya, as a constituent of
the inoculum. In Mali, individuals colonized with Nlac at
screening were excluded to avoid confounding culture data.
Full eligibility criteria are detailed in Supplementary Table 1.

Dosing

Eligible participants were nasally inoculated with LyoNlac ac-
cording to a protocol-defined dose-ranging strategy aiming to
identify a study-specific standard inoculum dose, defined as the
dose which induced nasopharyngeal colonization in approxi-
mately 80% of participants by day 14 post-challenge (United
Kingdom) or at least 70% of participants by day 7 post-challenge
(Mali), or the maximum pre-specified dose (10" CFU) if the de-
sired colonization fraction was not achieved (Figure 1A). In the
UK study, the starting dose was 10> CFU, based on previous stud-
ies using frozen stocks of Nlac [26, 27]. The standard inoculum
dose identified in the UK study was used as a starting dose in
Mali. Participants were inoculated in dose cohorts of 5, with a re-
view of safety and colonization data prior to enrollment of the
next cohort. The dose was then repeated or escalated/de-escalated
in 0.5-1 log increments according to the colonization fraction, as
detailed in Figure 1A, until the standard inoculum dose was iden-
tified. A target colonization rate of 70%-80% was selected as likely
to be clinically impactful but below a level of saturation.
Recruitment was continued until at least 10 participants were col-
onized following inoculation with the standard inoculum dose
with a maximum sample size of 35 (United Kingdom) and 100
(Mali) to allow completion of the dose-ranging process.

Procedures

LyoNlac ampoules were reconstituted with 1 mL sterile water,
incubated at room temperature for 5 min and then further di-
luted as calculated to achieve the intended inoculum dose in
1 mL. Sterile water was used as the diluent for the UK study
due to previously observed improved duration of inoculum
stability in comparison to PBS diluent, with the aim of optimiz-
ing feasibility for future field use. However, due to concerns
about reactogenicity (see Results-Safety), the diluent was
changed to PBS for the Mali study, as PBS had previously
shown to be well tolerated and sufficiently stable following its
use to dilute frozen Nlac stocks [25-27, 32]. All inoculum doses
were administered within 30 min of dilution. Dilutional viabil-
ity counting was conducted for each inoculum to determine the
actual dose administered (confirmed inoculum dose) as previ-
ously described [33].

The inoculation procedure was conducted with the partic-
ipant lying supine with their neck extended. 0.5 mL of inocu-
lum was administered to each nostril by Pasteur pipette. The
participant remained supine for 5 min following inoculation
and was then observed for 20-30 min.

Participants attended study visits for monitoring of safety,
microbiological, and immunological parameters over 168
days (Figure 1B). In the UK study, participants were invited
to an optional 2-year visit to assess for ongoing colonization.
Additional visits were arranged for any safety concerns if
appropriate.

Microbiology
Nasopharyngeal Nlac colonization was assessed by culture of
oropharyngeal swabs (United Kingdom and Mali) and nasal
wash samples (United Kingdom only) as previously described
[33]. For the Mali study, only oropharyngeal swabs were collect-
ed due to an observed higher sensitivity as well as improved fea-
sibility and acceptability in comparison to nasal wash sampling.
In brief, oropharyngeal swabs were plated directly on GC-
selective agar plates supplemented with 40 ug mL™" 5-bromo-
4-chloro-3-indolyl-B-D-galactopyranoside (GC + Xgal). Nasal
wash samples were centrifuged at 500 g for 10 min to pellet mu-
cus and host cells. The supernatant was centrifuged for a further
10 min at 5000 g. The pellet was resuspended in 1 mL of superna-
tant, and then 50 pL and 250 pL aliquots were plated onto GC +
Xgal. All plates were incubated for 24-48 h at 37°C, 5% CO..
Colonies morphologically consistent with Neisseria were
identified as putative Nlac (blue) or other Neisseria (white).
Representative Nlac from each clinical sample were sub-
cultured and stored for analysis at —80 °C. Colonization with
the inoculum strain was confirmed by Y92-1009-specific PCR
of genomic DNA extracted from at least one putative Nlac iso-
late per colonized participant (Supplementary Material and
Supplementary Table 2). White colonies were identified using
API or MALDI-ToF and colonization with Nmen was noted.
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Figure 1.

Study design. Dose-ranging strategies (A): participants were enrolled according to protocol-defined dose-ranging strategies to establish the standard inoculum

dose in the United Kingdom (LHS, pink) and Mali (RHS, green). A starting dose of 10° CFU was used in the United Kingdom. The standard inoculum dose identified in the United
Kingdom was used as the starting dose in Mali. For both studies, if the maximum pre-specified inoculum dose of 10’ CFU was reached, this was identified as the standard
inoculum dose regardless of colonization fraction. Study timeline (B): timeline with planned visits, interventions, and clinical samples comparing the UK (top, pink) and Mali
(bottom, green) studies. Scr = screening visit; day 0—168 = visit time point in days from inoculation. Screening = informed consent, medical screening, and assessment of
eligibility; baseline microbiology/microbiology = throat swab (United Kingdom and Mali) and nasal wash (United Kingdom only) to assess Nlac colonization; immunology =
blood sampling for measurement of IgG with specificity to anti-Nlac- and anti-Nmen deoxycholate-extracted outer membrane vesicles (dOMV); inoculation = nasal inocu-
lation with appropriate dose of reconstituted Nlac. Optional 2-year visit (United Kingdom only) (visit window 18 months to 3 years post-inoculation).

Colonized participants were defined as those with any posi-
tive culture of Nlac up to day 14 post-challenge.

Immunology

Serum Nlac- and Nmen-specific immunoglobulin G (Nlac-1gG,
Nmen-IgG) titers were measured by enzyme-linked immuno-
sorbent assay (ELISA) using plates coated with Nlac
(Y92-1009)- and Nmen (H44/76)-derived deoxycholate ex-
tracted outer membrane vesicles (AOMYV) as previously de-
scribed [27, 29] with reference to a positive control serum
extracted from whole blood taken from a single donor 28
days following Bexsero vaccination and demonstrated to

produce a strong anti-Nlac and anti-Nmen IgG signal.
Investigators performing serological assays and analyses were
blinded to dose and colonization status.

Safety

Solicited and unsolicited adverse event data were collected at
each study visit, and participants were encouraged to contact
the study team if adverse events occurred between study visits.
Following self-reported reactogenicity in the UK study, reacto-
genicity data were collected for 20 min post-inoculation in the
Mali study. For the UK study, safety was overseen by an external
Data and Safety Monitoring Board. For the Mali study, safety
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data were reviewed at weekly online internal safety committee
meetings.

Statistical Analysis

Statistical analysis was performed using GraphPad Prism soft-
ware version 9.5.1. Data were assessed for normality using
Shapiro-Wilk. Mann-Whitney and Wilcoxon signed-ranks
matched paired tests were used to assess unpaired and paired
continuous data, respectively. Fisher’s exact test was used to
compare proportions between groups. All tests were 2-tailed
and P values < .05 were considered statistically significant.

RESULTS

Recruitment and Study Populations

Participants screened, enrolled and inoculated with Nlac, and
who completed follow-up are detailed in Figure 2A. In Mali, a
PBS dilution error was identified for the first 3 cohorts, resulting
in a hypertonic inoculum with resulting inadequate dose of
Nlac. These 15 participants were excluded from the colonization
and immunogenicity analyses but were followed up for safety.
Participant demographics for participants screened and chal-
lenged per protocol are shown in Supplementary Table 3.

At screening, nasopharyngeal carriage of wild-type Nlac was
5% (n=4/80) in Mali and 0% (n=0/31) in the United
Kingdom. Carriage of Nmen was seen in 8.8% (n=7/80) in
Mali and 9.7% (n = 3/31) in the United Kingdom.

Colonization Status Following Inoculation and Identification of the
Standard Inoculum Dose

The standard inoculum dose identified in the United Kingdom
was 1x 10> CFU, achieving a colonization fraction of 100%
(n =10/10). In Mali, the dose-ranging process commenced at
this dose and was escalated to the maximum dose of 1x 10
CFU, which achieved a colonization fraction of 65% (n = 13/20)
(Figure 2B). The confirmed inoculum dose following viable count
of the inoculum and the overall colonization fraction, at each in-
tended dose, are summarized in Supplementary Table 4. At least 1
Nlac isolate for each colonized participant was confirmed by PCR
to be the challenge strain (Y92-1009).

There were no significant differences in demographics or
baseline Nmen carriage between colonized and non-colonized
participants (Supplementary Table 5).

Duration of Colonization

Colonization for each participant over time is shown in Figure 3.
In the UK study (Figure 3A), of those participants who became
Nlac colonized, this was detected by day 4 post-challenge in
95% (n =21/22) and by day 7 in 100% (n = 22/22). One partici-
pant withdrew prior to the day 28 visit and a further 2 prior to
the day 168 visit. Of those colonized participants who attended
follow-up, 90% (n=20/21) remained colonized at day 28 and
79% (n =15/19) remained colonized at day 168. At the optional

2-year visit, 15% (n = 2/13) of previously colonized participants
who attended remained colonized.

In the Mali study (Figure 3B), of those participants who be-
came Nlac colonized, colonization was not detected until the
day 14 visit in 3 participants, with the remainder detected by
day 4 (n =21/25, 84%) or 7 (n = 22/25, 88%). One colonized
participant was lost to follow-up prior to the day 168 visit. Of
those colonized participants who attended follow-up, 76%
(n=19/25) remained colonized at day 28 and 33% (n = 8/24)
remained colonized at day 168. One participant, non-colonized
following challenge, was newly Nlac colonized at the day 168
visit. This was confirmed by PCR to be a non-Y92 strain.
Several participants received antibiotics during the study for
non-study related reasons which in one case appeared to be as-
sociated with loss of carriage (Supplementary Table 6).

Baseline Serology

Baseline (pre-inoculation) Nlac-IgG and Nmen-IgG titers are
shown in Figure 4A-F. There was a trend toward higher
Nlac-IgG (Figure 4A) and significantly higher Nmen-IgG
(Figure 4D) in Mali in comparison to the United Kingdom—
median titer [interquartile range] Nlac-IgG UK: 7.51 [2.74-15.90],
Mali: 10.97 [5.865-20.89] (P =.07) and Nmen-IgG UK: 18.66
[10.45-27.95], Mali: 24.98 [12.92-44.04] (P = .04). No difference
in baseline titers of Nlac-IgG was seen between subsequently col-
onized and non-colonized participants in either study (Figure 4B
and C). Participants who subsequently became Nlac colonized
had significantly lower baseline Nmen-IgG in Mali (P =.004,
Figure 4F) but not in the United Kingdom (Figure 4E).

Serological Response to Colonization

Nlac- and Nmen-IgG titers at day 28 post-challenge were com-
pared to baseline (Figure 4G-N and Supplementary Tables 7
and 8). An increase in Nlac-IgG and Nmen-IgG titers from pre-
challenge to day 28 post-challenge was observed in colonized
participants—median  fold-change [interquartile range]
United Kingdom: Nlac-I1gG 2.24 [1.37-4.24], Nmen-IgG 1.39
[1.20-3.70] and Mali: Nlac-IgG 1.31 [1.04-1.94], Nmen-IgG
1.32 [0.99-1.73] with several participants having a greater
than 2-fold increase in titer. In contrast, no significant increase
in either Nlac- or Nmen-IgG titers was seen in non-colonized
participants, in either study. No increase in serological re-
sponse to colonization was observed with increasing inoculum
dose (Supplementary Tables 7-9).

Adverse Events

Adverse events are summarized in Figure 5. In the United
Kingdom, n = 8/30 (27%) participants reported transient nasal
stinging following inoculation (Figure 5A). In Mali, mild to
moderate reactogenicity symptoms were reported in n =13/
15 (87%) participants who received a hypertonic, inadequate
inoculum (Figure 5B). Of those participants who received a
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hallenged and included in each analysis in the United Kingdom (LHS, pink) and Mali (RHS,

green). Participants in Mali who received a hypertonic inoculum with inadequate Nlac dose are reported as “Inadequate inoculum” (n = 15). These participants were followed
up for safety but were not included in any further analyses. B, Identification of the standard inoculum dose: enroliment to intended dose cohorts with colonization fraction for
each cohort and subsequent dose-ranging step leading to identification of the protocol-defined standard inoculum dose with overall colonization fraction at that dose for the
United Kingdom (A) and Mali (B). Colonization fraction is defined as the proportion of participants in each cohort, or of those who received the standard inoculum dose, with at
least one positive culture of N. /actamica from nasal wash or throat swab samples taken between inoculation and day 14 post-inoculation.

per-protocol inoculum, n=2/40 (5%) reported mild self-
resolving headache with no other reactogenicity symptoms
reported.

Additional adverse events occurring up to day 28, comparing
colonized and non-colonized volunteers in each study are sum-
marized in Figure 5C and D. Mild to moderate upper and lower
respiratory tract symptoms occurred in both studies, with no
difference observed between colonized and non-colonized par-
ticipants. Other adverse events such as headache, injuries, gas-
troenteritis, or malaria and out of range laboratory
parameters occurred in a small number of participants in
both studies but none were assessed as being related to inocula-
tion or colonization with Nlac.

The confirmed inoculum dose, determined by viable count of
the residual inoculum, was reported to be higher than the accept-
able upper limit for 2 participants in the United Kingdom. For one
participant, this was reported as greater than 10 times the intended
dose and so was reported as an adverse event of special interest.
Neither participant reported any symptoms related to this. No
other serious adverse events occurred in either study.

DISCUSSION

We have demonstrated that nasal inoculation with a lyophi-
lized preparation of Nlac (LyoNlac) safely and rapidly induces

long-standing, nasopharyngeal colonization in a high
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Figure 3. Colonization over time. Colonization status of each individual partici-
pant in the United Kingdom as defined by culture of at least 1 colony of Nlac or
Nmen from either a nasal wash or throat swab at each time point (A), or in Mali
as defined by culture of at least one colony of Nlac or Nmen from a throat swab
at each time point (B). Scr = screening visit; numbers 0—168 indicate visit time
point in days post-inoculation; 2y = optional 2-year visit (United Kingdom only,
B). Inoculum or circulating (non-inoculum) strain of Nlac confirmed by
Y92-1009-specific PCR of putative Nlac colonies. Antibiotics given for non-study re-
lated purposes: see Supplementary Table 6.

proportion of healthy adult volunteers in the United Kingdom
(100%) and Mali (65%). Successful colonization induced a hu-
moral immune response, with an increase in both Nlac- and
Nmen-IgG.

Reactogenicity was observed in both studies. In the United
Kingdom, this was mild nasal stinging which self-resolved
within a few minutes and was concluded to be due to the use
of water as the inoculum diluent. In Mali, significant reactoge-
nicity was observed in those participants who received an inad-
equate inoculum, likely due to the incorrect use of a hypertonic
diluent. However, for those participants who received a cor-
rectly prepared inoculum with PBS as a diluent, the reactoge-
nicity profile was well within acceptable limits.

In previous studies, inocula were prepared from frozen bac-
terial stocks [25-27]. However, the requirement for
temperature-controlled storage and complex inoculum prepa-
ration techniques limited the real-world utility of the model.
Lyophilization is commonly used to enable stable long-term
storage and transport of bacterial strains with reconstitution
yielding viable bacteria [34]. Uniquely, we have shown that ly-
ophilized Nlac was readily reconstituted and thrived in a

colonization niche. Furthermore, the finding that colonization
induced by LyoNlac is immunogenic opens the way for further
studies to evaluate the impact on meningococcal colonization
and transmission in a high disease burden setting.

The use of lyophilized bacteria to induce colonization has
been previously demonstrated with the B. pertussis vaccine can-
didate, BPZE1. This live-attenuated strain has been developed
as a lyophilized product which is microbiologically stable at
ambient temperatures for at least 2 years [35]. Nasal adminis-
tration of BPZE1 induces transient nasopharyngeal coloniza-
tion and seroconversion [36, 37] and reduces nasopharyngeal
colonization with B. pertussis [38]. Together these data provide
proof of principle that live lyophilized bacterial products have
utility as mucosal vaccines and support the approach taken
with LyoNlac.

The observation that colonization with LyoNlac induced
both Nlac- and Nmen-IgG in UK and Malian participants is
consistent with our previous findings [26, 27]. We have previ-
ously demonstrated that Nlac colonization induces
Nmen-cross-reactive IgG in serum, IgA- and IgG-secreting
plasma cells, and immunological memory [27]. We have not as-
sessed the generation of anti-Nmen serum bactericidal activity
(SBA) in these studies as recent epidemiological and clinical
studies suggest that Nlac does not generate potent SBA [26,
39, 40]. However, we have previously demonstrated that inocu-
lation with genetically modified Nlac expressing the anti-Nmen
vaccine antigen, Neisseria adhesin A, can be utilized to enhance
the anti-Nmen response to include generation of anti-Nmen
SBA [32]. In future work, we will undertake further genetic
modifications of the strain to optimize this potential response.

We have previously demonstrated that experimental Nlac
colonization reduces Nmen carriage in healthy adults in the
United Kingdom [25]. In the current studies, we have demon-
strated the induction of immunogenic colonization, but not the
translation of this to an impact on Nmen carriage or disease in
the meningitis belt. These studies did not recapitulate the pre-
viously observed displacement of Nmen from carriage, with
only 2 out of 6 participants who were Nmen colonized at base-
line becoming successfully colonized with the inoculum strain
of Nlac (Figure 3). However, it must be noted that these studies
are far smaller in size than the study in which the displacement
phenomenon was originally observed [25]. It should also be
noted that the previously demonstrated Nmen displacement
phenomenon was limited only to those who were successfully
Nlac colonized and that preexisting Nmen colonization was as-
sociated with a reduction in successful Nlac colonization fol-
lowing challenge [25]. Essentially therefore, in these studies,
Nlac was unable to establish colonization in the majority of
Nmen-colonized individuals. The reasons for this are
unknown.

However, as the highest risk of meningococcal disease is
known to be within the first 2 weeks following Nmen
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Figure 4. Neisseria lactamica— and Neisseria meningitidis—specific IgG titers. Sera collected from participants both prior to challenge with Nlac (day 0) and 28 days
post-Nlac challenge (day 28) were assayed for IgG with specificity to dOMV derived from (i) Nlac Y92-1009 (anti-Nlac dOMV titers) and (ii) Nmen strain, H44/76
(anti-Nmen dOMV titers). Reciprocal antibody titers were interpolated with reference to a single control serum from an Nlac-colonized individual collected 28 days after
challenge in a separate study. Anti-Nlac and anti-Nmen dOMV titers of participants enrolled in the United Kingdom (n = 29) and Mali (n = 40) who were subsequently chal-
lenged per protocol with Nlac and followed up to day 28 are shown, with each point representing the interpolated reciprocal titer of 1 participant at 1 time point. Serological
data from all intended dose levels are included. Boxes show the median and interquartile range of each dataset and bars represent range. Day 0 (baseline) (A—F) anti-Nlac
dOMV IgG (blue points, A-C) and anti-Nmen dOMV IgG (red points, D—F) titers are shown, with comparison between those enrolled in the United Kingdom (n = 29) and Mali
(n=140) (A and D), and comparing those who would (Co/) or would not (Non-col) go on to become colonized by Nlac, in the United Kingdom (Band £, n = 29) or Mali (Cand F,

n = 40) are shown. Pvalues derived using Mann—Whitney U test.

acquisition [41], it is likely that the clinical utility of Nlac would
be to prevent new acquisition of Nmen, both during seasonal
hyper-endemicity where Nmen carriage prevalence remains
low, or to limit the dramatic increase in carriage associated
with large epidemics [14]. Individuals already colonized with
Nmen, while not free from risk of developing meningococcal
disease, become less likely to do so the longer Nmen is carried,
so the primary aim of an Nlac-based intervention would be

prevention of Nmen spread rather than displacement of resi-
dent Nmen. The current studies were not designed to demon-
strate a reduction in Nmen acquisition.

Therefore, further studies, designed and powered to assess
the impact of Nlac colonization on Nmen colonization, trans-
mission and disease in the African meningitis belt, and whether
protection can be optimized via genetic modification of Nlac,
are important next steps.
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Figure 5. Reactogenicity and adverse events. Reactogenicity and adverse events presented as a proportion of participants per group, maximum severity per participant
reported. Green = nil; yellow = mild/grade 1; orange = moderate/grade 2; red = severe/grade 3. United Kingdom: self-reported nasal irritation/stinging following inocula-
tion, presented by intended inoculum dose, 1 x 10% CFU {n =10), 5 10% CFU (n =10}, 1 x 10° CFU (n = 10) (A). Mali: solicited reactogenicity within 25 min following in-
oculation, presented by intended inoculum dose. Participants who received a hypertonic inoculum with inadequate Nlac dose (/nadequate inoculum, n=15), 1 x 10° CFU
(n=15), 1x10° CFU (n=15), 1 x 107 CFU (n = 20). R, rhinorrhea; S, sneezing; N, nasal irritation/stinging; E, eye watering; H, headache (B). Adverse events occurring
between inoculation and day 28 in the UK study comparing participants who were colonized with Nlac at any point from inoculation to day 14 post-inoculation
(Colonized, n = 22) and those who were not (Non-colonized, n = 8) (C). Adverse events occurring between inoculation and day 28 in the Mali study comparing participants
who were colonized with Nlac at any point from inoculation to day 14 post-inoculation (Colonized, n= 25), those who were not (Non-colonized, n = 15), and those who
received a hypertonic inoculum with inadequate Nlac dose (/nadequate inoculum, n = 15) (D). URT, upper respiratory tract symptoms; LRT, lower respiratory tract symptoms;
Other, other adverse events; Hb, hemoglobin; WCC, white cell count; L, lymphocyte count; N, neutrophil count; CRP, C-reactive protein; PIt, platelet count; Eos, eosinophil
count; ALT, alanine transferase. Blood parameters graded according to study-specific ranges based on institutional normal parameters, with a change of at least one grading
band from baseline (see study protocols in Supplementary Material).

It is notable that we achieved an Nlac colonization fractionof ~ induce cross-reactive immunological memory. In support of

100% in the UK cohort, higher than the aim of “approximately
80%.” By contrast, in Mali, the colonization fraction did not sig-
nificantly increase with increasing dose, and only 65% coloniza-
tion was achieved with the maximum pre-specified dose. This
suggests that the maximum possible colonization fraction in
Mali population is lower than in the United Kingdom.
Possible mechanisms to explain this observation include differ-
ences in (1) the composition of the nasopharyngeal microbiome,
which modulates resistance against Nlac colonization, and (2)
baseline immunity, acquired as a consequence of repeated epi-
sodes of transient carriage of Nlac or other Neisseriaceae, which

this second hypothesis, we have previously demonstrated that
experimentally induced Nlac colonization results in the genera-
tion of adaptive immune responses, including immunological
memory, to Nmen [26, 27]. Furthermore, we have shown that
baseline anti-Nmen IgG memory B cell responses positively cor-
relate with Nlac-specific plasma B cell frequencies and IgG titer
increases following Nlac challenge and negatively correlate with
Nlac colonization density following challenge [27]. These obser-
vations strongly suggest that preexisting cross-reactive adaptive
immune responses may drive protection against colonization.
Consistent with this hypothesis, in the current study, we
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observed that baseline Nlac/Nmen-IgG titers were higher in
Mali than the United Kingdom and that participants protected
against Nlac colonization following challenge in Mali had signif-
icantly higher baseline Nmen-IgG titers as compared to their
unprotected counterparts (Figure 4F).

Some limitations in comparisons between the 2 sites are ac-
knowledged. While these 2 studies are similar in design, there
were differences in eligibility criteria, follow-up schedule, pro-
cedures, and sampling techniques. In addition, the healthy
adults enrolled in these studies may not be entirely representa-
tive of the population targeted in any possible future interven-
tion, which would ideally require inoculation of the whole
population. Further consideration must be given to the poten-
tial impact of variables such as age, geographical location within
the meningitis belt, immunological parameters, and microbiota
composition on the ability of LyoNlac to induce nasopharyngeal
colonization. To address the critical issue of variability in colo-
nization potential across different ages, we intend to assess the
acceptability, safety, and efficacy of LyoNlac inoculation in a
healthy UK pediatric population, which we view as essential
preliminary data prior to larger field trials to assess the impact
on Nmen transmission in the meningitis belt.

Reactive vaccination remains the gold standard preventative
strategy during outbreaks of meningococcal disease in the men-
ingitis belt [9]. However, the mobilization of vaccination cam-
paigns is dependent upon surveillance data with serogroup
identification, the availability of serogroup-matched vaccine,
and infrastructure for transport and administration, all of
which can cause a delay in response time [10].

Potential advantages of LyoNlac include more rapid deploy-
ment due to the lack of cold-chain requirement, ease of admin-
istration, and serogroup independence. The previously
demonstrated impact on Nmen colonization was evident by 2
weeks post-inoculation, the earliest sampling time point report-
ed [25]. In the current studies, Nlac colonization was detectable
by day 4 after challenge in the majority of those who became col-
onized. It is therefore plausible that an impact on Nmen carriage
could occur more rapidly than 2 weeks, which would be benefi-
cial in limiting spread during a meningococcal outbreak.

LyoNlac could therefore be a useful adjunct, given prior to or
alongside serogroup-matched conjugate vaccines, to mitigate
against delays in vaccine availability and therefore slowing
the progression of an outbreak while it is still relatively small.

In conclusion, lyophilized Nlac rapidly induces asymptomat-
ic, immunogenic nasopharyngeal colonization in the United
Kingdom and Mali. In the future, this approach can be investi-
gated as a preventative strategy to interrupt meningococcal
transmission in an outbreak setting.
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Supplementary materials are available at Open Forum Infectious Diseases
online. Consisting of data provided by the authors to benefit the reader, the
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ing author.
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