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A B S T R A C T

Background: Shigellosis accounts for substantial morbidity and mortality worldwide and is the second most
common cause of moderate and severe diarrhoea in children.
Methods: This phase 2b study (NCT03527173), conducted between August 2018 and November 2019, evalu-
ated vaccine efficacy (VE), safety, and immunogenicity of a Shigella sonnei GMMA candidate vaccine
(1790GAHB) in adults, using a S. sonnei 53 G controlled human infection model. Participants (randomized
1:1) received two doses of 1790GAHB or placebo (GAHB-Placebo), at day (D) 1 and D29, and an oral challenge
of S. sonnei 53 G at D57. VE was evaluated using several endpoints, reflecting different case definitions of
shigellosis. For the primary endpoint, the success criterion was a lower limit of the 90% confidence interval
>0.
Findings: Thirty-six and 35 participants received 1790GAHB or placebo, respectively; 33 and 29 were chal-
lenged, 15 and 12 developed shigellosis. VE was not demonstrated for any endpoint. Adverse events were
more frequent in 1790GAHB versus placebo recipients post-vaccination. Anti-S. sonnei lipopolysaccharide
(LPS) IgG responses increased at D29 and remained stable through D57 in group 1790GAHB; no increase was
shown in placebo recipients.
Interpretation: 1790GAHB had an acceptable safety profile and induced anti-LPS IgG responses but did not
demonstrate clinical efficacy against shigellosis. Baseline/pre-challenge antibody levels were higher in partic-
ipants who did not develop shigellosis post-challenge, suggesting a role of anti-LPS IgG antibodies in clinical
protection, although not fully elucidated in this study. For further vaccine development an increased S. sonnei
O-antigen content is likely needed to enhance anti-LPS immune responses.
Funding: GlaxoSmithKline Biologicals SA, Bill and Melinda Gates Foundation
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1. Introduction

Despite the recent decrease in the global diarrhoea burden, diar-
rhoeal diseases continue to be a major contemporary health concern,
particularly amongst children below 5 years of age living in low and
middle-income countries (LMICs).[1,2] The Shigella genus is one of
the most clinically relevant pathogens contributing to diarrhoeal
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Research in context

Evidence before this study

A licensed vaccine against Shigella is not widely available. Of the
candidates currently under development, one conjugate vac-
cine composed of the O-specific polysaccharides of S. sonnei
and S. flexneri 2a has reached the stage of clinical efficacy trial.
Human challenge models were used to assess vaccine efficacy
in several studies; a bioconjugate vaccine against S. flexneri 2a
(Flexyn2a) demonstrated protection against the most severe ill-
ness after challenge.

Added value of this study

The GMMA-based S. sonnei vaccine (1790GAHB) has been pre-
viously shown to induce S. sonnei-specific antibody responses
and to have an acceptable safety profile in adults from both
non-endemic and endemic settings. This study evaluates this
investigational vaccine in a controlled human infection model
(CHIM) and provides additional information on the efficacy,
and on the magnitude and bactericidal potential of anti-S. son-
nei lipopolysaccharide serum immunoglobulin G antibodies.
CHIM trials conducted in adults from high-income countries
are suboptimal to predict vaccine efficacy in the target infant
population of developing countries, however, interpretation of
their results may provide insights on possible approaches for
demonstration of clinical efficacy during development of the
vaccine, including identification of immunological readouts rel-
evant for clinical protection.

Implications of all the available evidence

There are still limited data available on the immunogenicity
and safety of Shigella vaccines currently under development,
especially in young children, the age group with the highest
burden of disease in Shigella endemic regions. Although several
live-attenuated and conjugate vaccine candidates have shown
promising results, none have been able to demonstrate clinical
efficacy against shigellosis in young children living in Shigella-
endemic regions. Moreover, a well-defined correlate or even a
reliable surrogate of protection against shigellosis is not yet
available, thus, validation of Shigella candidate vaccines
through field efficacy studies in endemic areas remains
essential.
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deaths, although over the last three decades, decreases were
observed in diarrhoea-associated mortality rates attributable to Shi-
gella [3]. Data collected between 2007 and 2012 in the Global Enteric
Multicenter Study follow-on (GEMS-1A), evaluating the aetiology
and mortality of moderate-to-severe diarrhoea in African and Asian
children below 5 years of age, showed that Shigellawas an under-rec-
ognized cause of non-dysenteric diarrhoea and strongly associated
with an increased risk of death in children 12�59 months of age [4].
In 2017, the bacterium still accounted for an estimated 237,846
deaths, of which 95,861 deaths occurred amongst children below
5 years of age � making it the second leading cause of diarrhoeal
deaths in this age group after rotavirus [1, 5]. Moreover, in 2016, Shi-
gella accounted for 74,402 deaths amongst individuals 70 years of
age or more, thus becoming the leading cause of diarrhoeal mortality
in the elderly [1]. While shigellosis is endemic in LMICs in Asia and
Africa, the burden of disease is also considerable in high-income
countries, where at-risk populations are children below 5 years of
age, men who have sex with men, and travellers to LMICs [6].

The Shigella genus comprises four distinct species, of which S. flex-
neri and S. sonnei are the leading causes of endemic shigellosis. The
global epidemiology of Shigella is changing constantly and an
increase in S. sonnei infections as compared to S. flexneri has been
observed in developing countries, as well as in regions in which
water and sanitation improvements are underway [7].

Treatment of Shigella-associated diarrhoea often includes antibi-
otics. However, the rapid increase of antimicrobial resistant Shigella
species has limited treatment options [7,8]. Prevention of shigellosis
by vaccination is therefore an acute unmet medical need.

Several investigational vaccines against Shigella are currently in
different stages of clinical development, but none have been licensed
for global use [9,10]. As protection from Shigella infection has been
shown to be serotype-specific, the polysaccharide moiety of Shigella
termed O-antigen (OAg) is the main target of vaccine development,
being an important stimulus of the host immune response [11,12].
GSK Vaccines Institute for Global Health (GVGH) developed an inves-
tigational S. sonnei vaccine (1790GAHB) based on Generalized Mod-
ules for Membrane Antigens (GMMA). GMMA are outer membrane
particles derived from bacteria genetically modified to enhance OAg/
protein ratio and reduce the reactogenicity of integral lipopolysac-
charides (LPS) [13]. 1790GAHB has been previously shown to induce
anti-S. sonnei LPS serum immunoglobulin G (IgG) antibodies while
also demonstrating an acceptable safety profile in adults from both
non-endemic [14] and endemic [15] settings. Moreover, an additional
vaccination with 1790GAHB approximately three years after a pri-
mary series of three doses of 1790GAHB administered one month
apart, elicited a significant increase in antibody levels in adult partici-
pants with undetectable anti-S. sonnei LPS IgG prior to primary vacci-
nation [16]. In this study, we assessed the efficacy in preventing
shigellosis, safety, and immunogenicity of two doses of 1790GAHB in
North American adults, using a Controlled Human Infection Model
(CHIM) developed at the Cincinnati Children's Hospital Medical cen-
tre (CCHMC), Ohio, United States [17]. A summary contextualizing
the results and potential clinical relevance and impact of the research
is displayed in the Plain Language Summary (Figure S1).

2. Methods

2.1. Study design and participants

This was a single-centre, observer-blind, randomized, placebo-
controlled, phase 2b human challenge trial (NCT03527173) con-
ducted between August 2018 and November 2019 at the CCHMC.
Further details on study participants and inclusion/exclusion criteria
are provided in appendix (p 1) and can also be found in the study pro-
tocol, available at https://www.gsk-studyregister.com (study ID
205626).

Participants were randomized (1:1) to receive 2 doses of either
1790GAHB (1790GAHB group) or placebo (Placebo group), 28 days
apart, and were enroled in four overlapping cohorts (Cohorts 1�4)
for logistical reasons at study site, maintaining the 1:1 ratio. Both
1790GAHB and placebo were administered via intramuscular route,
in the upper deltoid of the non-dominant arm. The study vaccine was
provided as a preservative-free formulation (single vial of 0.7 mL)
containing S. sonnei 1790-GMMA (12 mg/mL measured by OAg and
200 mg/mL measured by protein content) adsorbed to Alhydrogel
(0.7 mg Al3+/mL) in Tris-buffered saline. The 0.5 mL dose containing
1.5/25 mg of OAg/protein was obtained by dilution with the placebo
suspension (Alhydrogel in Tris-buffered saline [0.7 mg Al3+/mL]),
immediately prior to vaccination.

A challenge dose of S. sonnei was administered at Day 57, 28 days
post-second vaccination. The target challenge consisted of 1500 col-
ony forming units (CFU) of reconstituted lyophilized S. sonnei strain
53 G and was administered orally, after dilution of 1 mL of the inocu-
lum in 30 mL of sterile saline solution (0.9%). The day before the chal-
lenge administration, participants were admitted to an inpatient unit
where they had to stay for an 8-day period and were monitored daily.
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Eligibility was assessed before challenge and participants who did not
meet the eligibility criteria or had taken antibiotics in the previous
week were not administered the challenge agent and were dis-
charged from the inpatient unit. Participants fasted for 90 min prior
to receiving the challenge inoculum, and for an additional 90 min
after challenge. To neutralize gastric acidity, participants drank a
120 mL solution of sodium bicarbonate approximately 5 min before
drinking the challenge suspension. On the 5th day after challenge (or
earlier in case of symptoms defined in appendix p 1), participants
received 500 mg of ciprofloxacin twice daily for 3 days. Blood sam-
ples were collected at screening, pre- and 7 days post-administration
of each 1790GAHB/placebo dose, as well as pre- and 7 days, 28 days,
and 6 months post-administration of the challenge inoculum. Stool
samples were collected daily during the inpatient stay to verify pres-
ence of S. sonnei by culture and quantitative Polymerase Chain Reac-
tion (qPCR) analysis. All stool samples were visually assessed for
consistency and blood presence. Samples that were loose or watery
(Grade 3�5) were weighed and if there was visible blood, a hemoc-
cult test was performed to confirm presence of blood.

Randomization was performed using an internet randomization
system, with a minimization procedure [18] to ensure a 1:1 balance
between treatments. The study was observer-blinded and laboratory
staff in charge of testing human samples were also blinded to the
treatment, participant, and visit number.

The study was conducted in accordance with all applicable regula-
tory requirements, International Conference on Harmonisation -
Good Clinical Practice guidelines, and the Declaration of Helsinki. The
protocol and study-related documents were reviewed and approved
by the CCHMC institutional review board on 10 May 2018. All partici-
pants provided electronic consent through REDcap system (www.
projectredcap.org), except for one who provided written consent
because the REDcap system was not working.

2.2. Study objectives

The primary objective was to investigate the ability of two doses
of the 1790GAHB investigational vaccine in healthy adults to reduce
the incidence of shigellosis, as compared to placebo, according to the
primary case definition (Table 1), after challenge with S. sonnei strain
53 G. The success criterion was defined as a lower limit (LL) of the
90% confidence interval (CI) >0 for vaccine efficacy (VE). Secondary
efficacy objectives were to determine VE of 1790GAHB against shigel-
losis according to other case definitions and against other clinical
outcomes, as defined in Table 1. All efficacy outcomes were assessed
during a period starting with the challenge administration visit and
lasting up to the end of the inpatient stay.

Other objectives included the evaluation of immunogenicity in
terms of anti-S. sonnei LPS serum IgG geometric mean concentration
(GMC) at each timepoint of blood sample collection and in terms of
serum bactericidal activity (SBA) against S. sonnei prior to administra-
tion and 28 days post-administration of each 1790GAHB vaccine/pla-
cebo dose. Reactogenicity and safety were also assessed. Other
exploratory objectives were part of the protocol and respective
results will be disclosed in a subsequent manuscript.

2.3. Statistical analyses

2.3.1. Sample size
Based on the percentage of participants with a seroresponse

(defined as an increase in post-vaccination anti-S. sonnei LPS serum
IgG concentrations of at least 50% for participants with pre-vaccina-
tion levels >50 enzyme linked immunosorbent assay (ELISA) units
(EU), or an increase of at least 25 EU for participants with pre-vacci-
nation levels �50 EU) observed in previous studies, [14, 15] a VE of
70% was assumed. Based on the results obtained by CCHMC in volun-
teers challenged with 1500 CFU, an attack rate (AR) for the primary
case definition of 58% in the placebo group was assumed. A total
number of 21 confirmed cases was needed to demonstrate that the
LL of the two-sided 90% CI for the VE was above 0% with 80% power
(by one proportion power analysis, one-sided test, one-sided
alpha = 5%). Considering an AR of 58% in the placebo group and a per-
centage of non-evaluable participants of 22%, a sample size of
approximately 72 individuals (36 per group / 18 per cohort) was esti-
mated to reach the 21 shigellosis cases. The sample size was deter-
mined using the PASS 12.0.2 software.

2.3.2. Analyses of efficacy
All efficacy analyses were conducted in the per-protocol set (PPS),

including all participants with available data in the full analysis set
who correctly received the vaccine/placebo and had no major proto-
col deviation.

For the primary objective, VE was evaluated at the end of study
period, as 1-risk ratio (RR) where RR is the proportion of participants
meeting defined case definition for shigellosis in the 1790GAHB
group over the proportion in the placebo group, together with 90%
CIs. Additionally, Barnard’s unconditional exact test was conducted
(the LL of the 90% two-sided exact unconditional CI for VE calculated
with the Miettinen-Nurminen method is above 0 if the p-value of the
one-sided Barnard test is below 5%). Additional details on secondary
efficacy endpoints are provided in appendix p 1.

2.3.3. Analysis of safety
Solicited adverse events (AEs) and unsolicited AEs were assessed

in the corresponding safety sets that included all vaccinated partici-
pants with available solicited/unsolicited safety data. More details
are provided in appendix pp 3�4.

2.3.4. Analysis of immunogenicity
Immunogenicity analyses were conducted in the PPS. Results

were presented overall and separately for participants who did or did
not develop shigellosis (primary case definition) during the 8-day
inpatient period. A modified ELISA was used in this study (appendix
p 2) as compared to previous studies [14-16]. The antibody response
cut-off of 268 ELISA units (EU)/mL used in this assay corresponds to
the formerly used threshold of 121 EU [14] which was estimated to
correspond to the median endpoint titre of 1:800 reported in the sera
of convalescent individuals previously infected with S. sonnei [11].

Anti-S. sonnei LPS serum IgG was measured at D1, 7, and 28 days
post-each 1790GAHB/placebo dose and post-challenge. For each
group, GMCs and their 95% CIs were computed by exponentiating
(base 10) the mean and 95% CIs of the log10 ELISA concentrations.
Median anti-S. sonnei LPS IgG concentrations were also calculated.
The number and percentage of participants with anti-S. sonnei LPS
IgG �268 EU/mL with related 95% CIs were also calculated. Bacteri-
cidal activity was assessed by a luminescent serum bactericidal assay
(L-SBA) [19] at D1 and 28 days post-each vaccination. SBA geometric
mean titres (GMTs) were tabulated with their 95% CIs. Antibody con-
centrations below the lower limit of quantification (LLOQ) (22 EU/mL
for ELISA and inhibition concentration [IC]50 of 100 for L-SBA) were
set to half that limit for the purpose of analysis. Within-subject geo-
metric mean ratios were computed for GMC/GMT at each post-vacci-
nation time points versus baseline levels and post-challenge versus
pre-challenge by exponentiating the mean within-subject differences
in log-transformed titres and the corresponding CIs.

All statistical analyses were carried out using Statistical Analysis
Systems 9.4.

2.3.5. Role of the funding source
This study was funded by the Bill and Melinda Gates Foundation

and GlaxoSmithKline Biologicals SA. GlaxoSmithKline Biologicals SA
also took responsibility for all costs associated with the preparation



Table 1
Outcomes used to measure vaccine efficacy of the 1790GAHB vaccine in the study.

Endpoint Case definition Note

1 Rate of shigellosis, 1st definition (primary endpoint) Shedding* of S. sonnei 53 G accompanied by moderate
or severe diarrhoea, OR shedding of S. sonnei 53 G
with an oral temperature of �38�5 °C

2 Rate of shigellosis, 2nd definition (CHIM expert group
definition)

Severe diarrhoea, ORmoderate diarrhoea, OR
dysentery

Severe diarrhoea defined as [�6 loose stools in 24 h]
OR [>800 gs loose stools in 24 h].
Moderate diarrhoea defined as 4�5 loose stools in
24 h AND [oral temperature �38�0 °C OR �1 mod-
erate constitutional/enteric symptoma OR �2 epi-
sodes of vomiting in 24 h].
Dysentery defined as �2 Grade 3, 4, or 5 loose
stools with gross blood (hemoccult positive) in 24 h
AND [oral temperature �38�0 °C OR �1 moderate
constitutional/enteric symptoma OR �2 episodes of
vomiting in 24 h]

3 Rate of shigellosis, 3rd definition Severe diarrhoea, ORmoderate diarrhoea# with fever
or with one or more moderate constitutional/
enteric symptoms, OR dysentery

Dysentery defined as �2 Grade 3, 4, or 5 loose stools
with gross blood (hemoccult positive) in 24 h AND
�1 reportable constitutional/enteric symptomb

4 Rate of more severe shigellosis Severe or moderate diarrhoea# with fever or with one
or more severe constitutional/enteric symptoms,
OR dysentery

Dysentery defined as �2 Grade 3, 4, or 5 loose stools
with gross blood (hemoccult positive) in 24 h AND
[oral temperature �38.0 °C OR �1 severe constitu-
tional/enteric symptomb]

5 Shedding of S. sonnei strain 53G Positivity of at least one stool sample either by cul-
ture or quantitative polymerase chain reaction or
both

6 Severe diarrhoea �6 Grade 3�5 stools OR >800 gs of Grade 3�5 stools
within 24 h OR required medical intervention.

Medical intervention defined as intravenous fluids
administration or anticipation of antibiotic treat-
ment before the 5th day after challenge.

7 More severe diarrhoea �10 Grade 3�5 stools OR >1000 gs of Grade 3�5
stools within 24 h or required medical
intervention.

Medical intervention is defined as emergency room
visit or hospitalisation for hypotensive shock.

8 Dysentery Grade 3�5 stool with gross blood on �2 occasions
within 24 h and presence of constitutional/enteric
symptomsc

9 Weight of all Grade 3�5 stools �8 Grade 3�5 stools or >800 gs of Grade 3�5 stools
within 24 h

10 Total number of all Grade 3�5 stools
11 Confirmed S. sonnei 53 G shedding and moderate/

severe diarrhoea
Confirmed S. sonnei 53 G shedding, ANDmoderate#

or severe diarrhoea, OR presence of oral tempera-
ture �38�5 °C, OR presence of one or more severe
intestinal symptoms, OR dysentery.

Dysentery defined as Grade 3, 4, or 5 stools with gross
blood on � 2 occasions within 24 h and presence of
constitutional/enteric symptomsc

Intestinal symptoms included abdominal pain,
cramping, nausea, vomiting, gas, anorexia

12 Disease not fulfilling the protocol primary case defini-
tion for shigellosis associated or not with mild to
moderate symptoms

Associated symptoms included passing loose stool
(not meeting the protocol definition of moderate or
severe diarrhoea), abdominal pain, abdominal
cramps, gas, anorexia, nausea, headache, myalgia,
malaise, arthralgia, fever, vomiting and intravenous
fluid administration.

CHIM, controlled human infection model. * Shedding of S. sonnei strain 53 G was defined as positivity of at least one stool sample either by culture or quantitative polymerase
chain reaction or both.
Note: Constitutional/enteric symptoms were:

a nausea, abdominal pain, abdominal cramping, myalgia, arthralgia, malaise.
b headache, fatigue, arthralgia, malaise, myalgia, chills, nausea, abdominal cramping, abdominal pain, gas, anorexia, vomiting.
c headache, fatigue, arthralgia, malaise, myalgia, chills, nausea, abdominal cramping, abdominal pain, gas, anorexia, vomiting, and fever.

Stools were graded as follows: Grade 1 (firm formed), Grade 2 (soft formed), Grade 3 (viscous opaque liquid or semi-liquid which assumes the shape of the bowl), Grade 4
(watery opaque liquid), Grade 5 (clear watery or mucoid liquid).

# Moderate diarrhoea was defined as [4�5 Grade 3�5 stools OR 400 � 800 gs of Grade 3�5 stools within 24 h] AND [oral temperature �38�0 °C OR �1 moderate constitu-
tional/enteric symptom].
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of clinical documents and the development and publishing of the
present manuscript.

3. Results

3.1. Demographics

A total of 71 adults were enroled and vaccinated: 36 participants
in the 1790GAHB group and 35 in the Placebo group; 33 and 29 par-
ticipants, respectively, received the challenge dose (1190 CFU [Cohort
1], 1480 CFU [Cohort 2], 1520 CFU [Cohort 3], and 1050 CFU [Cohort
4]). One participant in Cohort 2 received a challenge dose of 1350
CFU, 2 participants in Cohort 4 received 1130 CFU. Twenty-nine
1790GAHB and 28 placebo recipients completed the study (Fig. 1).
The most common reasons for not completing the study were “lost to
follow-up” in the 1790GAHB group and “consent withdrawal not due
to an AE” in the Placebo group. Demographic characteristics were
balanced between groups (Table 2).

3.2. Vaccine efficacy

During the 8-day post-challenge period, 15 participants in the
1790GAHB group and 12 in the Placebo group developed shigello-
sis according to the primary case definition, resulting in an AR of
46.9% (1790GAHB group) and 42.9% (Placebo group). VE was
�9.4% (90% CI: �96.7�33.7; P=value 0.4266) (Table 3). As the LL
of the 90% CI for VE is below 0, no efficacy was demonstrated
according to the primary endpoint. Efficacy was not demonstrated



Fig. 1. Study design and participant flowchart
N, number of participants; D, day; AE, adverse event. * one participant in each group did not complete the inpatient stay and was excluded from the per-protocol set. Both par-

ticipants completed the study.
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for any other secondary endpoints, including lack of significant
difference in quantitative shedding (measured by qPCR as CFU/g
per day) between vaccinated and placebo groups (Wilcoxon rank
test P = 0¢6858). The primary endpoint was also evaluated in the
full analysis set, leading to a VE of �9.8% (90% CI: �97.8�33.7, P-
value=0¢3944).
3.3. Safety

During the 7-day post-vaccination period, 31 (86.1%) participants
in the 1790GAHB group and 13 (37.1%) participants in the Placebo
group reported at least one solicited local AE and 24 (66.7%) and 17
(48.6%) participants, respectively, reported at least one solicited



Table 2
Demographic characteristics of study participants.

1790GAHB group Placebo group Total

Exposed set (N = 36) Per-protocol set (N = 32) Exposed set (N = 35) Per-protocol set (N = 28) Exposed set (N = 71) Per-protocol set (N = 60)

Age (mean§SD), years 36¢2 § 9¢9 36¢4 § 10¢0 35¢2 § 8¢5 34¢8 § 9¢1 35¢7 § 9¢2 35¢7 § 9¢6
Male, n (%) 22 (61¢1) 20 (62¢5) 18 (51¢4) 16 (57¢1) 40 (56¢3) 36 (60¢0)
Female, n (%) 14 (38¢9) 12 (37¢5) 17 (48¢6) 12 (42¢9) 31 (43¢7) 24 (40¢0)
Ethnicity, n (%)
Not Hispanic or Latino 35 (97¢2) 31 (96¢9) 34 (97¢1) 27 (96¢4) 69 (97¢2) 58 (96¢7)
Hispanic or Latino 1 (2¢8) 1 (3¢1) 1 (2¢9) 1 (3¢6) 2 (2¢8) 2 (3¢3)
Race, n (%)
Black or African American 24 (66¢7) 20 (62¢5) 28 (80¢0) 24 (85¢7) 52 (73¢2) 44 (73¢3)
White 10 (27¢8) 10 (31¢3) 6 (17¢1) 4 (14¢3) 16 (22¢5) 14 (23¢3)
Other 2 (5¢6) 2 (6¢3) 1 (2¢9) 0 (0¢0) 3 (4¢2) 2 (3¢3)

N, total number of participants; n (%), number (percentage) of participants in each category; SD, standard deviation¢
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systemic AE. All solicited local AEs were mild to moderate in severity
(grading of AEs detailed in appendix pp 3�4, Table S1) except for one
case of Grade 3 pain in the 1790GAHB group (Fig. 2A). The most fre-
quent systemic AE was myalgia in both groups. All reported solicited
systemic AEs were mild to moderate in severity except for four Grade
3 AEs in the 1790GAHB group after the second dose (fatigue [2 partic-
ipants], headache [1 participant], and malaise [1 participant]) and one
Grade 3 AE (malaise) in the Placebo group after the first dose. One
Grade 1 fever event (�38.0 °C�<39.0 °C) was observed in the
1790GAHB group after the first dose.

During the 8-day post-challenge period, the most frequently
reported solicited event was diarrhoea in 22 (66.7%) participants in
the 1790GAHB group and 22 (75.9%) in Placebo group. Grade 4 diar-
rhoea was reported by 6 (18.2%) vaccinees and 3 (10.3%) placebo
recipients (Fig. 2B).

During the 28-day post-vaccination period, 18 (50.0%) partici-
pants in the 1790GAHB group and 13 (38.2%) participants in the Pla-
cebo group reported at least one unsolicited AE (appendix p 5,
Table S2); 5 (13.9%) and 3 (8.8%) participants, respectively, experi-
enced an event considered by the investigator as causally related to
vaccine/placebo administration. During the 28-day post-challenge
period, at least one unsolicited AE was reported by 20 (60.6%) partici-
pants in the 1790GAHB group and 17 (58.6%) participants in the Pla-
cebo group (appendix p 6, Table S3); 12 (36.4%) and 12 (41.4%)
participants, respectively, experienced an event considered causally
related to challenge dose. No severe unsolicited AE was reported
Table 3
Vaccine efficacy of the 1790GAHB vaccine versus placebo against evaluated endpoints (p

Endpoint

1790GAHB grou

n Value (9

1 Rate of shigellosis, 1st definition (primary endpoint) (%) 15 46¢9 (31
2 Rate of shigellosis, 2nd definition (%) 15 46¢9 (31
3 Rate of shigellosis, 3rd definition (%) 15 46¢9 (31
4 Rate of more severe shigellosis (%) 5 15¢6 (6¢4
5 Shedding of S. sonnei strain 53 G (%) 31 96¢9 (86
6 Severe diarrhoea (%) 13 40¢6 (26
7 More severe diarrhoea (%) 11 34¢4 (20
8 Dysentery (%) 11 34¢4 (20
9 Mean weight of all Grade 3�5 stools (grams) 114¢2 (4
10 Total number of all Grade 3�5 stools** 327
11 Confirmed S. sonnei 53 G shedding and moderate/severe diar-

rhoea (%)
15 46¢9 (31

12 Disease not fulfilling the protocol primary case definition for
shigellosis associated or not with mild to moderate symp-
toms (%)

16 50¢0 (34

* P-value from one-sided test, not adjusted for multiple comparisons, with #1 being t
** Mean number of stools per participant (§ standard deviation): 28.0 § 13.0 (1790GA
*** p-value calculated to compare the mean number of stools. N, number of participan

Note: P-values for endpoints 2�8 and 11�12 were calculated in post-hoc analyses.
during the 28-day post-vaccination/challenge periods. No deaths, nor
AE of special interest (symptomatic neutropenia) were reported dur-
ing the study. However, eight events of Grade 1 neutropenia (i.e.,
absolute neutrophil count [ANC] 1800�1500 cells/mL) were reported
in 2 subjects in the 1790GAHB group; nine events of Grade 1 neutro-
penia and three events of Grade 2 neutropenia (i.e., ANC 1499�1000
cells/mL) were reported in 5 subjects in the Placebo group. All events
were transient and clinically asymptomatic. The neutrophil values
returned above the threshold values set in the study protocol, with a
duration between 1 and 21 days after detection.

No serious AE (SAE) was reported in the 1790GAHB group. In the
Placebo group, one participant experienced four SAEs following the
challenge dose: deep vein thrombosis (moderate intensity) and pel-
vic venous thrombosis (severe) at day 107, haematoma (severe) at
day 121, and carotid artery aneurysm at day 130 from challenge. All
events were assessed by the investigator as unrelated to any study
treatment and were resolved.

There were no AEs that led to subject premature withdrawal from
the study, any dose reduction, interruption, or delay in study vaccina-
tion.

3.4. Immunogenicity

Baseline anti-S. sonnei LPS serum IgG GMCs were 97.6 EU/mL in
the 1790GAHB group and 130.5 EU/mL in the Placebo group (Table 4).
In both groups, baseline antibody levels were higher amongst
er-protocol set).

Measured outcome Vaccine efficacy p-value*

p (N = 32) Placebo group (N = 28)

0% CI) n Value (90% CI) % (90% CI)

¢5; 62¢7) 12 42¢9 (26¢9; 60¢0) �9¢4 (�96¢7; 33¢7) 0¢4266
¢5; 62¢7) 9 32¢1 (17¢9; 49¢4) �45¢8 (�173¢1; 17¢4) 0¢1485
¢5; 62¢7) 10 35¢7 (20¢8; 53¢0) �31¢3 (�130¢1; 22¢9) 0¢2917
; 30¢1) 4 14¢3 (5¢0; 29¢8) �9¢4 (�275¢6; 62¢7) 0¢4787
¢0; 99¢8) 28 100¢0 (89¢9; 100¢0) 3¢1 (�7¢0; 14¢0) 0¢2763
¢0; 56¢7) 7 25¢0 (12¢4; 41¢9) �62¢5 (�270¢3; 17¢0) 0¢1228
¢6; 50¢4) 5 17¢9 (7¢3; 33¢9) �92¢5 (�534¢8; 11¢7) 0¢0965
¢6; 50¢4) 8 28¢6 (15¢1; 45¢7) �20¢3 (�137¢4; 37¢2) 0¢3479
1¢2; 316¢2) 147¢3 (58¢7; 369¢4) 0¢7579

172 0¢1362***
¢5; 62¢7) 12 42¢9 (26¢9; 60¢0) �9¢4 (�96¢7; 33¢7) 0¢4266

¢4; 65¢6) 17 60¢7 (43¢5; 76¢2) 17¢6 (�23¢4; 47¢3) 0¢2917

he primary endpoint and the remaining 11, secondary endpoints.
HB group) and 13.9 § 6.6 (Placebo group).
ts; n, number of participants in each category; CI, confidence interval.



Fig. 2. Solicited adverse events 7 days post-vaccination (2 doses) (A) and 8 days post-challenge with S. sonnei (B) (solicited safety set)
N, number of participants in each group.
Note: Error bars depict 95% confidence intervals. Definitions of solicited adverse event grades are detailed in Table S1 (appendix pp 3-4).
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participants who did not develop versus those who developed shigel-
losis post-challenge: 168.1 versus 52.8 EU/mL (P = 0¢0133 from t-test
on log10 transformed data) in 1790GAHB and 194.5 versus
76.6 EU/mL (P = 0¢0690) in placebo recipients (Fig. 3, appendix p 7,
Table S4). At 28 days post-first vaccination (D29), in the 1790GAHB
group, GMC increased to 749.8 EU/mL in participants who did not
develop shigellosis post-challenge and 321.2 EU/mL in participants
who developed shigellosis post-challenge. No substantial increase in
antibody levels was shown at D57, after the second vaccination. No
increases in antibody GMCs were observed after any dose in the Pla-
cebo group, but, as for the 1790GAHB group, the pre-challenge
median anti-S. sonnei LPS serum IgG concentration was higher.
Amongst participants who did not develop shigellosis compared to
participants who developed the disease following the challenge dose
(P = 0¢1050 [Wilcoxon test] in the 1790GAHB group and P = 0¢0373 in
the Placebo group) (appendix p 11, Figure S2).

By D57, 69% of vaccinees and 21% of placebo recipients achieved
antibody concentration �268 EU/mL (Table 4). Amongst participants
who did not develop shigellosis, 47% of 1790GAHB and 31% of pla-
cebo recipients had antibody concentrations �268 EU/mL at baseline
and 76% (1790GAHB group) and 25% (Placebo group) at both D29 and
D57 (Fig. 4, appendix p 7, Table S4). By D85 (28 days post-challenge),
percentages increased to 82% (1790GAHB group) and 57% (Placebo
group). Amongst participants subsequently developing shigellosis,
13% (1790GAHB group) and 8% (Placebo group) had anti-S. sonnei LPS
serum IgG �268 EU/mL at baseline; these percentages increased to
60% and 17% by D29, remained unchanged at D57, then further
increased to 86% and 75% by D85 (Fig. 4, appendix p 7, Table S4).

The anti-S. sonnei LPS serum IgG levels induced by the challenge
agent, evaluated at 28 days post-challenge dose (D85), was different
in both treatment groups between participants who did not and did
develop shigellosis. Amongst participants who did not develop shig-
ellosis, there was a post-challenge 2.3-fold increase in the placebo
group, while 1790GAHB recipients did not show any post-challenge
increase. amongst participants who developed shigellosis, GMCs
increased 4.9-fold in the 1790GAHB group and 14.3-fold in the Pla-
cebo group, compared to pre-challenge values (Fig. 3, appendix p 7,
Table S4).

As shown for ELISA, peak bactericidal antibody titres, tested by L-
SBA, were achieved after the first vaccine dose (D29) and SBA GMTs
in the vaccine group were statistically higher in participants who did
not develop shigellosis post-challenge compared to participants who
developed the disease, both at baseline (P = 0¢0062 from t-test) and
at D29 (P = 0¢0004 from t-test) (appendix p 8 and p 12, Table S5,
Figure S3). Comparability amongst groups with low bactericidal anti-
body (i.e., GMT less than 100), such as placebo recipients or vaccinees
who developed shigellosis after challenge, was affected by the lim-
ited sensitivity of the assay (LLOQ=100).

4. Discussion

This study intended to primarily assess the efficacy of 1790GAHB
vaccine to prevent shigellosis following a challenge dose of S. sonnei
53 G in healthy Shigella-naïve adults from the United States. The pro-
portion of cases of shigellosis defined according to the primary end-
point was similar between vaccine and placebo recipients, indicating
a lack of efficacy for the 1790GAHB vaccine in this trial. Although not
statistically significant, there was an apparent trend for increased
occurrence of some more severe endpoints in the vaccinated group.
The imbalance between the vaccine and placebo recipients in the
anti-LPS antibody levels at baseline might be one of the possible
explanations for this observation. Future studies are planned to eval-
uate anti-protein responses and the quality of antibody response and
will help shedding more light on this aspect.

Safety results confirmed the acceptable safety profile of
1790GAHB demonstrated in previous clinical trials [14-16]. Solicited
and unsolicited AEs were more frequent in 1790GAHB versus Placebo
group post-vaccination. No vaccination-related SAE, symptomatic
neutropenia, or deaths were reported. A total of 20 neutropenia
events were identified, all transient and clinically asymptomatic.
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Most of those observed events occurred in the Placebo group and in
participants of Black or African-American ethnicity (five out of seven
participants) who are known to generally have lower levels of neu-
trophils [20]. These data support previous observations that targeted
clinical laboratory reference intervals should be used based on the
specific study population [15].

Overall, pre-challenge median anti-S. sonnei LPS IgG antibody lev-
els were consistently higher in volunteers who did not develop shig-
ellosis than in those who developed the disease. This is in agreement
with evidence from previous studies and the belief of the scientific
community that anti-LPS IgG responses play a significant role in pro-
tection against shigellosis [11, 21, 22]. A study assessing the associa-
tion between anti-S. sonnei LPS serum IgG and natural immunity to
shigellosis in adults reported that the risk of developing symptomatic
S. sonnei infection was estimated to be 5.5-fold higher for participants
with low pre-exposure IgG antibody levels compared to those with
higher values (threshold: 1:200) [23]. Of note, some placebo recipi-
ents with low anti-LPS antibody concentrations did not develop shig-
ellosis in this trial, which suggests that other factors may contribute
to protection. Assessment of the role of other immunological read-
outs in clinical protection are planned and will be addressed in a
Table 4
Percentage of participants with anti-S. sonnei LPS serum IgG �268 EU/mL, geometric m

% �268 EU/mL (95% CI) GMC [EU/mL] (9

1790GAHB group
(N = 32)

Placebo group
(N = 28)

1790GAHB group
(N = 32)

Plac
(N =

D1 31 (16; 50) 21 (8; 41) 97¢63 (59¢87;
159¢21)

130
2

D8 47 (29; 65) 18 (6; 37) 227¢24 (130¢55;
395¢55)

136
2

D29 69 (50; 84) 21 (8; 41) 503¢89 (283¢91;
894¢29)

133
2

D36 66 (47; 81) 18 (6; 37) 558¢81 (324¢54;
962¢18)

132
2

D57 69 (50; 84) 21 (8; 41) 506¢48 (293¢97;
872¢60)

141
2

D64 69 (50; 84) 39 (22; 59) 560¢95 (317¢73;
990¢36)

196
3

D85* 84 (66; 95) 65 (44; 83) 1050¢25 (618¢67;
1782¢92)

742
1

LPS, lipopolysaccharide; IgG, immunoglobulin G; EU, enzyme-linked immunosorben
GMR, within-subjects geometric mean ratio; D, day; CI; confidence interval. *N = 31 in
future publication. This will include evaluation of anti-LPS serum IgA,
IgM, or IgG subclass responses and of antibody avidity, and of anti-
proteins (including non-vaccine antigens) responses which could
help to elucidate the differences in priming between natural expo-
sure and vaccination and possibly explain the apparent trend for an
increased incidence of various clinical markers of shigellosis (includ-
ing those for more severe shigellosis) post-challenge, in vaccinated
individuals. Currently, SBA analysis has been performed on sera
depleted of anti-S. sonnei LPS antibodies. In line with recent preclini-
cal data [24], no bactericidal activity was detected, suggesting that
anti-protein antibodies may not have a major role in protection or at
least that their role is not mediated by bactericidal activity.

Based on the differences in the magnitude of pre-challenge anti-
body concentrations between vaccinees who did or did not develop
shigellosis, insufficient immunogenicity of the vaccine can be consid-
ered as the main root cause for the absence of efficacy. The insuffi-
cient antibody response and associated lack of protection in many
vaccinees might be related to the relatively low OAg dose. 1790GAHB
contained 1.5 mg of S. sonnei OAg, much less than the 25 mg used in a
previous conjugate vaccine demonstrating 74% protective efficacy
against shigellosis in adults [25], or the 10 mg used in the
ean concentrations and geometric mean ratios by time point (per-protocol set).

5% CI) GMR (95% CI)

ebo group
28)

Ratio 1790GAHB group
(N = 32)

Placebo group
(N = 28)

¢47 (81¢06;
09¢98)

� �

¢83 (89¢21;
09¢87)

D8/D1 2¢33 (1¢65; 3¢28) 1¢05 (0¢95; 1¢16)

¢09 (82¢89;
13¢71)

D29/D1 5¢16 (3¢50; 7¢61) 1¢02 (0¢91; 1¢14)

¢62 (84¢17;
08¢95)

D36/D1 5¢72 (3¢99; 8¢21) 1¢02 (0¢93; 1¢11)

¢43 (90¢39;
21¢29)

D57/D1 5¢19 (3¢73; 7¢21) 1¢08 (0¢98; 1¢19)

¢53 (127¢59;
02¢71)

D64/D57 1¢11 (0¢94; 1¢31) 1¢39 (1¢09; 1¢77)

¢37 (379¢46;
452¢38)

D85/D57 2¢03 (1¢37; 2¢99) 5¢32 (2¢91; 9¢73)

t assay units; N, number of participants; GMC, geometric mean concentration;
the 1790GAHB group and N = 26 in the Placebo group.



Fig. 3. Anti-S. sonnei LPS serum IgG geometric mean concentrations (A) and geometric mean ratios (B) in participants who did or did not develop shigellosis post-challenge (per-
protocol set)

LPS, lipopolysaccharide; IgG, immunoglobulin G; 1790GAHB / Placebo group (shigellosis), participants who received the 1790GAHB vaccine / placebo and developed shigellosis
after the bacterial challenge; 1790GAHB / Placebo group (no shigellosis), participants who received the 1790GAHB vaccine / placebo and did not develop shigellosis after the bacte-
rial challenge; GMC, geometric mean concentration; EU, enzyme-linked immunosorbent assay units; D1, baseline; D29, 28 days post-first 1790GAHB/placebo vaccination; D57,
28 days post-second 1790GAHB/placebo vaccination; D85, 28 days post-challenge dose; GMR, geometric mean ratio.

Note: Error bars depict 95% confidence intervals.
*The upper limits of the 95% confidence intervals at D85 are 3430�58 (1790GAHB group [shigellosis]) and 4419�02 (Placebo group [shigellosis]) in panel A and 35�56 (Placebo

group [shigellosis]) in panel B.
** GMRs are calculated relative to D1 for D29 and D57, and relative to D57 for D85.
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bioconjugate vaccine Flexyn2a [26] and the synthetic carbohydrate-
based vaccine SF2a-TT15 [27] against S. flexneri 2a. For the former, a
48-fold increase in anti-S. sonnei LPS serum IgG was observed two
weeks after a first vaccine dose [28], compared to a 5.16-fold increase
in antibody GMC observed at four weeks post-vaccination with
1790GAHB in the current study. Similarly, the SF2a-TT15 formulation
containing 10 mg of SF2a OAg induced a much stronger immune
response than that containing 2 mg [27], supporting the rationale
that an OAg content much higher than 1.5 mg is needed for the
GMMA vaccine as well. Additionally, evidence of immunogenicity
dose response from early 1790GAHB trials, particularly in naïve sub-
jects with undetectable antibody at baseline [29], implies that a vac-
cine containing a higher amount of S. sonnei OAg may indeed be
more immunogenic and ultimately efficacious. The 1.5 mg of OAg in
1790GAHB was kept mainly for two reasons: 1) this dose was able to
induce antibody concentrations higher than the median antibody
concentration in convalescents after natural exposure [29] and 2) for
safety consideration, it was preferred not to increase the amount of
GMMA-associated proteins and lipid A, also in light of the need to
ultimately have a multicomponent GMMA Shigella vaccine formula-
tion for broad coverage [30]. A new S. sonnei GMMA construct, cur-
rently under evaluation at GVGH, expresses increased OAg density
resulting in a higher OAg to protein and lipid A ratio. The use of this
GMMA construct may allow a higher OAg dose without the risk of
potentially affecting the safety profile of the vaccine.

Another cause for the reduced immunogenicity might be the sub-
optimal immunization schedule. We previously demonstrated that a
booster dose given approximately three years post-primary vaccina-
tion elicited high anamnestic responses even in adults primed with
very small amount of 1790GAHB (0.06/1 mg of OAg/protein) [16]. In
the current study, the second 1790GAHB dose did not increase anti-
body levels, suggesting that the one-month interval between the two
doses may have been too short to be able to increase immune
responses in 1790GAHB recipients. This is in line with results
obtained for other investigational vaccines with similar vaccination
schedules [9,26,31,32]. Similarly, functional antibodies were induced
by the first 1790GAHB dose but no significant increase was observed
following the administration of the second dose. A more widely
spaced immunization schedule for a GMMA-based vaccine has not
been evaluated but might induce higher antibody levels and conceiv-
ably greater protection against shigellosis.

Although clinical efficacy was not demonstrated, the evaluation of
antibody responses induced after the challenge administration was
useful to identify some differences between vaccine and placebo
recipients. Interestingly, as shown in Fig. 4, participants who did not
develop shigellosis in the 1790GAHB group were the only study par-
ticipants who did not show any anti-S. sonnei LPS antibody increase
following challenge administration. This may suggest that, in this
group, vaccination conferred protection against bacterial multiplica-
tion, the cause of clinical shigellosis above a certain threshold.

Human challenge trials have been repeatedly used to elucidate
disease pathogenesis and human responses to infection, including
identification or confirmation of possible correlates of protection, but
also in the clinical development of vaccines. Particularly in cases
where field efficacy trials are virtually impossible, CHIM trials have
provided efficacy data for registration, as shown by the recent
approval of a cholera vaccine for travellers [33]. However, there has
been considerable discussion on the appropriateness of CHIM trials
established in high-income countries to evaluate VE and conse-
quently on the potential value of conducting CHIM trials in LMIC set-
tings, where Shigella is endemic [33]. The limited results available
suggest that the variability of the pre-existing Shigella-specific anti-
body levels in LMIC populations may complicate ensuring an ade-
quate AR and alter the reproducibility of the trial [34]. Other
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discussions have been centred on the reliability and validity of poten-
tial serological correlates of protection and measures of immunoge-
nicity, established in field trials, and transposed under the artificial
CHIM conditions (which include higher doses of the challenge agent
� administered following neutralization of gastric acidity � as com-
pared with natural infection) [33]. Indeed, our trial showed that 39%
Fig. 4. Percentage of participants with anti-S. sonnei LPS serum IgG antibody levels �268 EU
set)

LPS, lipopolysaccharide; IgG, immunoglobulin G; EU, enzyme-linked immunosorbent
1790GAHB vaccine / placebo and developed shigellosis after the bacterial challenge; 1790GA
placebo and did not develop shigellosis after the bacterial challenge; D1, baseline; D29, 28 da
cebo vaccination; D85, 28 days post-challenge dose.

Note: Error bars depict 95% confidence intervals.
of the participants with pre-challenge antibody concentration
�268 EU/mL (i.e., Cohen’s median antibody concentration in conva-
lescents [11]) developed shigellosis and even amongst those with a
pre-challenge concentration above 536 EU/mL (i.e., twice as high as
the Cohen’s threshold after natural exposure), 31% still developed
shigellosis (data not shown). These data not only suggest that other
/mL in participants who did or did not develop shigellosis post-challenge (per-protocol

assay units; 1790GAHB / Placebo group (shigellosis), participants who received the
HB / Placebo group (no shigellosis), participants who received the 1790GAHB vaccine /
ys post-first 1790GAHB/placebo vaccination; D57, 28 days post-second 1790GAHB/pla-
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immune mechanisms are also important and may serve as mechanis-
tic correlates of protection against disease (e.g., IgA), but also rein-
force the concern raised about the artificiality of this model that may
prematurely halt development of a vaccine potentially efficacious in
field settings [35]. Field studies assessing clinical efficacy in a target
paediatric population of endemic regions might address these con-
cerns and produce more conclusive results, particularly when the
epidemiology of the disease would allow this with approachable trial
sizes.

An additional limitation of this trial is related to the screening
threshold adopted in the challenge model (i.e., a titre of 1:2500, cor-
responding to 1940 EU/mL as tested with the GVGH ELISA), that
allowed enrolment of a large proportion of participants with a spe-
cific baseline antibody level close to or above levels considered pro-
tective in field conditions [23]. Of the 60 participants included in the
immunogenicity analysis of the current study, 31% had baseline anti-
body concentration �268 EU/mL in the 1790GAHB group and 21% in
the Placebo group. Logistic regression model applied to the entire
study population showed a reduction of odds ratio (OR) of shigellosis
in participants with higher antibody at baseline (data not shown).
The p-value for the OR was significant for both ELISA (P = 0.003) and
SBA (P = 0.0491), demonstrating a strong association between anti-
body at baseline and risk of disease and confirming that several
subjects were already protected at baseline. Moreover, the rapid
increase of antibody level at D8 as well as the lack of increase
after the second dose in the 1790GAHB group may suggest a
post-first dose secondary response. This likely explains why the
AR in the Placebo group was only 43% instead of the planned
58%. The enrolment of a high number of individuals with pre-
existing elevated antibody levels has implications on studies
intrinsically characterized by limited power, including the inter-
pretation of the results. Therefore, in future Shigella CHIM trials,
the use of a more conservative screening threshold should be
considered, although this might be perceived as increasing the
artificiality of the model. As the purpose of the screening is to
select a Shigella-naïve population � to mirror as much as possible
the naïve immunological profile of the infant target population
and, ultimately, to reduce bias of interpretation and increase the
power of the study � we believe there is a solid rationale for the
use of a different threshold.

In summary, the 1790GAHB candidate vaccine showed an accept-
able safety profile and induced anti-S. sonnei LPS serum IgG but did
not show clinical protection against shigellosis in this S. sonnei CHIM
trial. Antibody levels, considered to be protective in field conditions
(i.e., �268 EU/mL), were achieved by 69% of vaccinees, but were
insufficient to fully protect them from the S. sonnei challenge. To
strengthen the anti-S. sonnei LPS response to vaccination and its pro-
tective potential, the S. sonnei GMMA OAg dose in the four-compo-
nent GMMA Shigella vaccine, currently under development, should
be significantly increased, the administration schedule more widely
spaced, and its immunogenicity tested before progression to further
trials in the target populations.
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