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13 CHAPTER7

Summarizing discussion: Plasmodium
falciparum and Necator americanus

in Gabon: observation, intervention,
and controlled human infection

Here, I will discuss the ensemble of previous chapters of this thesis.

In a first part (chapters 2, 3, and 4) the thesis covers
Plasmodium falciparum (Pf) infection in Lambaréné, Gabon.

We investigated the local epidemiology of malaria, revealing

the continued prominence of Pfinfection in Lambaréné. We also
concluded that the STANDARD™ Q Malaria/ C-reactive protein
(CRP) rapid diagnostic test (RDT) as part of disease manage-
ment was unsuitable as a standalone diagnostic test. Moving
from management of Pfto prevention, we showed that

2 9:0 x10° dose of irradiated whole Pf sporozoite vaccine
(PfSPZ) in Gabonese children was safe and well tolerated,

but vaccine efficacy was poor.

In a second part (chapters 5 and 6) covering Necator
americanus (Na), we established a controlled human infection
study with Na in Lambaréné. In preparation, we reported
the outcomes of a meeting with stakeholders where different
barriers and considerations were successfully addressed.

We then conducted the controlled human hookworm infection
(CHHI) study for the first time in an endemic area, showing that
a dose of 50 Gabonese L3 larvae (G-L3) was safe, tolerable,

and infective.

Our observational studies of malaria (chapters 2
and 3) indicate that the clinical management of malaria in
Gabon should integrate other causes of acute febrile illness due
to the frequency of co-infections and poor antimicrobial stew-
ardship. Our interventional studies (chapters 4 and 6) showed
that pre-exposure to the parasite is possibly consequential to
poor malaria vaccine protective efficacy on the one hand, and
a trend of lower hookworm egg count after CHHI on the other.
Finally, it is discussed how the stakeholder meeting (chapter 5)
influenced the successful conduct of the CHHI study in Gabon
(chapter 6).
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1. A holistic approach to the diagnosis
and management of Plasmodium
falciparum in Lambaréné, Gabon

For a significant proportion of the local population in Gabon,
there remains a paradigm that fever is equal to malaria.
However, there are a plethora of causes of acute febrile illness
(AFI). When a patient presents to any level of healthcare with
symptoms of an acute fever, it could be infectious or non-in-
fectious. If infectious, the fever could be parasitic, it could be

a virus, or it could be bacteria. In chapter 2, in a collaborative
multicentric study, we showed that cases of AFI present sim-
ilarly, and we showed that they cannot be clinically separated
by symptomatology across sites in Lambaréné, Gabon; Rio de
Janeiro, Brazil; and Chilumba, Malawi. We also showed that

in about half of AFI cases in Lambaréné, Pf was identified by
malaria slide or RDT. Thus, in moderate-to high malaria prev-
alence areas, it is important that the clinician can make a fast
and accurate diagnosis of whether a case of AFI is due to

Pf or not and then be able to take adequate steps in treatment
and management of the disease, emphasising the importance
of high performing point-of-care (POC) tests. In parallel,
searching for the cause of AFI does not pose a dichotomous
question. The cause is not always mono-pathogenic, malaria or
not malaria, a virus or not a virus, or a bacterium or not a bac-
terium, but rather frequently it could be multi-pathogenic. In
Lambaréné, we showed that even when Pf is identified, almost
a third of these cases have another causative agent. Besides, it
is intuitive that not all co-infected febrile cases in which malaria
is detected in a malaria-endemic region is necessarily caused by
the parasite, based on a high background prevalence of asymp-
tomatic malaria, although asymptomatic episodes are less likely
to occur in young children.””*** However, it is important to
include both asymptomatic malaria as well as healthy controls
from the same areas as the patients for estimating an attribut-
able fraction of disease vs incidental findings.

A conservative prescribing approach, as advocat-
ed by D’Acremont et al. in Tanzania, was based on data from
outpatients with acute febrile illness, with few cases of malaria.
In our study, two out of five cases in which antibiotics were
supposed to be prescribed were missed.”” Approximately,

50% vs 10% of AFI cases were associated with malaria in
the Gabonese and the Tanzanian children, respectively. This
highlights the importance of considering disease epidemiol-
ogy per region, as well as the level where recruitment takes

237 — Missinou MA, Lell B, Kremsner
PG. Uncommon Asymptomatic
Plasmodium falciparum Infections
in Gabonese Children. Clin Infect
Dis 2003; 36:1198-202.

238 — Moutombi Ditombi BC,
M’Bondoukwé NP, Ndong Ngomo
JM, et al. Burden and determinants
of asymptomatic malaria among
adults living in urban and rural
areas in Gabon in 2023: a commu-
nity-based cross-sectional study.
Malar J 2025; published online Dec
24.DO0I:101186/s12936-025-05672-4.

239 — D'Acremont V, Kilowoko M,
Kyungu E, et al. Beyond Malaria

— Causes of Fever in Outpatient
Tanzanian Children. New England
Journal of Medicine 2014; 370:
809-17.
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240 — Watson OJ, Tran TN-A, Zupko
RJ, et al. Global risk of selection and
spread of Plasmodium falciparum
histidine-rich protein 2 and 3 gene
deletions. Nat Med 2025; 31: 3372-9.

241 - Gamboa D, Ho M-F, Bendezu
J, et al. A Large Proportion of P.
falciparum Isolates in the Amazon
Region of Peru Lack pfhrp2 and
pfhrp3: Implications for Malaria
Rapid Diagnostic Tests. PLOS ONE
2010; 5:e8091.

242 — Berhane A, Anderson KF,
Mihreteab S, et al. Major Threat

to Malaria Control Programs by
Plasmodium falciparum Lacking
Histidine-Rich Protein 2, Eritrea -
Volume 24, Number 3—March 2018
- Emerging Infectious Diseases
journal - CDC. 2018; published
online March. DOI:10.3201/
eid2403171723.

243 — Feleke SM, Reichert EN,
Mohammed H, et al. Plasmodium
falciparum is evolving to escape
malaria rapid diagnostic tests in
Ethiopia. Nat Microbiol 2021; 6:
1289-99.

244 —Krueger T, lkegbunam M,
LissomA, et al. Low Prevalence

of Plasmodium falciparum
Histidine-Rich Protein 2 and 3 Gene
Deletions—A Multiregional Study in
Central and West Africa. Pathogens
2023;12: 455.

245 — World malaria report 2025.
https://www.who.int/teams/
global-malaria-programme/re-
ports/world-malaria-report-2025
(accessed Dec 30, 2025).

246 — Gatton ML, Dunn J, Chaudhry
A, Ciketic S, Cunningham J, Cheng
Q. Implications of Parasites Lacking
Plasmodium falciparum Histidine-
Rich Protein 2 on Malaria Morbidity
and Control When Rapid Diagnostic
Tests Are Used for Diagnosis. J
Infect Dis 2017; 215: 1156-66.

247 — Akinyi S, Hayden T, Gamboa D,
et al. Multiple genetic origins of his-
tidine-rich protein 2 gene deletion in
Plasmodium falciparum parasites
from Peru. Sci Rep 2013; 3: 2797.

248 — Valdivia HO, AndersonK,
Smith D, et al. Spatiotemporal
dynamics of Plasmodium falci-
parum histidine-rich protein 2 and
3 deletions in Peru. Sci Rep 2022;
12:19845.

249 — Mandefro A, Ding XC, Farge
J, et al. Performance of a Novel P.
falciparum Rapid Diagnostic Test
in Areas of Widespread hrp2/3
Gene Deletion. Clin Infect Dis 2025;
:ciaf212.

place; community versus primary health care centre, versus
outpatient versus hospitalized patients. Taking a public health
point of view, we showed that the surveillance, diagnosis, and
management of malaria should not be in silos. To reinforce an
integrated approach to malaria management, innovation in
diagnostic modalities is critical. A high-performance biomarker
of fever for determining the cause/s of AFI, integrated as a POC
test, can increase healthcare worker and patient confidence and
satisfaction with AFI management in malaria endemic areas.
We investigated the utility of an innovative POC
test in Lambaréné in chapter 3. The excellent sensitivity and
good specificity of the HRP2 component of the RDT means
that there is high certainty that a child presenting with AFI
in Lambaréné does not have a moderate-to-severe form of
malaria if the RDT is negative. This is of importance in rural to
remote settings (such as in Lambaréné and her surroundings),
where there is little access to other diagnostic methods, and
where a clinician is regularly faced with a dilemma of whether
to send a child who does not seem particularly unwell home
without antimalarial treatment. A growing global problem is
that HRP2 is not essential to Pf survival, thus the parasite has
evolved a loss of the HRP2 gene in response to the selection
pressure of HRP2-based malaria RDTs.>* In 2010, the first
reports of HRP2 deletions in real world settings was reported
in South America.*"' The HRP2 sensitivity (98%) we reported
in Lambaréné is in vast contrast to sensitivities in the horn of
Africa, where HRP2/3 deletions were rapidly selected for after
initial detection, and up to 80-90% of Pf cases can be missed by
standard RDTs.***** Gabon currently reports a low prevalence
of HRP2 deletions of around 1%,****** which might be due to
continued use of microscopy and reliance on clinical symptoms
as a primary method for diagnosing malaria in the country, thus
lessening RDT-dependent HRP2 deletion selective pressure.**®
However, other yet to be elucidated factors applying selective
pressures could also play a role.**"*** Continued surveillance is
required, and can be conducted at reference centres, such as
the Centre de Recherches Médicales de Lambaréné (CERMEL).
In addition to surveillance, there is R&D of RDTs based on both
HRP2 and LDH, which outperform single antigen-based tests,
and have good sensitivity in areas with a high prevalence of
HRP2 deletions.**’
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L1. A role for artificial intelligence
in the integrative management of malaria

In chapter 3, we investigated the utility of C-reactive protein
(CRP) to determine the presence of bacterial infection using
artificial intelligence (Al) i.e. machine learning (ML). Due to the
number of participants negative for bacterial infection, we had
an imbalanced dataset. Thus, a standard Receiver Operating
Characteristic curve was susceptible to producing misleading
results of better performance of CRP. Precision-Recall Area
Under the Curve (PR AUC) provided a suitable alternative

as it functions independently of true negative results and is
therefore not affected by imbalance.”®® Using a random forest
model and CRP, we were able to classify with good PR AUC,
participants with bacterial and non-bacterial infection. Despite
the development of newer generations of biomarkers such

as Alpha-I-acid glycoprotein, Galectin-9, IP-10 (CXCL10),
lipopolysaccharide-binding protein, Chitinase 3-like 1, TRAIL
(TNF-Related Apoptosis-Inducing Ligand) etc., CRP remains
the best performing biomarker in Gabon.*' CRP performance is
only bettered by innate/haematological markers such as white
blood cell count and neutrophil count.

AT has potential to be leveraged to provide techno-
logical assistance to clinicians. Recent advances in Al allow for
the collection of data and looking at the data from a multiclass
level; data encompassing clinical signs and symptoms, or/and
lab results, or/and biomarkers of fever such as CRP, could be
supplied to a ML tool to aid clinical management of AFI. The
utility of such an ML tool is dependent on clinical data that is of
quality and that is representative e.g. (1) continuous surveillance
of AFI epidemiology in malaria endemic settings, (2) creation
of high-quality and harmonized datasets that are mindful of
patient privacy, (3) integration of ML-based predictive analytics
into routine management of AFI, (4) followed by a cycle of opti-
mization of the ML tool. Asides random forest, other ensemble
modifiers such as XGBoost, and support vector classifiers are
ML tools that can be used to develop diagnostic AI models for
accurate classification of AFL.***** These models will of course
have to be used with clinical insight.

250 — Saito T, Rehmsmeier M.

The Precision-Recall Plot Is More
Informative than the ROC Plot
When Evaluating Binary Classifiers
on Imbalanced Datasets. PLOS ONE
2015;10:e0118432.

251 - Fernandez-Carballo BL,
Atzeni M, Escadafal C, et al.
Cross-sectional evaluation of host
biomarkers for guiding antibiotic
use in bacterial and non-bacterial
acute febrile illness in low- and
middle-income tropical settings.
BMJ Open 2025; 15: e086912.

252 — Hearst MA, Dumais ST, Osuna
E, Platt J, Scholkopf B. Support
vector machines. |EEE Intelligent
Systems and their Applications
1998;13:18-28.

253 — Breiman L. Random Forests.
Machine Learning 2001; 45: 5-32.

254 — Chen T, Guestrin C. XGBoost:
A Scalable Tree Boosting System.
In: Proceedings of the 22nd ACM
SIGKDD International Conference
on Knowledge Discovery and

Data Mining. New York, NY, USA:
Association for Computing
Machinery, 2016: 785-94.
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2. Deciphering parasite pre-exposure
signals following inoculation

with Plasmodium falciparum sporozoites and
Necator americanus L3 larvae

255 — Richie TL, Church LWP,
Murshedkar T, et al. Sporozoite im-
munization: innovative translational
science to support the fight against
malaria. Expert Review of Vaccines
2023;22: 964-1007.

256 — Lyke KE, Ishizuka AS, Berry
AA, et al. Attenuated PfSPZ Vaccine
induces strain-transcending T cells
and durable protection against
heterologous controlled human
malaria infection. Proceedings of
the National Academy of Sciences
2017;114: 2711-6.

257 — Zaidi |, Diallo H, Conteh S, et
al.y8 T Cells Are Required for the
Induction of Sterile Immunity during
Irradiated Sporozoite Vaccinations.
J Immunol 2017;199: 3781-8.

258 — Fernandez-Ruiz D, Ng WY,
Holz LE, et al. Liver-Resident
Memory CD8+ T Cells Form a
Front-Line Defense against Malaria
Liver-Stage Infection. Immunity
2016; 45: 889-902.

259 — Venkatraman N, Silman D,
Bellamy D, et al. R21in Matrix-M
adjuvant in UK malaria-naive adult
men and non-pregnant women
aged 18-45 years: an open-label,
partially blinded, phase 1-2a
controlled human malaria infection
study. The Lancet Microbe 2025; 6.
DOI:101016/S2666-5247(24)00083-1.

260 — Reece WHH, Pinder M,
Gothard PK, et al. A CD4+ T-cell
immune response to a conserved
epitope in the circumsporozoite
protein correlates with protection
from natural Plasmodium falci-
parum infection and disease. Nat
Med 2004; 10: 406-10.

261— Moita D, Rdla C, Nunes-
Cabacgo H, et al. The effect of
dosage on the protective efficacy
of whole-sporozoite formulations
for immunization against malaria.
npj Vaccines 2023; 8:182.

262 — Oneko M, Steinhardt LC, Yego
R, et al. Safety,immunogenicity and
efficacy of PfSPZ Vaccine against
malaria in infants in western Kenya:
adouble-blind, randomized, place-
bo-controlled phase 2 trial. Nat Med
2021; 27:1636-45.

263 — Agnandji ST, Bok J, Alabi A, et
al. Safety, tolerability, and protective
efficacy of a radiation-attenuated,
whole sporozoite malaria vaccine

in children in Gabon: a randomised,
double-blind, placebo-controlled,
phase 2 trial. The Lancet Infectious
Diseases 2026; 26: 79-90.

2.1. Plasmodium falciparum sporozoites as a vaccine candidate

Whole sporozoite vaccines have been universally shown to
be safe and tolerable.’” Besides safety and tolerability, the
co-primary outcome of a pre-erythrocytic malaria vaccine trial
could be either the prevention of infection (asymptomatic or
symptomatic) or the prevention of clinical disease (symptom-
atic). Our phase 2 trial in chapter 4 was designed to investigate
the former but showed poor vaccine efficacy (9% protection in
the vaccine group). Immunity produced by PfSPZ is primarily
dependent on the effector functions of tissue resident CD8+ T
cells- induced by y8 T cell- that eliminate infection by recogni-
tion of class  MHC on infected liver cells; induced immunity is
not dependent on antibodies to circumsporozoite protein (CSP)
(although antibodies might also play a role).****® This is corrob-
orated by controlled human malaria infection (CHMI) studies
that show 100% protection i.e. sterile immunity for sporozoite
based vaccines; similar results are not observed for CSP-based
vaccines.” Due to the difficulty of studying tissue-resident
T cell responses in the liver i.e. they cannot be directly studied
in the peripheral blood, and the lack of a correlate of protection
(COP) in pre-exposed individuals,**® improving vaccine efficacy
should be done through clinical trials and mechanistic studies
conducted in malaria-endemic regions. Theoretically, the opti-
mal PfSPZ vaccination strategy would induce T cell responses
in the liver that are above the threshold necessary for protec-
tion in pre-exposed individuals.** A study in Kenya showed that
PfSPZ did not elicit T cell responses in an infant population.**
It was hoped that older Gabonese children would produce com-
petent y8 T cell responses to induce PfSPZ protective efficacy.
Indirect interpretation of our clinical trial results indicates this
was not the case.*”

Pre-existing immunity to malaria represents a com-
pendium of immune responses to malaria antigens; it occurs
in endemic areas, beginning in childhood, and aggregating to
provide protection from severe disease and death in adults.**
One explanation for the lack of PfSPZ efficacy in Gabonese
children might be that pre-existing immunity in the children
eliminated some of the irradiated sporozoites before they could
generate a protective immune response, akin to the blocking
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hypothesis for the BCG vaccine.”” PfSPZ presents a range of
antigens/epitopes to the immune system. As observed in our
placebo group, natural exposure to malaria also elicits anti-CSP
and anti-exported protein 1 (EXP1) antibodies. Although these
particular antibodies did not associate with vaccine induced
protection, it is possible that natural infection induces complex
immune responses to conserved immunodominant epitopes

on the sporozoite, which can then in turn limit PfSPZ. These
immune responses, when augmented above a threshold re-
quired for protection, which surpasses titres observed in
natural immunity, can provide protection from disease in young
children. Indeed, identification of CSP as a conserved immu-
nodominant epitope that induces protection after vaccination
with irradiated sporozoites led to its eventual development as
the subunit vaccines RTS,S and R21.**® These anti-CSP based
vaccines provide protection by eliciting high levels of anti-CSP
antibodies, in contrast to sporozoite antigen-specific CD8+
T-cell responses elicited by PfSPZ.>"***

PfSPZ dose has been shown to be important for
eliciting sterile immunity and establishing heterologous immu-
nity.***>"* This could be because a higher dose elicits a stronger
response to sporozoite antigens, including responses to cryptic
epitopes. The mechanisms of these responses are still poorly un-
derstood. Based on CHMI studies in malaria-naive adults, it was
determined that a regimen of three-doses of 9 x 10° PfSPZ given
one month apart (1, 8, and 29 days) is optimal and was used
in our paediatric trial, but showed poor efficacy in Gabonese
children.” The vaccination intervals might be of greater impor-
tance. This can be portrayed as a biological equivalent of the
photoelectric effect- the ability of light to eject an electron from
a material is dependent on light’s frequency, regardless of its
intensity. Increasing vaccine dose does not necessarily guaran-
tee the stimulation of an adequate immune response. Empiric
investigation of different PfSPZ time-series (days of vaccina-
tion), and booster doses, by CHMI in malaria-exposed individu-
als might provide translatable vaccine efficacy results in African
children.”™ Another factor that appears to affect response to
PfSPZ is the length of development of the liver stage. Irradiated
sporozoites are non-replicating, meaning they only express
early and mid-stage liver proteins. Non-attenuated sporozoites
replicate =50,000 times in the liver resulting in the expression
of =2000 proteins.””>*"® Chemo-attenuated PfSPZ (C-vac), in
which sporozoites undergo the full development of the liver
phase produces sterile immunity at a dose of 2 x 10° PfSPZ.
The mechanism of action may be that the prolonged presence
and replication in the liver results in a higher probability of

277

264 —Doolan DL, Dobafio C, Baird
JK. Acquired Immunity to Malaria.
Clinical Microbiology Reviews 2009;
22:13-36.

265 — Andersen P, Doherty TM. The
success and failure of BCG —im-
plications for a novel tuberculosis
vaccine. Nat Rev Microbiol 2005;
3:656-62.

266 — Potocnjak P, Yoshida N,
Nussenzweig RS, Nussenzweig

V. Monovalent fragments (Fab) of
monoclonal antibodies to a sporo-
zoite surface antigen (Pb44) protect
mice against malarial infection. J
Exp Med 1980; 151: 1504-13.

267 — Muller K, Gibbins MP, Roberts
M, et al. Low immunogenicity of
malaria pre-erythrocytic stages can
be overcome by vaccination. EMBO
Mol Med 2021; 13: €13390.

268 — Datoo MS, Dicko A, Tinto H,

et al. Safety and efficacy of malaria
vaccine candidate R21/Matrix-M in
African children: a multicentre, dou-
ble-blind, randomised, phase 3 trial.
The Lancet 2024; 403: 533-44.

269 — Roestenberg M, McCall M,
Hopman J, et al. Protection against
a Malaria Challenge by Sporozoite
Inoculation. New England Journal of
Medicine 2009; 361: 468-77.

270 — Roestenberg M, Teirlinck

AC, McCall MB, et al. Long-term
protection against malaria after ex-
perimental sporozoite inoculation:
an open-label follow-up study. The
Lancet 2011; 377:1770-6.

271—Seder RA, Chang L-J,Enama
ME, et al. Protection Against Malaria
by Intravenous Immunization with a
Nonreplicating Sporozoite Vaccine.
Science 2013; 341:1359-65.

272 — Mwakingwe-Omari A, Healy
SA, Lane J, et al. Two chemoattenu-
ated PfSPZ malaria vaccines induce
sterile hepatic immunity. Nature
2021; 595: 289-94.

273 — Mordmitiller B, Sulyok Z,
Sulyok M, et al. A PfSPZ vaccine
immunization regimen equally
protective against homologous and
heterologous controlled human
malaria infection. npj Vaccines
2022; 7:100.

274 — Minassian AM, Silk SE, Barrett
JR, et al. Reduced blood-stage ma-
laria growth and immune correlates
in humans following RH5 vaccina-
tion. Med 2021; 2: 701-719.e19.

275 — Shears MJ, Sekhar

Nirujogi R, Swearingen KE, et al.
Proteomic Analysis of Plasmodium
Merosomes: The Link between
Liver and Blood Stages in Malaria. J
Proteome Res 2019; 18: 3404-18.
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735-7.
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K, et al. PfSPZ-CVac malaria vaccine
demonstrates safety among
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randomized, controlled phase 1
trial. eClinicalMedicine 2022; 52.
DOI:101016/j.eclinm.2022.101579.

279 — Goswami D, Betz W, Locham
NK, et al. A replication-competent
late liver stage-attenuated human
malaria parasite. JCI Insight 2020; 5.
DOI:101172/jci.insight135589.

280 — Lamers OAC, Franke-Fayard
BMD, Koopman JPR, et al. Safety
and Efficacy of Immunization with a
Late-Liver-Stage Attenuated Malaria
Parasite. New England Journal of
Medicine 2024; 391: 1913-23.

281—Roozen GVT,van
Schuijlenburg R, Hensen ADO,

et al. Single immunization with
genetically attenuated PfAmei2
(GA2) parasites by mosquito bite in
controlled human malaria infection:
a placebo-controlled randomized
trial. Nat Med 2025; 31: 218-22.

282 — Diawara H, Healy SA,
Mwakingwe-Omari A, et al. Safety
and efficacy of PfSPZ Vaccine
against malaria in healthy adults
and women anticipating pregnancy
in Mali: two randomised, dou-
ble-blind, placebo-controlled, phase
1and 2 trials. The Lancet Infectious
Diseases 2024; 24: 1366-82.

283 — Sanaria Inc. Phase 2 Trial

of Safety, Inmunogenicity, and
Efficacy Against Plasmodium
Falciparum Malaria of PfSPZ
Vaccine in Children in Mali. clinical-
trials.gov, 2024 https://clinicaltrials.
gov/study/NCT04940130 (accessed
Dec 30,2025).

284 — Lell B, Mordmdiller B, Dejon
Agobe J-C, et al. Impact of Sickle
Cell Trait and Naturally Acquired
Immunity on Uncomplicated Malaria
after Controlled Human Malaria
Infection in Adults in Gabon. Am J
Trop Med Hyg 2018; 98: 508-15.

285 — de Jong SE,van Unen V,
Manurung MD, et al. Systems analy-
sis and controlled malaria infection
in Europeans and Africans eluci-
date naturally acquired immunity.
Nat Immunol 2021; 22: 654-65.

286 — Chapman PR, Webster R,
Giacomin P, et al. Vaccination of
human participants with attenuated
Necator americanus hookworm
larvae and human challenge in
Australia: a dose-finding study and
randomised, placebo-controlled,
phase 1trial. The Lancet Infectious
Diseases 2021; 21: 1725-36.

generating a protective response. However, promising C-vac effi-
cacy has not translated to African populations.””® Newer gener-
ations of genetically attenuated late-arresting liver stage (-mei2)
PfSPZ, which provide =90% protective efficacy against CHMI,
are yet to be tested in endemic settings, which have challenged
outcomes in non-endemic settings**** Finally, an important
element for eliciting PfSPZ protection in malaria endemic

areas is pre-treatment with an efficacious anti-malarial prior to
vaccination. Malian adults and pregnant women who received
pre-treatment prior to vaccination with the three-dose regimen
of PfSPZ were significantly protected against parasitaemia and
clinical malaria (61% and 56% for 9 x 105 Pf SPZ dose) at 2 years
post-vaccination, those without pre-treatment were not pro-
tected.”® The three-dose regimen is being studied in pre-treated
6-10-year-old Malian children (NCT04940130).** We did not
pre-treat in Gabon, meaning concomitant malaria infection/ex-
posure possibly blunted PfSPZ efficacy due to parasite mediated
hypo responsiveness.

2.2. Necator americanus L3 larvae for controlled human infection

In chapter 6, we showed that CHHI in Gabon is safe, tolerable
and with good infectivity of a dose of 50 Gabonese L3 larvae
(G-L3). When comparing the Gabonese cohort with a cohort
from the Netherlands challenged with 50 Papua New Guinea
L3 larvae (PNG-L3), we observed trends along a gradient of
previous exposure for both egg production and eosinophilic
responses. The less exposed group had higher eosinophilic
responses and higher egg counts. This observation must be
given careful consideration, bearing in mind the number of
study volunteers (22 in challenge group). However, similar
approaches with CHMI (comparing malaria naive vs malaria
pre-exposed) have shown protective trends with pre-expo-
sure.”***** A degree of induced protective immunity has been
observed in CHHI studies in hookworm-naive individuals in
Australia and the Netherlands vaccinated with attenuated
larvae.”****” As in malaria, one hypothesis for an exposure effect
can be that there remains a balance between an inflammatory
response and a regulatory response in naive individuals, and
with each subsequent exposure, there is a natural selection of

a regulatory response over an inflammatory response.”*® The
regulatory response could also be driven by hookworm to cre-
ate a more conducive environment in the human host; primary
hookworm infection in the hookworm-naive has been shown to
enrich CD45RA +Foxp3+CD4+ T cells.*® This hypothesis can
explain our observed trend of less symptomatology, and less
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eosinophilia in previously exposed individuals. Taking a leaf
out of our discussion of chapter 4, the trend observed in lower
egg counts in pre-exposed volunteers may also be explained by
antibody responses to immunodominant epitopes of G-L3.

Infectivity of G-L3 was 100% and did not seem to
be affected by heterogeneity in pre-exposure to N. americanus
in the volunteers. Future work with larger number of partici-
pants should determine whether egg output following infection
with 50 L3, is robust enough for vaccine testing. Adaptive
immune mechanisms (antibody and cell mediated) are likely
important in supporting innate immunity e.g. eosinophilia,
in the response to hookworm infection in the peripheral blood
and mucosal microenvironment.”*** Previous CHHI studies
in the Netherlands in hookworm-naive individuals have pointed
to a significant role for eosinophils and IgG1 in protection.*?
This needs to be confirmed or disputed once data from CHHI
in Gabon are analysed. One of the advantages of CHHI is that
we know the exact moment of inoculation with L3 larvae, which
then allows us to follow the evolution of infection and make
detailed investigations into the human response at different
timepoints of infection. CHMIs have been shown to be a better
platform for studying the effect of pre-exposure to malaria on
host immunity, in comparison to field trials.**> CHHI in Gabon
also allows us to study host adaptation to hookworm infection
in pre-exposed individuals. The importance of this was high-
lighted during the development of the first hookworm vaccine
candidate, Necator americanus Ancylostoma-secreted protein 2
(Na-ASP-2), an L3-secreted activation-associated protein. In a
phase I trial in the United States, Na-ASP-2 was shown to be
safe and immunogenic.””* However in a second Phase I trial in
an endemic region of Brazil, pre-exposed volunteers developed
IgE mediated generalized urticaria and the trial had to be
halted prematurely.*”

If we can identify a phenotype of protection in
pre-exposed individuals, a level or some signal of protection,
this will allow for translation to COPs (mechanistic or
non-mechanistic), thus reducing dependency on large scale
clinical trials for drug and vaccine development. With CHHI
we can control the production and viability of L3 larvae, we can
control when volunteers receive the challenge material, we can
characterize the immunological background of the volunteers in
terms of hookworm exposure; and in the case of an intervention
we are aware of the time interval between intervention and chal-
lenge, samples can be collected over multiple timepoints, and
these samples can contribute to a variety of analyses (clinical
data, antibody, B-cell, and T-cell assays). In addition,
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it is important to develop the genetic tools that will allow the
distinction to be made between infection with the trial dose ver-
sus infection acquired from the environment. Importantly, these
investigations will require a strong collaboration between differ-
ent scientific groups. International consortia, such as HypoVax
Global, which seek to investigate population-level variation in
immune responses and vaccine hyporesponsiveness are excel-
lent platforms that can be leveraged for such collaboration.*

3. Connecting stakeholder dialogue
to clinical trial implementation

Prior to the conduct of CHHI in Gabon in chapter 6; in chapter 5,
we reported the proceedings from a stakeholder meeting where
the need for CHHI in an endemic area, its risk/benefit balance in
Lambaréné, and how best to conduct it were deliberated upon.
These themes were important to the success of CHHI.

3.1. CHHI in Gabon: Risk profile

Regarding the calculus of the ethics of CHHI in Gabon, it

is important to emphasize that endemicity of hookworm in
Lambaréné does not reduce the risk profile for volunteers in
endemic areas. CHHI volunteers experience a similar level of
personal risk for the benefit of others in society. Yet, for this
pilot study, it was decided not to include individuals with high
risk of exposure to hookworm infection. It can be considered
that individuals living with high exposure to infection are ex-
posed due to a socio-economic vulnerability that we should be
prudent to not seem to exploit. Including educated individuals
with prior exposure to research was to limit the social context
of misinformation spreading in the community whilst preparing
for and conducting the trial. This was not done to “protect” in-
dividuals, but rather to protect the social integrity of the study.
First enrolling educated individuals with less exposure and with
less socio-economic fragility also helps establish a normative
baseline of risk for volunteers in Lambaréné and its environs
and encourage future participation of the target population.
After establishing a baseline, the robustness of the informed
consent process remains the same, as any literacy gaps in

a highly exposed population should not pose a challenge in
communication. The system of community engagement in
Gabon means that we approached individuals and introduced
the opportunity to participate in our studies to them, unlike in
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the Global North where most recruitment is via advertisement
and social media outreach. Our inclusion and exclusion criteria
were based on assuring minimal health risk to volunteers, by
ensuring participants were in good health prior to enrolment.
Including participants with health abnormalities might distract
from the scientific aims of CHHI in Gabon.

It was of vital importance for the ethics commit-
tees that a curative dose of albendazole would be given to all
volunteers, and that there would be no lasting consequences
of challenge infection. The pathophysiology of hookworm
infection is well described, meaning investigators could easily
identify and manage any variability from the expected norm in
the course of infection. The study was conducted under good
clinical, laboratory, and manufacturing practices.

3.2. CHHI in Gabon: Benefit profile

A benefit of volunteering in the CHHI was the follow-up med-
ical care provided during the period of the trial. Stakeholders
strongly recommended a robust system of volunteer compen-
sation for the cost of trial participation and medical insurance
coverage. It is important that the compensation does not
represent an exchange for the donation of biological samples,
but rather a cover for the incurred costs of participation. It was
decided to compensate volunteers at the rate of the minimum
wage for Gabon, one of the highest minimum wages on the
African continent.”®”**® Gabon has a national health insurance
system that provides a safety net. This was in addition to a
private health insurance to cover any health risk of trial partic-
ipation. We enrolled males, from the local population as well

as Caucasians with a history of short-term residence in Gabon.
There was ‘default exclusion’ of female participants in this pilot
phase, like in previous challenge studies in The Gambia and
Tanzania.””””* In future studies, female participants will be
enrolled. This is necessary to ensure that the benefit of CHHI is
available, and the results applicable, to both genders. Benefits to
local researchers are in terms of capacity building. Researchers
have been able to provide equitable independent contributions
to the establishment of CHHI in Gabon. A hookworm laborato-
ry for the isolation and preparation of the challenge material to
a GMP-like standard was established. This meant that staff de-
veloped the capacity to locally prepare G-L3 from a donor pool
living in Lambaréné. Local production was preferable to relying
on the transport of PNG-L3 from collaborators in Leiden, the
Netherlands. The use of G-L3 for CHHI in Gabon facilitates its
future use as an attenuated hookworm vaccine candidate.

297 —Hoogerwerf M-A, Vries M

de, Roestenberg M. Money-
oriented risk-takers or deliberate
decision-makers: a cross-sectional
survey study of participants in
controlled human infection trials.
BMJ Open 2020; 10: e033796.

298 — Dabira ED, Fehr A, Beloum N,
et al. Perceptions and acceptability
of the controlled human malaria
infection (CHMI) model in The
Gambia: a qualitative study. Sci Rep
2023;13: 8708.

299 — Shekalaghe S, Rutaihwa

M, Billingsley PF, et al. Controlled
Human Malaria Infection of
Tanzanians by Intradermal Injection
of Aseptic, Purified, Cryopreserved
Plasmodium falciparum
Sporozoites. 2014; published online
Sept 3. DOI:10.4269/ajtmh14-0119.

300 - Jongo SA, Shekalaghe

SA, Church LWP, et al. Safety,
Immunogenicity, and Protective
Efficacy against Controlled Human
Malaria Infection of Plasmodium
falciparum Sporozoite Vaccine in
Tanzanian Adults. 2018; published
online Aug 2. DOI:10.4269/
ajtmh171014.

301—Achan J, Reuling IJ, Yap

XZ, et al. Serologic Markers of
Previous Malaria Exposure and
Functional Antibodies Inhibiting
Parasite Growth Are Associated
With Parasite Kinetics Following a
Plasmodium falciparum Controlled
Human Infection. Clin Infect Dis
2020; 70: 2544-52.




123

CHAPTER7

CHHI in Gabon: Burden of participation

The burden of participation in the CHHI was a visit to the
clinical trial site once a week for 24 weeks for clinical assess-
ments, and exposure to hookworm infection for a period of 16
weeks. It was decided that confinement of volunteers would
not be necessary, meaning volunteers were able to successfully
conduct their normal daily activities, including work. However,
an outpatient follow-up introduced the problem of third-party
risk, as it would be impossible to control volunteer behaviour
and ensure they would not transmit their hookworm infection
to the community. Volunteer precaution was advocated to limit
this possibility. This included educating on preventive methods
against transmission. If a volunteer would exercise his right to
withdraw, investigators would abrogate infection prior to exit
from the study. Most volunteers in Gabon did not experience
severe disease, with one isolated case of severe itching occur-
ring. This means the burden of disease for a dose of 50 G-L3

in our endemic population is less in comparison to studies
conducted in the Netherlands, where a proportion of partic-
ipants experienced severe gastrointestinal symptoms. CHHI

in Gabon had a high retention rate; one Caucasian participant
had to move out of the study area at 16 weeks of follow-up for
work-related reasons, but all other participants attended all
study visits.
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Epilogue

In this thesis, we have made important strides in the fight
against malaria and hookworm infection in Gabon. We have
highlighted the limitations of current malaria management in a
malaria-endemic region and propose an innovative approach.
Alongside standard malaria RDTs and continued biomarker
development, there is increasing value for the integration of
predictive analytics in patient care and the holistic manage-
ment of malaria.

Overcoming any effect of pre-exposure to malaria or
hookworm infection might involve either empiric investigations
such as controlled human infection studies where ambitious
screening of interventions (such as dose, time-series, boosters)
is undertaken, in-depth high-dimensional investigations to
understand the mechanisms of natural immunity and hypo
responsiveness, or a combination. Researchers taking either
approach will benefit from collaboration. These studies are to
be performed in endemic areas, enrolling primarily pre-exposed
individuals to obtain context-specific results. It will be import-
ant to integrate the perspectives of local stakeholders, including
government, researchers, community, and study volunteers.
The combination of expertise in medical, biomedical, and social
science areas will be vital for R&D and sustainability in the con-
trol of these diseases. Importantly, the ultimate success of these
efforts will be reliant on the existence of functioning health
systems at the point of implementation.
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