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Summary

The timelines for developing vaccines against infectious diseases are lengthy, and often vaccines that
reach the stage of large Phase 3 field trials fail to provide the desired level of protective efficacy. The
application of controlled human challenge models of infection and disease at the appropriate stages of
development could accelerate development of candidate vaccines, and in fact has done so successfully in
some limited cases. Human challenge models could potentially be used to gather critical information on
pathogenesis; inform strain selection for vaccines; explore cross-protective immunity; identify immune
correlates of protection and mechanisms of protection induced by infection or evoked by candidate
vaccines; guide decisions on appropriate trial endpoints; and evaluate vaccine efficacy.

We prepared this report to motivate fellow scientists to exploit the potential capacity of controlled human
challenge experiments to advance vaccine development. In this review, we considered available challenge
models for 17 infectious diseases in the context of the public health importance of each disease, the
diversity and pathogenesis of the causative organisms, the vaccine candidates under development, and
each model’s capacity to evaluate them and identify correlates of protective immunity. Our broad
assessment indicated that human challenge models have not yet reached their full potential to support the
development of vaccines against infectious diseases. On the basis of our review, however, we believe that
describing an ideal challenge model is possible, as is further developing existing and future challenge
models.

Introduction

The physician-scientist Claude Bernard brought the discipline of experimental medicine to life in the mid-
nineteenth century. With his series of groundbreaking discoveries in the field of human physiology, the
idea that medicine in the service of human health should be firmly grounded in scientific knowledge
gained through experimentation took hold and flourished. The iterative nature of experimental medicine
was also a key tenet of Bernard’s teaching. He viewed a scientific theory as the first important step away
from the “groping and empiricism” that he eschewed, but he also emphasized that each scientific theory
must be further tested, and either accepted or discarded as a result of new data (1).

Physicians and scientists early in the twenty-first century still struggle with the role of experimental
medicine in the development of vaccines. The history of vaccine development is largely one of the
“groping and empiricism” that Bernard sought to overcome. Edward Jenner developed the smallpox
vaccine based on observation (the protected milkmaids), confirmed by experimental medicine in human
volunteers (vaccination of children in the community). He had no knowledge of the underlying
mechanisms of protective immunity. He did not recommend mass vaccination against smallpox based on
a p-value from a Phase 3 clinical trial, but rather on his own careful observations. Nevertheless, the
smallpox vaccine that Jenner first developed remains the sole example of the eradication of a disease
through vaccination. The polio vaccines developed by Jonas Salk and Albert Sabin and the measles
vaccine developed by Maurice Hilleman may also achieve eradications, but these goals have proved more
elusive than the world first expected. For many, if not most, of the vaccines in use today, a clear
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understanding of the mechanism(s) of protection has not been available to guide new vaccine
development or improve on vaccine availability.

Today, vaccines are lifesaving tools that underpin improved global health, yet morbidity and mortality
from infectious diseases is still unacceptably high. The reasons for this are many. First, information is
incomplete on the fraction of global morbidity and mortality attributable to many of the key pathogens
that are potential, or actual, targets of vaccine development, which makes prioritizing overall vaccine
development efforts difficult. Second, vaccine development is still largely an empirical process, usually
conducted without the guidance of a correlate of protective immunity with which to optimize a vaccine.
Vaccines are most often optimized for the strongest measurable immune responses, without fore
knowledge of whether a given response or combination of responses will afford protection. The
probability of a vaccine development program’s success is therefore difficult to predict prior to the
conduct of large, costly, and time-consuming field efficacy trials. Third, even when vaccines exist that
can prevent infectious diseases, multiple factors can prevent realization of their full impact, including
barriers to access, such as high costs; constraints on supply chain and distribution, such as delivery
difficulty to remote areas and limited cold chain capacity; and chronic conditions that diminish
immunogenicity, such as immunodeficiency syndromes and environmental enteric dysfunction. Fourth, a
legitimate difference of opinion exists on how to make the preclinical and early clinical phases of vaccine
development more grounded in scientific data. To date, the scientific community has heavily relied on in
vitro and animal model data to guide vaccine development, following a long tradition in the development
of new medicines and vaccines. Indeed, Claude Bernard enjoyed the success that he did largely because
the aspects of physiology that he studied were sufficiently conserved between animals and humans to
permit direct extrapolation. The protective immunity provided by vaccines often seems to be the
exception to the rule. Even the best animal models of disease may poorly predict protective immune
responses.

“Clinical data trumps all” is a common saying among medical researchers when they become frustrated
by the limitations of translating results obtained from animal experiments that are not reproduced when
tested in humans. Another phrase heard over and over is that “mice lie and monkeys exaggerate”. Hence
the continuous stride to learn directly from humans what we need to know for the advancement of
medicine or understanding of human physiology. However, direct research in humans is plagued by
multiple challenges, including the obvious ethical concerns of subjecting humans to tests that may
endanger their health. Additional challenges to address include the enormous genetic, environmental,
nutritional, gender, age-related, and other variables among potential research subjects. Some of the
mantras in experimental research are the use of a control group and the isolation of the variable studied,
so that the results can be interpreted with the least amount of noise. This is usually feasible in animal
models, but often impossible to achieve in humans. Indeed, even once robust efficacy data is obtained
from a clinical study, results from real-world implementation sometimes fail to match those from
carefully controlled trials. To mitigate these risks, the use of a parallel, concurrent control group and the
approach to blinding investigators and subjects to avoid bias is mandatory. Challenging humans with
pathogenic microorganisms to test new prevention or treatment modalities is a promising approach, as
long as the model resembles the disease, the selected participants are as uniform as possible, the control
group is appropriate, and the sample size sufficient to satisfy the hypothesis and other caveats. More often
than not the human challenge field has to be satisfied with generating data progressively to address
uncertain findings in the initial attempts to develop the model and expect to accumulate information in a
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stepwise fashion. With that caveat, human challenge models may indeed be the most promising approach.
We acknowledge that while no model is perfect, each can provide unigue insights that are otherwise
unattainable.

The limitations of animal models for supporting vaccine development have long been recognized. For the
last 70 years, human challenge studies with many important pathogens have been conducted to gain more
relevant data on pathogenesis, immunity, and the protective efficacy of candidate vaccines. The exact role
of human challenge studies in vaccine development, however, is the subject of ongoing debate.

Some of the human challenge models in current use face intrinsic limitations with respect to the selection
and availability of challenge strains, their routes of administration, and the capacity to evaluate the full
spectrum of clinical disease. Human challenge models may achieve greater impact in their support of
vaccine development by increasing focus on those models with the fewest intrinsic limitations and a
robust candidate vaccine pipeline. Looking across the many challenge models, we recognize common
obstacles to be overcome. Coordination of experimental human challenge studies that support vaccine
development could accelerate progress, foster collaboration and knowledge sharing, and encourage study
consolidation to address problems that are common to broad categories of diseases. Such an approach
could also provide broader access to the most advanced technologies that have the potential to accelerate
candidate antigen selection, improve the evaluation of immune responses generated by candidate
vaccines, and enable the discovery of new mechanisms of resistance to infection.

The goal of this report is to describe the background, context, and present experience with human
challenge studies, along with a critical analysis of their role and limitations in support of vaccine
development. The framework in which human challenge studies are being conducted is also examined,
with the hope of building a comprehensive case that the expanded use of human challenge studies could
increase the speed of vaccine development and probability of vaccine success. At the conclusion of this
report, we will return to this proposition and provide summary recommendations from the research
conducted to date.

Approach

We focused our analysis on 17 diseases. The diseases reviewed include the vector-borne diseases malaria
and dengue; the enteric diseases cholera, enterotoxigenic Escherichia coli, Shigella, Campylobacter,
typhoid fevers (Salmonella), norovirus, Cryptosporidium, rotavirus, and poliovirus; and the respiratory
diseases influenza, respiratory syncytial virus, pneumococcus, tuberculosis, pertussis (whooping cough),
and severe acute respiratory syndrome coronavirus 2 (the virus responsible for COVID-19). These
diseases were selected to cover a range of levels of development of their corresponding human challenge
models, from well-developed (malaria, cholera, influenza, etc.) to speculative (COVID-19). The diseases
were also selected on the basis of those for which the models have a strong potential for impact on
vaccine development.

In most cases, the challenge models involve fully virulent wild-type pathogens. However, in a few cases
in which this is neither ethical nor practical, “pseudo-challenge” studies with live-attenuated organisms
such as vaccine strains have been used as alternatives. These include dengue, rotavirus, poliovirus, and
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influenza. Challenges with attenuated dengue and influenza viruses are addressed in their respective
sections of vector-borne and respiratory diseases, whereas rotavirus and poliovirus are covered together in
a dedicated pseudo-challenge section under enteric diseases.

The literature searches on each of the diseases were conducted mostly through PubMed
(https://pubmed.ncbi.nlm.nih.gov/) at the National Center for Biotechnology Information, US National
Library of Medicine, US National Institutes of Health; and through ClinicalTrials.gov. Some of the
information available on the websites of the World Health Organization, the US Centers for Disease
Control and Prevention, and other online sources was also included.

For each disease, the following four topics were researched: (1) epidemiology and public health impact of
the disease, (2) diversity and pathogenesis of the causative organisms, (3) current vaccine development,
and (4) human challenge models of the disease and their utilization.

The review for each disease area includes figures and tables. Most of the tables in this report represent
compilations of available sources. The reference list contains original articles or other sources from which
the information that is presented was compiled. Many recent review articles were used for this report, as
well as current articles on specific studies or topics that were deemed important to include. Google
searches and ClinicalTrials.gov were used to capture unpublished or ongoing studies. It was not feasible
in the time available to comprehensively review the literature for any of the diseases included in this
report. For each disease area, we include a bibliography of the articles and other sources used to direct the
reader to more detailed information for further reading.

This report also includes a section that provides a comprehensive review of the regulatory and ethical
considerations related to human challenge studies. The section describes the different types of human
challenge studies and compares the regulatory requirements for each type of study in the United States
with those in the United Kingdom. The regulatory agencies and advisory groups with jurisdiction over
human challenge studies in the United States and the United Kingdom are also described in this section.
The ethics section includes considerations for studies conducted with residents of endemic regions.

The final section of this report presents our conclusions from the review and analysis we conducted, along
with summary recommendations. We also offer specific guidance on the future development and
utilization of each of the human challenge models reviewed.
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Literature review on the role of human challenge models in
the development of vaccines

Vector-borne diseases

Malaria

More than 3 billion people live in malaria-endemic areas of the world. Despite significant advances in
vector control and treatment, there were an estimated 229 million malaria cases and 409,000 deaths
attributable to malaria in 87 malaria endemic countries in 2019 with 95 percent of the malaria cases
concentrated in 29 countries, most of which are in sub-Saharan Africa (2).

The human malaria parasites Plasmodium falciparum and Plasmodium vivax are the most prevalent and
clinically significant of the human malaria parasites. Plasmodium ovale, Plasmodium malariae, and
Plasmodium knowlesi cause a smaller fraction of infections worldwide.

The malaria parasite life cycle

The life cycle of P. falciparum is shown in Figure 1, which also indicates the parasite life cycle
developmental stages at which interventions that include vaccines, small-molecule therapeutics, and
biologicals are applied in human challenge models.

Figure 1. Plasmodium life cycle and malaria challenge platforms.

Briefly, when female malaria-infected Anopheles mosquitoes seeking a blood meal bite the skin of a
human, approximately 15 to 100 infectious-stage sporozoites are injected into the skin. The sporozoites
migrate to the liver either through the lymphatics or direct blood circulation. Sporozoites traverse the cell
membranes of endothelial cells, Kupffer cells, and even several liver hepatocytes before invading into a
single hepatocyte to develop into exo-erythrocytic-stage parasites. This stage of the life cycle is known as
the pre-erythrocytic stage, the primary target of vaccines that target the sporozoite and developing liver-
stage parasite. Sporozoites develop within hepatocytes, where they multiply many thousand-fold, then
enter blood circulation and invade human erythrocytes. The majority of blood-stage parasites replicate
asexually in red blood cells, with cycles of amplification every 48 to 72 hours depending on the malaria
species. The blood stage of infection is the major cause of malaria symptoms, morbidity, and mortality. A
small proportion of blood-stage parasites develop into male and female gametocytes, the sexual stage of
the parasite’s life cycle. The gametocytes are the only forms that can re-infect Anopheles mosquitoes
when the mosquito bites an infected host to obtain a blood meal. In the mosquito, gametocytes form a
zygote, traverse the mosquito’s midgut, and develop into oocyst stages from which infective sporozoites
are formed. Sporozoites find their way to the mosquito’s salivary glands, where they can initiate a new
infection upon feeding on a susceptible host.

P. vivax differs from P. falciparum in important features. Following invasion into hepatocytes, some
sporozoites enter a dormant period of quiescence (termed hypnozoite-stage parasites), which may last
from several weeks to more than a year. At defined intervals ranging from a few weeks to a year,
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hypnozoite-stage parasites may resume development within the hepatocyte, multiply, and emerge into the
blood stream to initiate repeated cycles of blood-stage infection. Additionally, P. vivax gametocytes
emerge and develop simultaneously with the asexual-stage parasites and are susceptible to antimalarial
drugs used to treat asexual blood-stage parasites.

Controlled human malaria infection models

Human challenge models have been developed for all three phases of parasite development: the pre-
erythrocytic stage, the blood stage, and the transmission stage. Reviews of challenge models and their
citations have recently been published (3-6). The sections that follow describe in detail how these
challenge platforms have been developed for P. falciparum, P. vivax, and P. malariae, and we describe
how the challenge platforms are used to study the natural history of disease, how they contribute to
vaccine development and inform our knowledge of immunologic correlates of protection, and how such
challenge models are currently being used in drug development of new antimalarials. Importantly, we
comment on the appropriate strengths and limitations of human challenge models in malaria research and
development.

The history of challenging humans with malaria parasites is instructive on how society, medicine, and
product development have evolved over the last 100 years with respect to the ethical conduct of such
trials, the quality management systems of the challenge platforms, the reproducibility of the challenge
methodology, the worldwide and country-specific regulatory environment, and the knowledge gained
from such studies. Judging the present by the standards of the past should cause one to pause and consider
the risk-benefit analysis of utilizing human malaria challenge models to achieve particular outcomes,
notably accelerating vaccine and drug development in a safe and reproducible manner.

Human malaria challenge was extensively used in the early 1900s as a mechanism to treat the ravages of
neurosyphilis, for which no alternative therapeutic options were available. An early publication described
how malaria sporozoites from infected anopheline mosquitoes were used to initiate infection in patients
suffering from neurosyphilis (7), and provides the contextual background, despite its limitations in
methodology and deficiencies in obtaining informed consent, for the adaptation and development of the
safe and reproducible challenge models utilized presently. The knowledge gained from human malaria
challenge studies has increased our understanding of the pathogenesis of the disease and the successes
and failures related to product development.

Parasite and mosquito vectors in human malaria challenge models

In the modern era, the first demonstration that protection against malaria challenge in a volunteer
previously immunized with a live-attenuated parasite took place at the University of Maryland, where
human volunteers were challenged with the bite of infected mosquitoes that had previously fed on
gametocytemic P. falciparum-infected persons (8). Despite the success of this proof-of-concept trial, it
soon became apparent that it was not feasible to rely solely on naturally infected gametocyte-positive
human subjects to serve as the source for a mosquito blood meal in order to produce viable infectious
sporozoites used to challenge volunteers with the bites of infected Anopheles mosquitoes. The
development of a P. falciparum (NF54 strain) asexual- and sexual-stage continuous culture system
produced limitless quantities of gametocyte-stage parasites that were placed in membrane feeders where
batches of either Anopheles stephensi or Anopheles freeborni mosquitoes could feed on a mixture of
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P. falciparum and fresh normal blood. After seven to ten days, the mosquito infection rate with oocysts
exceeded 90 percent and salivary gland sporozoites were detected 14 to 17 days post-feeding (9).
Volunteers either previously immunized with an experimental vaccine candidate and infectivity controls
that did not receive any experimental vaccine were challenged by the bites of five infected mosquitoes,
which were permitted to bite and obtain a blood meal for five minutes (9). Volunteers were hospitalized
or otherwise congregated together in a hotel and closely monitored daily for the emergence of ring-stage
asexual parasites and symptoms. The NF54 strain (and the 3D7 parasite clone of NF54) is sensitive to
multiple antimalarials, including chloroquine, atovaquone/proguanil, and artemether/lumefantrine, thus
ensuring that infections can reliably be cleared in volunteers. To date, three additional P. falciparum
parasite strains have been maintained in continuous culture, producing infectious gametocytes to

An. stephensi mosquitoes used in human challenge studies (Figure 2) (10-12) that differ in genome
structure, sequence, and immunogenic potential (13).

Figure 2. Parasite strains and mosquito vectors commonly used in challenge models.

Compared to P. falciparum parasites, P. vivax parasites cannot be continuously cultured in vitro to
produce infectious gametocytes; therefore, the challenge model is limited to using naturally acquired
parasites obtained from donor volunteers that present to a health treatment facility with clinical vivax
malaria infection (14-17). Small aliquots of blood (approximately 10 ml) obtained from individuals with
P. vivax parasitemia must immediately be transferred to membrane feeders where Anopheles dirus or
Anopheles albimanus mosquitoes are permitted to feed (Figure 2).

A third Plasmodium species, P. malariae, obtained from a naturally infected patient, has been used to
develop a controlled human malaria challenge model using small aliquots of asexual blood-stage parasites
to infect healthy volunteers (18).

A well-developed quality management system is invaluable with regard to the rigorous screening and
testing procedures on all aspects of the challenge model. This includes testing for ABO/Rh blood group
and screening the infected human donor blood from whom the parasite is isolated for transmissible
agents, including HIV, hepatitis B and C viruses, human T-cell leukemia virus, syphilis, and other
pathogens, depending on the specific requirements of the regulatory agencies. The insectary and mosquito
colony are critical aspects to ensure a safe and reproducible quality management system.

A convening of experts in both pre-erythrocytic- and blood-stage challenge models was held in 2009 in
which general principles were proposed regarding the standardization of the challenge models across
centers (19, 20). In addition to procedures to safely protect volunteers from harm, increasingly the
application of such challenge models includes both ethical considerations (21, 22) and regulatory
oversight (23), which differ depending on the country.

Pre-erythrocytic-stage challenge model development

Presently, there are two distinct types of controlled human malaria infection (CHMI) that initiate malaria
infection in the host. First, sporozoite infection is initiated by the bites of volunteers by Plasmodium-
infected female Anopheles mosquitoes that release sporozoites from the salivary gland while the
mosquitoes feed for a blood meal on the skin of the volunteers. We commonly refer to this model as the
mosquito bite challenge model. The second method, recently developed, is direct venous inoculation of



307
308

309
310

311
312
313
314
315
316
317
318
319
320

321
322
323
324
325
326
327
328
329
330

331

332
333
334
335
336
337

338
339
340
341
342
343

344
345
346

cryopreserved sporozoites into the host by needle and syringe. Figure 3 illustrates the two challenge
methods that use infectious sporozoites to initiate infection.

Figure 3. Pre-erythrocytic human challenge models using mosquito bite delivery or direct venous
inoculation of infectious sporozoites.

We highlight four factors that impact the operational feasibility and interpretation of the outcomes from
each of these two delivery modalities. Any challenge model, independent of pathogen under
consideration, should be standardized to ensure the methodology results in uniform infectivity of
volunteers that are challenged. The product, defined as the Plasmodium species and/or parasite strain, is
generally produced under Good Manufacturing Practice (GMP), since different strains have varying
susceptibility to different antimalarial medications to clear blood-stage parasites and differences in
potency that affect the pre-patent period (time to detection of blood-stage parasitemia). Understanding the
“force of infection,” namely the minimal inoculum required to initiate infection in “control” (no
intervention) subjects, is crucial in weighing whether to continue or abandon an intervention such as a
vaccine candidate or new antimalarial compound.

Regardless of the particular challenge model, such malaria challenge studies are not statistically powered
to detect true differences between those that are protected and those that are not, due to the logistical
constraints on the number of subjects that can safely be followed during these Phase 2 challenge trials.
Typically, the number of human subjects per group has varied from as few as five to ten persons to
approximately 30. These numbers are modest, but can provide a measure of confidence that the outcome
of the challenge (presence or absence of blood-stage parasitemia) provides Go/No-Go criteria for further
testing in the field under natural transmission. In the sections that follow, we highlight the performance
characteristics of each challenge model and provide an exhaustive list of the types of malaria vaccine
candidates that have been tested under each model. We also provide a perspective that includes the
advantages and limitations of each challenge model.

Mosquito bite challenge model

In 1986, Chulay and colleagues reported on how the bites of five An. stephensi mosquitoes infected with
the NF54 strain of P. falciparum could successfully infect adult volunteers using a methodology in which
the emergence of parasites into the peripheral blood circulation was closely monitored by detecting ring-
stage parasites on thick blood smears (9). This first practical challenge model has been the workhorse
over the last 34 years, and has been successfully used to rapidly and safely evaluate vaccine efficacy for
pre-erythrocytic vaccine candidates and increasingly to evaluate the new antimalarial therapeutics.

The salient features of the P. falciparum sporozoite challenge model include the continuous use of the
model for nearly 30 years to support malaria vaccine and drug development, in which more than 2000
human volunteers have participated in challenge studies. Human challenge studies have been performed
at multiple sites in the United States, Europe, Australia, South America, and Africa. Importantly, World
Health Organization consensus guidelines for conducting challenge studies have been established to
harmonize across sites (19).

Briefly, frozen blood-stage parasites produced under GMP are thawed and expanded in human
erythrocytes in culture. Laboratory-reared An. stephensi mosquitoes are infected by feeding through a thin
membrane on cultures containing gametocytes. The presence of sporozoites in the mosquitoes is

10
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confirmed two weeks later by dissecting salivary glands, and typically five infected mosquitoes are placed
in a mesh-covered carton. VVolunteers place their arm over the carton and allow mosquitoes to feed for
five minutes. After the feeding opportunity, the researchers verify that the mosquitoes have ingested
blood and contain sporozoites.

Volunteer subjects are healthy individuals 18 to 50 years of age selected from the community. The studies
are conducted under an institutional review board-approved protocol and informed consent is obtained.
Starting five days after challenge, the volunteers are closely followed for signs and symptoms of malaria
and evaluated using thick blood smears. Blood smears permit the counting of parasites under a
microscope. During days 9 through 19, when malaria parasites are expected in blood, volunteers are
housed at a single hotel with clinical and laboratory staff continuously available. As soon as two or more
parasites are detected in thick blood smears, treatment with a standard antimalarial drug is initiated. Blood
smears are obtained daily following antimalarial treatment until three consecutive negative smears
indicate it is safe to release the volunteer from the study. Volunteers that do not develop malaria by day
28 (well beyond the pre-patency period of seven to 25 days for malaria infection) do not receive malaria
treatment and are considered “protected.”

A critical component of any challenge model is the force of infection of the inoculum that can achieve a
successful infection in the host. Too low of an inoculum will result in too few infected individuals in a
“control” group that do not receive a vaccine, making efficacy comparisons to the experimental vaccine
group difficult to interpret. Too high an infectious inoculum will overcome any vaccine-induced
protection.

It is therefore imperative that the force of infection is sufficiently potent to ensure that every individual in
the control group becomes infected after challenge. This requirement poses a risk to the interpretation of
efficacy outcomes because of the force of infection (number of infectious mosquito bites that may
overcome vaccine-induced immunity). If the challenge model is insufficiently reproducible (between
subjects within a trial or variation between trials), the variability can undermine the interpretation of
endpoints, resulting in wasted effort, expense, and premature termination of otherwise promising vaccine
candidates. We provide an example that illustrates this point. The authors of a vaccine trial rationalized
the use of fewer infectious mosquito bites to try to mimic natural infection (24). The authors noted that
“because of the concern that previous experimental challenges conducted with the bites of five infected
mosquitoes were unrealistically severe and may have overwhelmed any vaccine-induced immunity, the
first four vaccinated volunteers and three nonimmunized control volunteers were challenged with two
infected mosquito bites each. The failure of two of three control volunteers to develop patent malaria
infections led to a decision to challenge the two remaining groups of volunteers with five infected
mosquito bites” (24).

The force of infection that ensures uniformity of infection also depends on the Plasmodium species and
strain. The NF54 strain of P. falciparum and a cloned derivative of NF54, called 3D7 and produced under
GMP, have been used in most mosquito bite challenge models. Graded numbers of NF54-infected
mosquito bites (one to five) using aseptic-produced infected mosquitoes or different P. falciparum strains
have been used in CHMI, but it is not universally accepted that a lower number of infectious mosquito
bites (one to three) provides any advantage over the five-bite model. P. vivax challenge models using
different numbers of infectious mosquito bites have been developed. Described in a following section in
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this chapter, the models rely exclusively on natural infection, and thus such natural strains of P. vivax
used in challenges are likely to differ with respect to potency and infectiousness. Therefore, whether
fewer than five infected bites can consistently result in uniform infection (detection of blood-stage
parasitemia) in a subject remains to be confirmed.

Challenging a human volunteer with P. falciparum malaria parasites has intrinsic risks. Malaria can be a
life-threatening illness and every challenge has the potential to produce serious adverse events (SAES).
Through the course of more than 1,000 malaria challenges at US Army and US Navy sites, no SAES or
cases of severe malaria have been reported; however, some variation in the conduct of human challenge
studies with malaria across challenge centers where such studies are performed does occur. There are no
symptoms associated with the liver stage of infection. However, shortly after liver-stage merozoites
emerge into the peripheral blood circulation, the accumulation of asexual parasites reaches a threshold
whereupon symptoms associated with classical malaria disease, such as fever, myalgias, headaches,
nausea, and vomiting, and laboratory abnormalities such as mild thrombocytopenia, emerge (25, 26). As
challenge models have been refined over the past two decades with broader international participation,
there is not a consensus among the experts on whether or not volunteers participating under informed
consent need to be treated immediately upon detection of any parasites in the peripheral circulation in
order to protect them from any adverse event. There is a cushion window of several days coincident with
a few replication cycles of parasites before treatment is initiated that would allow for scientific inquiry
related to whether an intervention would prevent the emergence of clinical symptomatology associated
with uncomplicated malaria in addition to the typical endpoints that measure prevention of infection.
Untreated subjects will progress to severe disease; and if left untreated, this may result in death.
Therefore, it is required that any malaria challenge use parasites (P. falciparum or P. vivax strains) that
are susceptible to antimalarial medications. Detecting the presence of asexual blood-stage parasites early
in infection is dependent upon highly sensitive and specific diagnostic assays. The preparation and
interpretation of thick and thin blood smears by microscopy is the “gold standard” diagnostic assay. Until
recently, CHMI studies have relied exclusively on detecting ring-stage parasites on a thick blood smear.
The minimal level of detection by microscopy is ten to 50 parasites per microliter of blood, which is
significantly lower than antigen rapid detection tests. However, the recent development of the molecular
detection of parasites using polymerase chain reaction (PCR) has emerged and has become the go-to
standard operating procedure at several CHMI test centers (27-29). The US Food and Drug
Administration has qualified one such molecular PCR assay, “Plasmodium falciparum 18S rRNA/'DNA
(copies/ml) measured in blood samples by a nucleic acid amplification test assay” for “a monitoring
biomarker, that when positive, informs initiation of treatment with an anti-malarial drug >6 days
following CHMI with P. falciparum sporozoites in healthy subjects (18-50 years old) from non-endemic
areas enrolled in clinical studies for vaccine and/or drug development™ (30).

The complexities of the mosquito bite challenge model have limited the number of test centers that can
safely conduct CHMI using Anopheles-infected mosquitoes to bite volunteers. The establishment of such
challenge centers requires a secure biocontainment insectary with trained entomologists and
parasitologists, individuals with training in diagnostics (microscopy and molecular PCR detection),
clinicians, and a clinical trial facility. The US military Walter Reed Army Institute of Research (WRAIR)
has supported malaria challenge trials using the bites of infectious mosquitoes since the 1980s and has
safely conducted dozens of such trials without any study-related SAEs. Using the same exact challenge
model standard operating procedures, the CHMI model developed by WRAIR has been transferred to the
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Center for Infectious Disease Research in Seattle, Washington; the University of Maryland; and the
University of Oxford, where the challenge of human volunteers with P. falciparum 3D7 parasites was
successfully achieved (31).

Vaccine efficacy assessed using the mosquito bite challenge model

One of the key applications of the human challenge model for malaria is to assess the potential for
vaccine efficacy in small numbers of volunteers. This is particularly relevant for pre-erythrocytic malaria
vaccines that prevent infection. The primary endpoint in CHMI vaccine trials is the presence or absence
of blood-stage parasites occurring in a person immunized with an experimental vaccine candidate. Since
the 1980s, dozens of malaria vaccine trials have been conducted around the world that use the bites from
falciparum-infected anopheline mosquitoes to deliver sporozoites.

The concept that human malaria challenge trials could be exploited to assess vaccine efficacy was first
demonstrated by David Clyde and colleagues at the University of Maryland in the early 1970s. VVolunteers
were immunized with bites from hundreds of irradiated Anopheles mosquitoes infected with P.
falciparum and were then challenged with wild-type P. falciparum-infected mosquitoes (8).
Subsequently, investigators tested subunit recombinant protein (32) or peptide vaccines (33) based on the
circumsporozoite amino acid repeat units and who were challenged. Small numbers of vaccinated subjects
did not develop detectable parasitemia and were classified as “protected” compared to those who
developed malaria in the control group, which did not receive the vaccine. These first demonstrations
initiated the testing of various sporozoite and/or liver-stage antigens either singly or in combination with
various expression platforms over the ensuing 30 years. By far the most extensively investigated malaria
vaccine that progressed from CHMI clinical trials to field studies is the RTS,S vaccine (34). The first
demonstration that RTS,S could protect a person in a CHMI was in a person immunized with RTS,S
formulated with aluminum hydroxide adjuvant. This was followed by the seminal trial that catapulted
RTS,S development and subsequent field testing, which demonstrated high-level protective efficacy when
RTS,S was formulated with AS01 adjuvants (comprised of monophosphoryl lipid A, QS21, and an oil-in-
water formulation). Several RTS,S vaccine CHMI trials followed that improved on the formulation by
testing various dosages, number of doses, and schedule. Additional iterations ensued that included testing
of a construct that lacked the amino acid repeat units; the combination of additional malaria antigens such
as MSP-1 and TRAP with RTS,S (35); and prime-boost combinations using viral vectors expressing
malaria genes to prime followed by RTS,S boost (36-39).

In addition to the circumsporozoite protein (CSP) antigen, other P. falciparum antigens expressed as
recombinant proteins have been tested in CHMI trials, including PfCS102 (40); LSAL (41); CelTOS (42,
43); blood-stage vaccine candidates that used mosquito bite challenge, GMZ2 (44) and AMAL1 (45); and
an epitope virus-like particle vaccine containing a single B-cell and two T-cell epitopes from CSP antigen
(46).

Vaccine development platforms including DNA and viral vectors used singly or in prime-boost
configurations have been tested extensively in CHMI using mosquito bite challenge and reviews have
been excellent. Viral vectors include vaccinia containing seven different malaria antigens from all stages
of the life cycle (47), adenovirus 5 (Ad5) vectors (48), and chimpanzee adenovirus 63 (ChAd63) (49).
However, most CHMI trials of viral-vectored vaccines were prime-boost combinations that included
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combinations of DNA/Ad5 (50), DNA/MVA (modified vaccinia virus Ankara) (51), Pox/MVA (52), and
ChAd63/MVA (49).

Whole-parasite vaccine constructs have received much attention in recent years and such vaccines are
based on the manufacture of aseptic, metabolically active, cryopreserved sporozoite vaccines (53, 54).
The evaluation of such whole-parasite vaccines includes genetically modified parasites that prevent
development of the parasite in the liver (55) and experimental medicine studies that deliver infectious
sporozoites under chemoprophylaxis with different antimalarials given before immunization with the bite
of live wild-type infected mosquitoes (56-58).

Vaccine efficacy assessed by the injection of purified cryopreserved sporozoites

Because mosquito bite challenge is laborious, requiring extensive insectary facilities that are not
amenable to transfer across clinical trial sites, a developmental program was initiated more than a decade
ago to assess whether sporozoites harvested from the mosquito under GMP could be cryopreserved,
thawed, and injected into human volunteers to establish a liver-stage infection with subsequent emergence
of blood-stage parasites into the peripheral circulation. It is crucial to note that an infection in a human
requires as few as 15 to 100 sporozoites delivered with the bite of a single infected mosquito. Critically,
this cannot be achieved with cryopreserved sporozoites, probably because the processes required to
harvest, freeze, thaw, and administer sporozoites with a needle and syringe take a toll on parasite viability
and infectiousness. Nevertheless, many studies have been conducted to assess whether such
cryopreserved sporozoites could be administered in a similar manner to delivery by an infectious
mosquito bite (Figure 3 above). This includes several studies that assessed intradermal (59-61),
subcutaneous (62), intramuscular (63, 64), and intravenous administration by a procedure called direct
venous inoculation (63, 65). Vaccine efficacy using PfSPZ cryopreserved sporozoites has been studied in
CHMI challenge trials, resulting in varying protection related to dosage and number of immunizations
and primarily using direct venous inoculation as a method to introduce infectious sporozoites in the
challenge model.

There is controversy within the field of malaria vaccinology regarding whether using such cryopreserved
sporozoites as a challenge method is a suitable surrogate of natural infection. As stated previously,
sporozoites delivered by the bite of infectious mosquitoes are deposited directly into the skin, and traverse
through the epithelial, endothelial, and Kupffer cells, the lymphatic system, and venous circulation to
arrive in the final destination, a hepatocyte. Vaccines that target sporozoites may elicit antibody-mediated
immune responses that neutralize and or kill sporozoites in the skin (and in the peripheral circulation)
before entry into hepatocytes. Cryopreserved sporozoites delivered by direct venous inoculation, but not
sporozoites delivered by mosquito bite, bypass the skin; and thus, this delivery mode would exclude any
mechanism of action that relies on activity within the skin. Therefore, one must exert caution when
interpreting CHMI vaccine trials that rely on direct venous inoculation. Nevertheless, there are some
advantages, including easier implementation, lower cost, no requirement for an insectary, and easier
transference of the challenge model to international testing centers.

Pathogenesis, immunologic, and transcriptional profiling in controlled human malaria infection
clinical trials
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Several studies have advanced our knowledge of pathogenic processes that take place during malaria
infection following CHMI, such as alterations in blood coagulation (66) and the impact of sickle cell trait
on time to blood-stage infection after challenge (67).

Significant advances in our understanding of the immunologic mechanisms related to protection obtained
from serum and peripheral blood mononuclear cells from CHMI vaccine trials have been realized and
have been nicely reviewed in several publications (68—70). Nevertheless, protection against malaria
infection is complex and there are many redundant escape routes the parasite uses to circumvent the
immunologic pressures placed on it. This section of the chapter provides some examples of the variety of
methods and tools that have been used to evaluate innate, humoral, and cellular immune responses to
various malaria vaccines.

Innate responses following CHMI can be gleaned from interventions that potentiate the innate immune
responses, such as prior bacillus Calmette-Guérin vaccination (71). Both humoral (antibody) and cell-
mediated immune responses in CHMI trials from semi-immune persons previously exposed to malaria
may be different from those observed in persons with no prior malaria exposure or infection (72, 73).

Humoral immune responses to both pre-erythrocytic- and blood-stage vaccines have increased our
knowledge and understanding of how immunization impacts protection against challenge, but no single
correlate of protection has been found. One of the more exciting developments coming from CHMI
vaccine trials and specifically from individuals protected against malaria challenge is the identification
and isolation of monoclonal antibodies derived from plasmablast or memory B-cell populations in
immunized persons. These antibodies reveal important insights related to protection against the
circumsporozoite antigen on sporozoites, and that could form the basis for a new malaria control tool in
the form of a prophylaxis against malaria infection (74, 75).

Likewise, multiple immunologic investigations that have examined T-cell responses to viral-vectored
malaria vaccines have indicated that antigen-specific CD4* and CD8" T cells are induced in subjects
protected from malaria infection compared to those not protected; however, no absolute threshold
indicative of a correlate of protection has been found (76-79).

Gene expression methodologies using high-resolution transcriptomics have been used to understand the
molecular dynamics that occur before, during, and after CHMI (80) in both the parasite (81) and the
human host (82-86). Early changes in host transcriptional profiles occur prior to the onset of clinical
symptoms in hundreds of genes, uniting pathways from the cell nucleus, intracellular compartments, cell
membranes, and extracellular space, providing a glimpse into how parasite infection precipitates a
coordinated host response. Of particular interest, in an area that is emerging, is to further understand the
transcriptional changes in gene expression that are induced by immunization with whole parasites, RTS,S,
or viral vectors and that influence whether a person becomes infected or is protected following CHMI.

Blood-stage challenge model

A blood-stage challenge model has been developed for both P. falciparum (87, 88) and P. vivax (89, 90)
parasites that can be used to understand specifically the onset of pathogenesis, to evaluate whether new
antimalarial drugs can Kill parasites, and to evaluate vaccine efficacy that targets post-pre-erythrocytic
stages. This model is illustrated in Figure 4.
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Figure 4. Blood-stage controlled human malaria infection.

The salient features of this model are similar to the challenge model developed for pre-erythrocytic
malaria interventions. This includes both mosquito bite (Figure 4A) and the direct venous inoculation
(Figure 4B) of GMP ring-stage parasites into the host, which bypasses the liver stage of infection.
Parasite cell banks for intravenous inoculation are prepared according to GMP and cryopreserved in small
aliquots that can be readily sent worldwide to clinical trial test centers. Extremely low numbers of ring-
stage parasites, ranging from a few hundred to 2,500, can be directly introduced into the host, establishing
rounds of blood-stage parasite multiplication every 48 hours that are detected by sensitive PCR (Figure
4C). Both the multiplication and killing of the parasite following administration of experimental or
licensed antimalarial drugs can be closely monitored in the host even before the onset of clinical
symptoms associated with malaria illness (Figure 4D). Changes in the host (91) and the parasite (92)
occur after blood-stage challenge.

The practical application of the blood-stage challenge model is to evaluate blood-stage vaccines. Both

whole organisms and subunit blood-stage vaccines have been evaluated with this challenge model, and
immunologic profiling responses, including antibodies that inhibit the growth of the parasite and cell-

mediated responses elicited by the vaccine, have been studied (93-95).

Transmission-stage challenge model

Recently, there have been efforts to develop a human challenge model that can measure the transmission
of malaria parasite gametocyte stages from an infected human volunteer to anopheline mosquitoes (96—
100). The rationale behind the development of such a model is to assess new antimalarial drugs,
monoclonal antibody biologics, and vaccines able to interrupt the transmission of the parasite to the
mosquito, thereby leading to eventual malaria elimination. The development of such a model is
technically challenging since the sexual-stage forms (male and female gametocytes) of the parasite
primarily in P. falciparum infection are quite low in density. Briefly, due to factors still not well
understood, at some point in the blood-stage life cycle there is a transcriptionally related commitment of a
few asexual-stage parasites to become sexual-stage parasites, which results in two forms: male and female
gametocytes. Upon blood feeding by a mosquito, both a female and a male gametocyte are taken up,
fertilize, and develop into a zygote in the mosquito gut; undergo further differentiation into ookinetes that
traverse the midgut epithelium; and develop into oocyst-stage parasites. This initial process of
development to the oocyst stage occurs over seven to nine days, at which time the oocysts undergo further
development into infectious sporozoites (14 to 21 days since the first blood feed), which eventually find
their way to the mosquito salivary glands to transmit sporozoites to a new human host. There are several
choke points in this sexual-stage part of the life cycle that a challenge model needs to overcome. We
illustrate the development of this challenge model in Figure 5.

Figure 5. Transmission-stage challenge model.

The first step (step 1) is to establish an infection in the volunteer. This may be accomplished either by the
bite of five infectious Anopheles mosquitoes, or by the direct venous inoculation of blood-stage parasites
into the host. In Phase 2 (Figure 5), asexual-stage blood parasites begin to multiply in the blood. It is
critical to not permit the onset of clinical symptomatology in the volunteer, which would necessitate
treatment. In step 2, the appearance of sexual-stage parasites is different between P. vivax infections and
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P. falciparum infections. In P. vivax malaria, sexual-stage parasites develop early in infection, coincident
with the appearance of asexual-stage parasites, albeit in extremely low numbers due to their confinement
to early reticulocytes and not in mature red blood cells. This early commitment enabled development of a
transmission challenge model for P. vivax malaria, which was limited by the parasite-vector
compatibility, but proof of concept was demonstrated for the first time. In P. falciparum malaria infection
in challenge volunteers, the appearance of gametocytes in the circulation would not normally occur until
the parasite density was sufficiently high enough to start the commitment process from the asexual stage
to the sexual stage of development, because adverse events such as fever would preclude waiting until
gametocytes would appear. Therefore, it is essential to stimulate gametocytogenesis early, before
symptoms appear. One strategy adopted is the use of subcurative doses of antimalarials, which results in
the appearance of gametocytes in the peripheral circulation. This is illustrated in Figure 5, Phase 2.
Critical to this approach is the fine-tuning of antimalarial dosing at concentrations that suppress but do
not kill asexual-stage parasites, and still induce gametocytogenesis (with drugs such as sulphadoxine-
pyremethamine and piperaquine); however, refinement of the approach will require further development.

As the asymptomatic (but infected) volunteer develops gametocytes, there are two methods to determine
transmissibility (Figure 5, Phase 3). First, blood is taken and placed into a membrane device in which 20
to 30 uninfected mosquitoes are allowed to feed for five to ten minutes. This method is referred to as the
direct membrane feeding assay. After seven to nine days, the mosquitoes are dissected and the number of
oocyst-stage parasites quantified. The second method, the direct skin feed, allows uninfected Anopheles
mosquitoes to feed directly on the arms of volunteers infected with gametocytes, and oocyst stages are
detected in dissected mosquitoes seven to nine days after feeding on the subjects. Proof of concept for
both methodologies has been established (99, 100). We are in the early days of the refinement of the
transmission-stage model, but it should be amenable to testing many different new drugs and vaccines
that conceptually could interrupt transmission.

Specific considerations for Plasmodium vivax challenge models

The development of a challenge model for P. vivax malaria is unique. The asexual stage of the parasite
cannot be cultured in vitro, which precludes the standard methodology for obtaining gametocytes to feed
to mosquitoes, which then could produce infectious sporozoites for challenge. Therefore, a predefined
strain used in challenge studies cannot be obtained, instead necessitating reliance on naturally occurring
vivax strain parasites, which only develop in Duffy-positive reticulocyte blood cells circulating in the
population. The parasites that infect the mosquitoes are thus field isolates that vary from experiment to
experiment. The requirement that parasites be fully susceptible to antimalarial drugs is more difficult to
verify with the field isolates used in the P. vivax model as compared to cloned parasites used in the

P. falciparum model. The second challenge is the parasite-vector competence, which limits the spectrum
of Anopheles mosquito species that can transmit the parasite, such as An. albimanus in South America
and An. dirus in Southeast Asia.

The human challenge model for P. vivax also faces an additional safety concern compared to the

P. falciparum model. After P. vivax infection, a portion of the parasites lie dormant in the liver as
hypnozoites that can cause recurring episodes of malaria if not eliminated. In the current P. vivax
challenge model, the antimalarial drug primaquine is prescribed to clear all liver-stage parasites from
study volunteers, but long-term follow-up would be required to verify that the clearance of liver stages

17



630
631
632

633

634
635
636
637
638
639

640

641

642
643
644
645
646
647
648
649
650
651
652
653

has occurred. In one such challenge trial, two subjects failed to be cleared with a combination of
chloroquine plus primaquine and relapsed multiple times, leading to the discovery that a polymorphism in
the cytochrome P450 2D6 allele precludes the metabolism of primaquine to its active component (101).

Summary

The human challenge models for malaria can be major accelerators for malaria vaccine development.
When more of the models become fully developed, they could provide the capacity to evaluate vaccines
against P. falciparum and P. vivax malaria, and against the pre-erythrocytic and blood stages of the
parasite life cycle. A wide range of vaccine types targeting different candidate antigens for each of these
parasites, and for different stages of infection, could then be systematically compared. Ideally, vaccine
development is an iterative process, as illustrated in Figure 6.

Figure 6. Malaria vaccine development from controlled human malaria infection to the field and back.
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Nevertheless, one would be remiss in relying exclusively on a challenge model without validating a
candidate’s vaccine efficacy in the field. As stated previously, the upside is to de-risk clinical
development in terms of both time and cost. It is equally important to appreciate the limitations of a
human challenge model. Such limitations include whether a person has previously been exposed to
naturally acquired malaria infection, or whether a person being immunized has concurrent subclinical
malaria infection. This cannot be accommodated in challenge models currently used to assess vaccine
efficacy. As discussed previously, the force of infection is critical, since only a single mosquito bite is
normally sufficient to establish infection. If on the other hand a challenge model requires the bite from
five infectious mosquitoes, there is the possibility that one prematurely discards a promising vaccine
candidate because insufficient protection is observed after five infected mosquito bites. Other
considerations include both host and parasite genetic diversity. Most malaria vaccines using CHMI are
tested primarily in volunteers in the United States and Europe. The target for such vaccines is persons
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residing in sub-Saharan Africa, where the human leukocyte antigen class 1 and class 2 alleles differ
across populations, rendering interpretation of studies from the “North” to the “South” challenging. In
addition, there are potentially vastly different outcomes of challenge studies among previously infected or
chronically infected persons. Malaria parasites are extremely genetically diverse, resulting in differences
in fitness, invasion potency, and vaccine escape mutations. Relying on a single strain of P. falciparum
malaria to adequately predict protection in the field is risky; therefore, quickly transitioning to trials in
naturally exposed populations of all ages after having achieved a measure of efficacy after challenge will
enable rapid and thoughtful decisions around advancement of promising vaccine candidates.

Dengue
Epidemiology, pathogenesis, diversity, and public health impact of dengue virus

According to the World Health Organization (WHO) (102), roughly 40 percent of the world’s population
are at risk of infection with dengue virus. The US Centers for Disease Control and Prevention (CDC) and
WHO websites report that approximately 400 million infections with dengue occur annually, with 100
million symptomatic infections, 500,000 cases of dengue hemorrhagic fever, and 22,000 deaths, mostly in
children. It is clear that the number of dengue cases has been rapidly expanding (103, 104). No specific
drugs exist to treat dengue infection and only a single vaccine, Dengvaxia® (chimeric yellow fever
dengue-tetravalent dengue vaccine, CYD-TDV, Sanofi Pasteur), has been licensed, although several are
in late-stage clinical development.

Dengue is a single-stranded RNA, enveloped flavivirus whose close relatives are yellow fever, Japanese
encephalitis, and West Nile viruses. There are four serotypes of dengue virus (abbreviated DENV):
DENV-1, DENV-2, DENV-3, and DENV-4. The E glycoprotein mediates virus attachment and entry into
cells and is the target of virus-neutralizing antibodies. Dengue virus has two target cells with different
receptors that mediate virus entry. In dendritic cells, DC-SIGN is the receptor (105) and in macrophages
the mannose receptor serves this function (106).

Dengue viruses require passage through one of two mosquito species, Aedes aegypti or Aedes albopictus,
to complete their life cycle. When these mosquitoes bite a viremic human, the virus is taken up, replicates
in the mosquito gut, and spreads to the salivary glands from which the mosquito transmits the virus to
humans through bites. In principle, vector control efforts could play a key role in reducing dengue disease
burden, but historically these efforts have had mixed results (107-109). Novel approaches such as release
of Wolbachia-infected mosquitos hold some promise (110).

While most infections with dengue viruses are asymptomatic, up to 10 percent of individuals develop
dengue fever (DF), characterized by high fever, severe headache, joint pain, rash, and mild bleeding. A
small proportion of those with DF progress to dengue hemorrhagic fever and dengue shock syndrome,
which can lead to failure of the circulatory system, shock, and death.

The main risk factor for severe dengue disease is infection with a second dengue serotype following
primary infection (111). The estimated increase in risk for severe disease with a heterologous secondary
infection is 15- to 80-fold.
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Understanding the underlying mechanisms of disease enhancement upon secondary heterologous
infection is critically important for the evaluation and utilization of dengue vaccines and for human
challenge models of dengue. In a primary infection, serotype-specific B and T cells successfully curtail
the infection (112). However, in a secondary heterologous infection, cross-reactive antibodies not only
fail to neutralize the virus, but instead help it infect target cells leading to massive virus production and
over-production of cytokines which increase blood vessel permeability, resulting in dengue hemorrhagic
fever and risk of death. These two mechanisms are presented in Figure 7.

Figure 7. Potential mechanisms for immune-mediated enhancement of dengue virus infection.

WHO organized a technical consultation in 2013 among experts on the long-term safety assessment of
live-attenuated dengue vaccines to assess the theoretical risks of enhanced disease during clinical trials
(113). Long-term follow-up analyses of Dengvaxia (CYD-TDV) Phase 3 trials unfortunately indicated
that dengue-naive individuals receiving this live-attenuated vaccine were at greater risk of subsequent
severe disease (114). In light of these findings, a second WHO guidance on evaluating safety and efficacy
of subsequent dengue vaccines, including the importance of long-term follow-up, was released (115).

The dengue human challenge model

Experimental human infection with dengue viruses has a history of over a century, as described in recent
reviews (116, 117). Early work identified durable homotypic protection and short-term heterotypic
protection among different dengue serotypes—Kkey results that have both informed and challenged
vaccine development against dengue to the present day. In the last few years, a focused effort has come
underway to re-develop human dengue infection models that can support vaccine and drug development
while meeting current regulatory requirements (118-121).

The first requirement for the re-developed human dengue infection models is to produce suitably
attenuated challenge strains of dengue virus using Good Manufacturing Practice. Researchers at the US
military Walter Reed Army Institute of Research (WRAIR) took advantage of their previous work on
dengue virus attenuation in an effort to develop new challenge strains. Over the years, dengue virus
strains have been passaged through a number of cell types in culture (117). Mammen et al. evaluated
seven of these attenuated strains by subcutaneous inoculation in flavivirus-naive human volunteers in an
inpatient setting. DF was defined as sustained fever for 48 hours or more, and by concurrent viremia as
defined by virus culture in vitro (122).

Dengue fever has a typical incubation period of seven days or more. Physicians conducted assessments
every day for 14 days and five outpatient visits took place over a period of six weeks. VVolunteers also
underwent chest X-ray, abdominal ultrasound, and punch biopsy of any rash that developed while an
inpatient. At study conclusion, volunteers were provided with a medical statement enabling them to notify
future medical providers of their potential to develop dengue hemorrhagic fever or dengue shock
syndrome upon re-exposure to dengue virus (122).

Table 1 details the results of the challenge study. The volunteers challenged with the DENV-2 and
DENV-4 strains did not meet the case definition of DF, but those challenged with the DENV-4 strains
were infected and had mild perihepatic effusions that were only detectable by ultrasonography. The
volunteers challenged with the DENV-1 and DENV-3 strains developed DF, and in some cases, other
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730  clinical manifestations of dengue virus infection. The DENV-1 and DENV-3 challenge strains were
731  selected for further use in the challenge model and were manufactured under Good Manufacturing
732 Practice.

Table 1. Clinical manifestations of dengue fever in human volunteers challenged with attenuated
strains of four dengue serotypes.

Strain Passage history (number) Clinical manifestations®
DENV-1 45AZ5 FRhL (20) Two volunteers were challenged. Both developed DF and
one also developed mild effusions.

DENV-2 S16803 Mosquito (1), PGMK (4), Three volunteers were challenged with one of these two
PDK (10), FRhL (3) strains. None developed DF.

DENV-2 PR159 PGMK (6), FRhL (1)

DENV-3 CH53489 PGMK (4), C6/36 (5), Three volunteers were challenged. All developed DF and

cl24/28 FRhL (1) two developed elevated levels of liver enzymes.

DENV-4 341750 Mosquito (1), PDK (6), Two volunteers were challenged. Neither developed DF.
FRhL (3)

DENV-4 341750 Mosquito (1), PGMK (5), Two volunteers were challenged. Neither met the case
FRhL (4) definition of DF, but both became viremic and developed

DENV-4 H-241 Mosquito (1), C6/36 (2), mild effusions.
FRhL (1)

Abbreviations: C6/36, culture-adapted Aedes albopictus larval cells; DENV, dengue virus; DF, dengue fever;
FRhL, fetal Rhesus macaque lung cells; Mosquito, Toxorhynchites amboinensis; PDK, primary dog kidney cells;
PGMK, primary green monkey kidney cells.

@ Effusions are accumulations of fluid that has leaked from small capillaries. Elevated liver enzymes in the blood
is evidence of liver damage.

733 The dengue challenge model described above was also used to study volunteers that had previously
734  received candidate dengue vaccines (116, 123). Ten subjects previously vaccinated with the live-

735  attenuated, tetravalent candidate TDEN under development by WRAIR and GlaxoSmithKline (GSK)
736  were challenged 12 to 24 months after vaccination with the live-attenuated DENV-1 or DENV-3 strains
737  described in Table 2. Four unvaccinated, dengue-naive subjects were challenged as controls, two with
738  each challenge strain.

Table 2. Attenuated dengue virus challenge strains.

Strain Method of production and administration Stock producer
DENV-1 45AZ5 Isolated from a patient infected with dengue in Micronesia in 1974. Walter Reed Army
Challenge doses are reconstituted from freeze-dried stocks in sterile Institute of Research

water and administered to healthy adult volunteers by subcutaneous

injection.
DENV-3 Isolated from a patient infected with dengue in Thailand in 1974. Walter Reed Army
CH53489 Challenge doses are reconstituted from freeze-dried stocks in sterile Institute of Research
cl24/28 water and administered to healthy adult volunteers by subcutaneous

injection.
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Table 2. Attenuated dengue virus challenge strains.

Strain Method of production and administration Stock producer

rDEN2A30 Recombinant virus derived from DENV-2 Tonga/74, isolated from a US National Institute
patient infected with dengue in the Kingdom of Tonga in 1974, with a of Allergy and
31-nucleotide deletion from the 3’ untranslated region. Challenge Infectious Diseases
doses are thawed from stocks frozen at -80 °C and administered to
healthy adult volunteers by subcutaneous injection.

Abbreviation: DENV, dengue virus.

In this study, many of the volunteers developed DF symptoms without meeting the formal case definition.
The main reason was because many were still viremic from their prior vaccination. Four of five
vaccinated and one of two control subjects developed elevated liver enzymes, some at high levels. All
liver enzymes returned to normal by day 30.

Gunther et al. studied serum levels of soluble cytokine receptors and the levels of IFN-y and other
cytokines in peripheral blood mononuclear cells re-stimulated with laboratory strains of four dengue
serotypes in the 14 subjects from the human challenge study of Sun et al. described above (116). This
study suggested dengue virus may suppress cellular immunity during peak viral replication by a
mechanism that inhibits production of IFN-y.

The DENV-1 strain was recently re-derived by transfection into FRhL cells and formulated for use in
human challenge studies (124). A small Phase 1 study successfully demonstrated this strain could infect
and cause moderate disease without long-term sequelae.

A second challenge model for DENV serotypes, developed by the US National Institutes of Health, Johns
Hopkins University, and the University of Vermont using the genetically attenuated strain rDEN2A30
(125), is derived from an isolate from a dengue outbreak in the Kingdom of Tonga in 1974. This strain
causes relatively mild disease, and is more highly attenuated than the serially passaged strains developed
at WRAIR. It was initially developed as a vaccine, but found to be insufficiently attenuated for this
purpose (118, 126). Administration of 10° plaque forming units (PFU) as a single subcutaneous dose did
not induce fever, but resulted in notable viremia: rDEN2A30 was isolated from all ten subjects at a mean
peak titer of 2.5 logio PFU/mI (range 1.5-3.3 logio PFU/mI). Furthermore, 80 percent of subjects
developed a maculo-papular rash that was graded at moderate severity in 50 percent of cases. However,
these characteristics suggested it could still be useful as a challenge strain. The fact that rDEN2A30 is
produced by recombinant DNA technology is a distinct advantage with respect to production and
characterization of this strain. A further analysis of T-cell responses in subjects challenged with
rDEN2A30 indicated that responses were generally similar to those induced by natural infection,
particularly with respect to non-structural proteins NS1, NS3, and NS5 (127). These results provided
additional support for the suitability of IDEN2A30 as a challenge strain in a dengue human infection
model.

Dengue vaccine development

Several candidate dengue vaccines are in early or advanced clinical development and a number of
“second generation” candidate vaccines are in the preclinical stage (128-130). Table 3 summarizes the
clinical pipeline for candidate dengue vaccines.
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Table 3. Dengue vaccines licensed or in clinical development.

Vaccine
type

Approach Stage of
development

Developer(s)

Live-attenuated

Dengvaxia Genes encoding prM and E proteins of Licensed Sanofi Pasteur (licensed from
(CYD-TDV)  each of the four dengue serotypes were Acambis)

cloned into the backbone of the yellow

fever vaccine YFV 17D.
TDEN (aka Strains of four dengue serotypes Phase 2 WRAIR and GSK
TDV) attenuated through serial passage in

culture were combined for a tetravalent

vaccine. The initial vaccine was

reformulated after additional passages in

serum-free media, and was stabilized with

carbohydrate rather than serum albumin.
Butantan- Attenuation through introduction of a 30- Phase 3 US National Institutes of Health and
DV (aka nucleotide deletion (A30) in the 3-prime Johns Hopkins University,
Tetra-Vax-  untranslated region of the genome of a University of Vermont, and
DV, TV003) DENV-4 cDNA clone. The prM and E genes Instituto Butantan

and flanking genome sequences of the

three other dengue serotypes were cloned

into the DENV-4 backbone.
TAK-003 A cDNA clone of the strain DENV-2 PDK-53  Phase 3 CDC and Takeda Vaccines
(aka attenuated through serial passage in cell
DENVax, culture in Thailand was used as the
TDV) backbone for insertion of prM and E genes

of the other three serotypes.

Whole-inactivated

DPIV

Dengue viruses have now been grown to Phase 2
high enough titers in cell culture to permit
purification and inactivation. A formalin-

inactivated tetravalent vaccine has been

produced.

WRAIR, GSK, and Fiocruz

Prime-
boost

Priming with live-attenuated TDEN Phase 1
followed by boosting with DPIV is being
explored in two trials.

WRAIR and NMRC

Recombinant subunit

V180

Stably transformed Drosophila S2 cells Phase 1
produce high levels of a truncated form of
the dengue E protein, called 80E.

Tetravalent formulations of 80E proteins

have been produced with Alhydrogel® or
ISCOMATRIX® adjuvant.

Merck

TVDV

DNA plasmids expressing prM and E genes  Phase 1
of four dengue serotypes have been

NMRC
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Table 3. Dengue vaccines licensed or in clinical development.

Vaccine Approach Stage of Developer(s)
type development

constructed and combined for a
tetravalent vaccine. Various delivery
methods including needle-free injection
systems and intradermal electroporation
are being explored.

Abbreviations: aka, also known as; CDC, US Centers for Disease Control and Prevention; DENV, dengue virus;
DPIV, dengue purified inactivated vaccine; E, envelope; Fiocruz, Fundagdo Oswaldo Cruz; GSK, GlaxoSmithKline;
NMRC, US Naval Medical Research Center; PDK, primary dog kidney cells; prM, precursor membrane protein;
TVDV, tetravalent dengue DNA vaccine; WRAIR, Walter Reed Army Institute of Research.

Dengvaxia, developed by Sanofi Pasteur, is the only one licensed, and the entire development program
and deployment experience thus far has been reviewed (131). In a Phase 2 trial in Thai school children
(132), the overall protection against dengue infection with CYD-TDV was 30.2 percent. Although some
protection was observed with three of the four DENV serotypes, no protection was seen against infection
with DENV-2. Phase 3 trials with CYD-TDV were conducted in children in five countries in the Asia-
Pacific region (133) and in children in five Latin American countries (134). Phase 3 trials showed 56.5
percent efficacy and 60.8 percent efficacy in the Asia-Pacific region and Latin America, respectively. In
all three of the trials described above, the level of protection against DENV-3 and DENV-4 was higher
than against DENV-1 and DENV-2. These efficacy results were disappointing in light of evidence for
induction of neutralizing antibodies, particularly against DENV-2. More concerning was the evidence for
increased risk of severe disease in dengue-naive individuals that received Dengvaxia (114), particularly in
younger children. These findings have restricted the broad deployment of Dengvaxia and led WHO to
recommend its use only in dengue-endemic countries with a high burden of disease (at least 70 percent
seropositive) and in individuals with laboratory-confirmed previous exposure to dengue. WHO has also
recommended against use of Dengvaxia in children younger than 9 years old, which includes those most
vulnerable to morbidity and mortality caused by dengue. A comparison of B and T-cell epitopes targeted
by Dengvaxia in contrast to two other vaccine candidates (Butantan-DV and TAK-003, described below)
suggested lack of targeting appropriate T cell epitopes could account for the limitations observed with
Dengvaxia (135).

Another tetravalent live-attenuated dengue vaccine candidate, TDEN (previously known as TDV), is
under development by WRAIR and GSK. This vaccine is comprised of strains of four dengue serotypes
attenuated through serial passage in dog kidney cells and then in fetal Rhesus lung cells, and is in Phase 2
(see Table 3 for details). TDEN was initially evaluated in infants, children, and adults in Phase 1 and 2
trials (136). Since then, the vaccine has been reformulated with carbohydrate stabilizer rather than serum
albumin and lyophilized as a tetravalent product. The reformulated product was taken forward into two
Phase 2 studies in dengue-endemic regions. The first was conducted in Thailand and enrolled 120 mostly
primed (i.e., dengue seropositive) adults (137). Two doses were administered six months apart. Nearly all
vaccinees had a tetravalent response three months following the second dose, as defined by at least a 10-
fold increase in reciprocal titer of neutralizing antibodies against all four serotypes. In this study, TDEN
was generally safe and well tolerated: there were no vaccine-related serious adverse events or cases of
dengue fever and only five subjects receiving TDEN had low-level viremia.
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The second Phase 2 endemic-setting study with TDEN was conducted in Puerto Rico and enrolled 636
individuals from ages 1 to 50 years (138). Approximately half of these individuals were seropositive at
baseline, although this was highly age related: in the youngest age stratum, children under 2 years old,
fewer than 10 percent were seropositive, whereas among adults (21 to 50 years old), 93 percent were
seropositive. As in the Thailand study, subjects received two doses six months apart. Among seronegative
and seropositive individuals, the tetravalent response rates were 81 and 99 percent, respectively, at one
month after the second dose. The safety profiles between vaccine and placebo groups were similar among
both seropositive and seronegative individuals; for example, moderate severity fever was reported by
approximately 5 percent of subjects across all groups. There were no vaccine-related serious adverse
events and no confirmed cases of dengue fever. In a follow-on study to examine cell-mediated immune
responses, a representative subset of 244 participants was selected and CD4* T-cell, CD8* T-cell, and
memory B-cell responses were characterized (139). TDEN was found to be poorly to moderately
immunogenic by these criteria, regardless of setting or whether subjects were previously exposed to
dengue.

A third live-attenuated tetravalent dengue vaccine candidate (Butantan-DV, previously known as TV003
or Tetra-Vax-DV) is under development by the US National Institutes of Health (NIH), the Instituto
Butantan (Brazil), and Johns Hopkins University. This vaccine was attenuated through a 30-nucleotide
deletion in the 3-prime UTR, and by additional mutations of a cloned DENV-4 strain. The prM and E
genes of the three other serotypes, together with some genome regions flanking the prM and E genes,
were then cloned into the attenuated DENV-4 backbone (140). One unique feature of this vaccine is that it
is not transmissible to mosquitoes. During development, many different constructs were evaluated alone
or in combination (112, 141, 142). Thirteen different Phase 1 trials separately evaluated eight different
monovalent vaccine constructs. Four monovalent constructs were selected and evaluated in different
admixtures in a Phase 1 trial. Admixture TV003 produced serum antibody responses against DENV-1 and
DENV-4 in 100 percent of vaccinees, against DENV-3 in 85 percent of vaccinees, and against DENV-2
in 50 percent of vaccinees. This vaccine was then advanced to a Phase 2 trial in a dengue-endemic
country, Brazil, in collaboration with the Instituto Butantan (143). This study tested a lyophilized
formulation of TV003 designated Butantan-DV and found 64 percent of dengue-naive and 55 percent of
dengue-exposed individuals had a tetravalent neutralizing response, a difference that was not statistically
significant. The safety profile for Butantan-DV was acceptable and consistent with Phase 1 trials with
TV003 conducted in the United States; therefore, Butantan-DV was advanced to a randomized, placebo-
controlled Phase 3 trial in Brazil, which is ongoing (ClinicalTrials.gov Identifier NCT02406729) (144).
This trial plans to enroll approximately 17,000 participants from 2 to 59 years of age. Efficacy evaluation
of the Phase 2 study subjects is also ongoing.

In parallel to the Phase 2 trial in Brazil, TV003 was also tested in a dengue controlled human infection
model in volunteers in the United States (125). Volunteers received a single dose of either TVV003 or
placebo, and then six months later were challenged with 10° PFU of rDEN2A30. All 21 subjects that
received TV003 were completely protected from the challenge and did not experience any viremia or
rash. In contrast, all 20 subjects in the placebo group experienced viremia with a mean peak titer of 2.3 +
0.1 logio PFU/mI, and 80 percent experienced a rash. This study demonstrated the potential value of the
dengue controlled human infection model in generating proof of concept for a vaccine candidate such as
TV003 before investing in a larger, more expensive Phase 3 trial. A series of follow-on studies on the
immunological responses of participants from this challenge study further demonstrated the utility of the
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model in conducting detailed analyses that would be more difficult with patients infected in an endemic
setting. Nivarthi et al. characterized targets of memory B-cell responses (145) and Graham et al.
characterized the quality of vaccine-induced CD4" and CD8" T cells specific to the various DENV
serotypes (146). In light of the modest efficacy of Dengvaxia, a series of studies was undertaken to
compare the immune response of TV003 (147-150). Taken together, these studies suggested that in
contrast to Dengvaxia, TV003 induces a robust and balanced immune response against all four DENV
serotypes after a single dose, regardless of prior dengue exposure, thus increasing the likelihood that it
will confer strong immunity without increasing risk of more severe disease from subsequent infections.

A fourth live-attenuated tetravalent vaccine candidate called TAK-003 (previously known as TDV and
DENVax) is under development by the CDC and Takeda Vaccines. It is constructed from a cDNA clone
of a DENV-2 strain attenuated through serial passage in dog kidney cells in culture, into which prM and E
genes of the other three dengue serotypes were cloned. TAK-003 (and various precursor formulations,
admixtures of the four-component attenuated DENV strains, and dose regimens) were tested in at least
nine studies in healthy, dengue-naive adult and adolescent volunteers in the United States, Mexico, and
Colombia as well as in both adults and children in dengue-endemic countries in Asia and Latin America
(151-161). Collectively, these studies found that one or two doses induced a tetravalent neutralizing
antibody response ranging from 60 to 97 percent of subjects, depending on previous dengue exposure.
The vaccine was well tolerated at multiple dose levels and not associated with serious adverse events.
Taken together, these studies supported the safety and efficacy of this vaccine candidate that justified
progressing it to a Phase 3 study of more than 20,000 children aged 4 to 16 years at 28 study sites in eight
dengue-endemic countries, including five in Latin America and three in Asia (ClinicalTrials.gov Identifier
NCT02747927) (162). These subjects received two doses subcutaneously of a dose-optimized,
lyophilized, and reconstituted formulation or placebo given three months apart. It was recently reported
that TAK-003 achieved its primary efficacy endpoint in this study of 80.2 percent overall efficacy in
reduction of virologically confirmed dengue (VCD) (163). It was also recently reported that TAK-003
achieved secondary efficacy endpoints including 76 percent efficacy in individuals previously exposed to
dengue, 66 percent efficacy in dengue-naive individuals, 90 percent efficacy against hospitalization due to
dengue, and 86 percent efficacy against dengue hemorrhagic fever (164). Rates of serious adverse events
were similar between the vaccine and placebo groups, and the overall safety profile importantly did not
indicate a similar risk as was previously observed with Dengvaxia in dengue-naive vaccinees. In a follow-
on report after two years, TAK-003 was still 56 percent efficacious in preventing any VCD and 76
percent efficacious against hospitalization (165). However, the efficacy in preventing any VCD among 4-
and 5-year-olds dropped substantially from 73 percent in the year 1 to only 25 percent in year 2. No
additional safety risks were noted in year 2. Long-term follow-up of this study to continue to track the
safety and efficacy of TAK-003 is still in progress and is expected to be completed at the end of 2021.
Ancillary studies have further analyzed the immune response from subjects in some of the studies
described above and characterized in detail the humoral and cellular responses associated with immunity
induced by TAK-003. In particular, like Butantan-DV (aka TV-003) described above, TAK-003
stimulates a relatively balanced profile of neutralizing antibodies (166) and memory B cells (167) against
the four DENV serotypes, and also stimulates a CD8" T-cell response against DENV non-structural
proteins NS1, NS3, and NS5, which are associated with a protective immune response (168-170). In
contrast, a recent publication highlighted the difference between type-specific neutralizing antibodies
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against DENV-2 as compared to cross-reactive DENV-1, DENV-3, and DENV-4 neutralizing antibodies
(171).

An adjuvanted tetravalent dengue purified inactivated vaccine (DP1V) is under development by WRAIR,
the Oswaldo Cruz Foundation, and GSK. Three clinical studies comparing various dose levels, adjuvants,
and schedules have been completed. These included Phase 1 (172) and Phase 1/2 (173) studies in dengue-
naive adults, and a Phase 1 study in Puerto Rican adults (174, 175), most of whom were previously
exposed to dengue. In the dengue-naive populations, two doses of DPIV adjuvanted with GSK’s
proprietary AS03g adjuvant given intramuscularly one month apart induced a tetravalent neutralizing
antibody response in 100 percent of subjects at one month after the second dose. These responses waned
somewhat over the following year, but a subset of individuals boosted again at 12 months demonstrated a
robust anamnestic response. Among previously dengue-exposed individuals, DPIV stimulated
neutralizing antibody titers that generally persisted for at least three years. In both populations, DPIV was
safe and well tolerated, supporting further development of this candidate. A prime-boost strategy using
the live-attenuated TDEN candidate (described above) as a prime followed by boosting with DPIV has
been explored in two Phase 1 clinical trials conducted by WRAIR and the US Naval Medical Research
Center (NMRC) (ClinicalTrials.gov Identifiers NCT03141138 and NCT02239614) (176, 177). In the first
of these two to report results, it was found that priming with DPIV and boosting with TDEN vyielded the
higher neutralizing titers and rate of tetravalent seroconversion as opposed to the opposite sequence (178).

Recombinant subunit and DNA vaccine candidates are also in clinical trials (see Table 3) (128). A
tetravalent recombinant subunit vaccine candidate composed of truncations of the E proteins from all four
serotypes designated V180 is being developed by Merck. A previous monovalent version composed of
only the DENV-1 80E protein was developed by Hawaii Biotech and tested in a Phase 1 study (179).
V180 contains 10 pg each of DENV-1, DENV-2, and DENV-3 80E and 20 ug of DENV-4 80E. V180 has
been tested in a Phase 1 trial in healthy, dengue-naive Australian adults comparing various adjuvants and
dose levels (180). Tetravalent responses were 71 to 88 percent after two months but declined to 0 to 43
percent after one year. To investigate responses in the context of prior dengue exposure, V180 was also
tested in individuals that had previously received a live-attenuated tetravalent dengue vaccine (TV003 or
a related formulation, TV005, described above) and found to be similarly immunogenic (181). NMRC is
pursuing a DNA vaccine approach for dengue. A prototype plasmid encoding DENV-1 prM and E
delivered by needle-free Biojector® intramuscular injection was previously tested in a Phase 1 study and
found to be safe, but only mildly immunogenic (182). A tetravalent dengue DNA vaccine (TVDV)
composed of plasmids expressing prM and E proteins from all four serotypes with a lipid adjuvant
(Vaxfectin®) was then tested in a Phase 1 study (183). TVDV was delivered by standard needle-and-
syringe intramuscular injection and stimulated minimal neutralizing antibodies, but a notable T-cell IFN-y
response. Alternative delivery approaches for TVDV that may increase immunogenicity, such as
intradermal electroporation, have been explored using a nonhuman primate model and may be applied in
future clinical studies (184).

An even greater number of candidate dengue vaccines are in preclinical development. Table 4
summarizes the number and types of these vaccine candidates, as reviewed by Schmitz et al. (185) and
Redoni et al. (128). The recombinant subunit vaccines are mostly expressed in Escherichia coli or yeast
cells. Each of the five virus-vectored vaccines uses a different virus vector. Finally, several candidate
vaccines incorporating non-structural proteins (mainly NS1) are being evaluated in mouse models (186).
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Table 4. Candidate dengue vaccines in preclinical development.

Vaccine type Number of Developer(s)
candidates
Live-attenuated 3 Chiang Mai University, Arbovax, Beijing Institute of Microbiology

and Epidemiology

Inactivated NMRC

Recombinant subunit ICGEB-India, National Health Research Institutes-Taiwan

DNA Inovio, Kobe University, CDC, NMRC, Fiocruz

Virus-like particles Cytos, ICGEB-India, Kobe University, NCGEB-Thailand

ulb| |-

Virus-vectored ICGEB-India, GenPhar/NMRC, University of North Carolina,

University of Texas, Themis Bioscience/Institut Pasteur

Abbreviations: CDC, US Centers for Disease Control and Prevention; Fiocruz, Fundagdao Oswaldo Cruz; ICGEB-
India, International Center for Genetic Engineering and Biotechnology; NCGEB-Thailand, National Center for
Genetic Engineering and Biotechnology; NMRC, US Naval Medical Research Center.

Summary

The importance of dengue virus as a threat to international public health has incrementally increased in
the last 30 years; yet, large areas of the world (including most of Africa) are at present spared because of
the absence of the insect vectors. The intermixing of DENV serotypes and disease enhancement upon
heterologous secondary infection could possibly be the engine that has driven the rapid spread and
increased morbidity and mortality from dengue virus infection in the last century.

The very nature of the disease makes developing a vaccine against DENV a formidable task (187). The
ideal dengue vaccine would provide a similar level of protection against each of the four dengue
serotypes. The single live-attenuated tetravalent vaccine licensed to date has generated imbalanced
immunity, which has been highlighted as an explanation for its limited efficacy and safety concerns,
particularly in dengue-naive children. However, the two live-attenuated candidates that followed into
Phase 3 trials both induce a more balanced response and seem extremely promising. Alternative
approaches including whole-inactivated and subunit vaccines are advancing through early clinical
development and may augment or complement the live-attenuated approach, for example as part of a
prime-boost strategy.

The development of a human challenge model for dengue has been correspondingly complex (118). A
significant limitation, however, is the fact that attenuated challenge strains of DENV-2 and DENV-4 have
not been fully characterized in human challenge studies. Furthermore, even the current DENV-1 and
DENV-3 challenge strains may be introducing added variability into the model because of their long and
often complex passage histories. The newly developed human challenge models for dengue viruses have
sparked considerable interest and comment in the community of dengue researchers and vaccine
developers (117, 119, 188), along with some valuable suggestions for continued development of the
models (189). The newly developed models using attenuated strains of DENV may become important
contributors to the overall landscape of dengue vaccine development and introduction.
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Enteric diseases

Cholera
Epidemiology, public health impact, and pathogenesis of Vibrio cholerae

Cholera is a diarrheal disease caused by the bacterium Vibrio cholerae. According to recent estimates,
cholera results in 2.8 million cases and nearly 100,000 deaths annually (190). Until the 1970s, the major
burden of cholera infection was in South and Southeast Asia, but outbreaks are now frequent in Africa
and have also occurred in countries such as Haiti (191) and Yemen (192).

Access to clean water, good sanitation, and proper hygiene will halt the spread of cholera, but these
measures are unlikely to be universally available in the near term. Five cholera vaccines are licensed in
multiple countries, but most are used in reactive vaccination campaigns in response to outbreaks. To
make the best use of vaccine supply, the World Health Organization (WHQO) recommends a cholera
vaccine stockpile to contain outbreaks (193).

Long-term vaccination policies may be considered as stakeholders assess the introduction of cholera
vaccines into national policies. Bangladesh has taken the lead in this area with several Phase 4 trials to
assess a cholera vaccine’s feasibility for use and delivery as part of a national vaccine program, and have
evaluated parameters such as single-dose regimens, limited-duration storage without refrigeration, and
safety in pregnancy (194-197).

More than 200 serogroups of V. cholerae are found in aquatic environments, but only two serogroups
(O1 and O139) are associated with cholera outbreaks in humans (198). The 0139 serogroup was first
identified in India and Bangladesh in 1992, but has since declined. The O1 serogroup has been
responsible for the seven global cholera pandemics that have occurred since 1817 (198). The O1
serogroup has two biotypes, called El Tor and classical, which are further divided into serotypes Ogawa
and Inaba. Infections with O1 and 0139 serogroups are not protective against subsequent infection with
the heterologous serogroup (190). Cross-protective immunity between different biotypes and serotypes
was evaluated in a human challenge study described below.

V. cholerae are non-invasive, but produce an enterotoxin called cholera toxin which binds to ganglioside
receptors, and causes a massive egress of water and electrolytes and a severe watery diarrhea ensues
(198). Treatment consists of oral rehydration and antibiotics which dramatically reduce mortality from
approximately 15 percent to about 1 percent.

Cholera vaccine development

Five whole-inactivated oral cholera vaccines are currently available—Dukoral®, Shanchol, Euvichol®,
MORC-Vax™, and OraVacs®—as well as one live-attenuated vaccine, Vaxchora® (see Table 5 for more
details). Dukoral, Shanchol, and Euvichol are licensed for international use. Dukoral consists of formalin
and heat-inactivated V. cholerae bacteria (O1 serogroup, classical and El Tor biotypes, Inaba and Ogawa
serotypes), plus recombinant cholera toxin B-subunit (rCTB) which lacks toxigenic activity. Dukoral is
administered in three doses, at least one week apart, in children younger than 5 years of age. For other age
groups, it is given in two doses at least one week apart. This vaccine has a requirement for reconstitution
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in buffer at the time of use in order to protect the rCTB from stomach acid. Dukoral was evaluated in
Phase 3 efficacy trials in Bangladesh and Peru and in a Phase 4 effectiveness trial in Mozambique. In
Bangladesh, a double-blind, placebo-controlled trial in 90,000 volunteers showed a cumulative vaccine
efficacy over three years of 50 percent in all age groups. The vaccine efficacy was 19 percent in children
less than 5 years of age and 65 percent in children older than 5 years (199, 200). In a trial of 1,400 adult
male recruits from the Peruvian military, vaccine efficacy was 86 percent after five months (201). The
Mozambique trial studied the vaccine in 22,000 volunteers (30 percent of whom were HIV infected) and
showed 85 percent protection after one year of follow-up (202). Dukoral has a minimum age requirement
of 2 years.

Table 5. Currently available cholera vaccines.

Trade name Producer Location(s) of licensure Cost per dose (USD)
Dukoral Crucell Sweden AB, acquired by Valneva International $4.70
(Sweden) in 2015
Shanchol Shantha Biotechnics Ltd. (India), acquired  South and Southeast Asia $1.84
by Sanofi Pasteur in 2009
Euvichol EuBiologics (South Korea) International $1.20
mORC-Vax Vabiotech (Vietham) Vietnam N/A
OraVacs Shanghai United Cell Biotechnology China and the Philippines  N/A
(China)
Vaxchora PaxVax, acquired by Emergent United States $270

BioSolutions (United States) in 2018

Abbreviation: N/A, information not available.

Shanchol is a vaccine similar to Dukoral, licensed for use in South and Southeast Asia. It contains the
same inactivated V. cholerae as Dukoral, but also contains V. cholerae of the 0139 serogroup. Shanchol
does not contain rCTB. It is administered in two doses at least one week apart. It underwent an efficacy
trial in India with 67,000 volunteers, which showed 68 percent cumulative efficacy over three years in all
age groups. The vaccine efficacy was 43 percent over three years in children less than 5 years of age
(203). Shanchol has a minimum age requirement for administration of 1 year. A version of this vaccine,
mORC-Vax, is manufactured in Vietnam for in-country use.

OraVacs is manufactured in China and licensed for use in China and the Philippines. Like Dukoral, this
vaccine contains V. cholera