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SUMMARY The continuous increase in long-distance travel and recent large migra-
tory movements have changed the epidemiological characteristics of imported ma-
laria in countries where malaria is not endemic (here termed non-malaria-endemic
countries). While malaria was primarily imported to nonendemic countries by return-
ing travelers, the proportion of immigrants from malaria-endemic regions and travel-
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ers visiting friends and relatives (VFRs) in malaria-endemic countries has continued
to increase. VFRs and immigrants from malaria-endemic countries now make up the
majority of malaria patients in many nonendemic countries. Importantly, this group
is characterized by various degrees of semi-immunity to malaria, resulting from re-
peated exposure to infection and a gradual decline of protection as a result of pro-
longed residence in non-malaria-endemic regions. Most studies indicate an effect of
naturally acquired immunity in VFRs, leading to differences in the parasitological fea-
tures, clinical manifestation, and odds for severe malaria and clinical complications
between immune VFRs and nonimmune returning travelers. There are no valid data
indicating evidence for differing algorithms for chemoprophylaxis or antimalarial
treatment in semi-immune versus nonimmune malaria patients. So far, no robust
biomarkers exist that properly reflect anti-parasite or clinical immunity. Until they are
found, researchers should rigorously stratify their study results using surrogate mark-
ers, such as duration of time spent outside a malaria-endemic country.

KEYWORDS Europe, VFR, clinical characteristics, diagnosis, imported, malaria,
nonimmune, prophylaxis, semi-immune, treatment

INTRODUCTION

alaria is a common disease, endemic to tropical and subtropical regions (1). In

regions where malaria is not endemic (here termed nonendemic regions), malaria
is an imported disease, acquired by exposure to Plasmodium parasites in endemic
regions during travel undertaken for professional or tourism-related reasons (2, 3).
Historically, malaria was mainly imported to nonendemic countries by citizens of that
country. However, this pattern has significantly changed over the last few decades (2,
4). Currently, migrants from endemic countries constitute a high proportion of im-
ported malaria cases in nonendemic countries (4). Furthermore, migrants originating
from endemic areas who have permanently settled in a nonendemic country make up
an important group of travelers, called “visiting friends and relatives” (VFRs), to their
countries of origin (4-7). These groups of malaria patients may be different from
classical travel-related malaria patients based on differences in risk perception, preex-
isting semi-immunity against malaria, adherence to recommendations for prophylaxis
against malaria, and clinical presentation, diagnosis, and management of malaria.
Whereas some of the above-cited aspects of malaria patients in nonendemic regions
have been explored in epidemiological research, there is a lack of a comprehensive
perspective on the similarities and potential differences of malaria in nonimmune
versus semi-immune travelers. Therefore, the aim of this review is to provide a summary
of available evidence on clinically relevant peculiarities of these patient populations.

EPIDEMIOLOGY OF IMPORTED MALARIA
Global Epidemiology

Between 2010 and 2015, malaria decreased from 237 million cases globally to 211
million and then rose to 219 million again in 2017 (1). The vast majority of cases in 2017
were reported by the WHO African Region (92%), followed by 5% in the WHO South-
East Asia Region and 2% in the WHO Eastern Mediterranean Region. Among the 87
states reporting autochthonous cases of malaria in 2017, 15 states, 14 from sub-Saharan
Africa and India, sustained 80% of the worldwide malaria burden (1). The largest
decrease in malaria incidence was observed in the WHO South-East Asia Region (48%),
followed by the WHO Region of the Americas (22%) and the WHO African Region (20%).
Plasmodium falciparum was the most prevalent parasite species in sub-Saharan Africa,
the WHO Western Pacific Region, the WHO Eastern Mediterranean region, and the WHO
South-East Asia Region, where it was responsible for 99%, 72%, 69%, and 63% of
malaria cases in 2017, respectively. In the WHO Region of the Americas, P. vivax is the
most prevalent parasite species, accounting for 74% of malaria cases in 2017 (1).
However, despite the global decline of malaria since 2010, the global number of cases
per 1,000 inhabitants at risk has remained largely constant for the past 3 years (1).
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FIG 1 Number and movement of imported and exported cases of malaria between 2005 and 2015. (A) Average annual number of malaria cases (all species)
exported from endemic to nonendemic countries (red) and imported to nonendemic from endemic countries (blue). (B) P. falciparum prevalence overlaid
with flow lines showing country connectivity by average annual flows of >50 (>200 [red], 100 to 200 [orange], and 50 to 100 [yellow]) cases. (Reproduced
from reference 8.)

A specific definition of imported malaria is used throughout this work, denoting that
infection is acquired in a malaria-endemic area and that clinical manifestation, diag-
nosis, and management take place in a nonendemic country. In 2017, a meta-analysis
was published that included official country-level data on imported malaria between
2005 and 2015 (8, 9). The results demonstrated that European countries carried the
highest global burden of imported malaria, measured in absolute case numbers per
year and in cases of imported malaria relative to the population size of the nonendemic
country (Fig. 1). France carried the highest average number of cases per year, reporting
2,169 cases, followed by the United Kingdom (1,898 cases), Italy (637 cases), Germany
(401 cases), Spain (374 cases), The Netherlands (366 cases), Belgium (227 cases), and
Switzerland (225 cases). Other nonendemic countries, outside Europe, with significant
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average numbers of annual cases, are the United States (1,511 cases), Australia (222
cases), Bahrain (158 cases), Singapore (148 cases), and Qatar (146 cases). On the other
hand, nonendemic countries, such as Canada, Japan, and New Zealand, as well as the
city of Hong Kong, have reported a lower average number of cases per year, 20, 45, 44,
and 40, respectively. Special mention should be given to China, as the country may
have been misrepresented in previous studies on imported malaria, because it is not
yet considered a malaria-free country despite the recent interruption of transmission (8,
10). It was in 2017 that China reported zero indigenous cases, and the disease is on
course for elimination by 2020 (1). However, imported malaria in China has probably
been and may still be underreported. Imported malaria in China is increasing, with
growing Chinese overseas investment and international travel to tropical settings (11,
12). Most described cases of imported malaria in China had a self-reported work-related
travel history (94%) and were of male sex (88%); 90% of them acquired falciparum
malaria in Africa, and 77% acquired vivax malaria in Asia (12). These imported cases
present a new challenge to malaria elimination in China, highlighting the importance
of prevention and control of cases of imported malaria (11, 13-16).

As indicated earlier, official country-level data indicate that Europe carries approx-
imately 70% of the global burden of imported malaria, followed by the United States,
with approximately 15% of the global burden (8). This is explained by historical,
language, and travel ties (8). Therefore, the majority of literature published to date on
imported malaria comes from Europe; this is particularly true for papers in the field of
clinical research (1, 8).

The malaria program of the WHO European Region compiles data on malaria cases
from 51 states of the region on a yearly basis. Between 1972 and 1988, the annual case
count of imported malaria rose from 1,500 to 12,000, constituting an 8-fold increase,
and in the year 2000, 15,500 cases were reported, the majority by Western European
countries; France, the United Kingdom, and Germany accounted for more than 70% of
total cases. P. falciparum is responsible for the majority of cases of imported malaria and
is mostly acquired during travel to sub-Saharan Africa, particularly to West Africa (1, 8).
With regard to P. vivax, large proportions of imported infections are acquired in India
and Pakistan. This reflects the high burden of P. vivax malaria in South Asia and the
increased travel of immigrants between these regions and Europe (17). The incidence
rates of imported malaria attributable to P. ovale and P. malaria and mixed infections
are comparable to the incidence of infection in West Africa; it is argued that this reflects
the high proportion of immigrants from these regions (2, 6, 8, 18, 19).

In the United States, a similar picture has been described by the Centers for Disease
Control and Prevention. Between 1974 and 2014, the number of malaria cases diag-
nosed in the United States has been steadily rising. Between 2014 and 2015, a decrease
of malaria cases diagnosed was observed, which was explained by a decrease in
international travel, potentially associated with the Ebola outbreak (20). This was
followed by an increase in cases in 2016 (21). In 2016, malaria was mainly acquired in
Africa (91%), with West Africa accounting for the majority of cases. The remaining cases
were imported from the Caribbean, South America, Oceania, and the Middle East. Of
the cases in 2016, 58.5% were U.S. civilians, 28% were non-U.S. residents, and 11.5% of
individuals had unknown resident status; only 2% of cases were members of the U.S.
military (21). Like the situation in Europe, most imported cases in the United States
were due to P. falciparum (77%), followed by P. vivax (14%), P. ovale (5%), P. malariae
(3%), and mixed infections (1%).

The percentage of imported malaria attributable to immigrant populations has risen
significantly. In Europe, this percentage increased from 14% to 86% throughout the last
decade (4). Immigrants represented about 43% of cases of imported malaria reported
by European tertiary centers (4, 22). Furthermore, settled immigrants from malaria-
endemic countries who travel to visit friends and relatives in their countries of origin
constituted a high proportion of imported malaria cases. Those VFRs comprise about
70% of cases in some European settings and constitute the main risk group for
imported malaria in Europe (18, 23). This is particularly true for France and the UK,
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where the highest risk for imported malaria is carried by West African VFRs (5, 6).
Imported malaria in France accounts for 50% of all imported malaria in Europe, and
trends show a rise in the proportion of malaria patients with origins in sub-Saharan
Africa who live in France and visit family and friends in their country of origin (7). Similar
reports come from the United States, indicating that VFRs are among those most
affected by imported malaria, which was acquired mostly in West Africa (24, 25). Such
findings are reflected by the intense malaria transmission in sub-Saharan African
countries and patterns of travel between Africa and nonendemic settings (1, 8, 26).

Several factors are assumed to be responsible for the higher risk for acquiring
malaria in VFRs. First, they travel to high-risk destinations for longer periods of time.
Second, they have a lack of risk awareness due to previous residence in a malaria-
endemic area (27). Third, VFRs often do not seek pretravel advice, precluding prophy-
lactic medication. Factors for not accessing pretravel care may be related to cultural or
language barriers and a different risk perception when traveling in tropical regions
(28, 29).

Apart from West African VFRs, migrants from the Horn of Africa, specifically Eritrea,
have changed the profile of imported malaria in various European states, such as
Germany, Sweden, and Switzerland, in recent years (30-32). Since 2013, the arrival of
Eritrean immigrants and asylum seekers to Europe has caused a shift toward increasing
numbers of Plasmodium vivax malaria cases (31). Prior to 2013, P. falciparum was the
most prevalent Plasmodium species imported to Europe, primarily due to VFRs and
tourists returning from sub-Saharan Africa (27).

A recent study on imported malaria in pregnant women was conducted in Europe,
Japan, and the United States. Six hundred thirty-one pregnant women with imported
malaria were included, and it was demonstrated that pregnant VFRs were the main
at-risk population (58%). West Africa was the most common origin of malaria infections
in this population (33).

ACQUISITION OF SEMI-IMMUNITY TO MALARIA

It is a well-known phenomenon that individuals residing in malaria-endemic regions
progressively acquire a certain degree of immunity against clinical complications and
high parasitemia. However, immunity to malaria cannot be considered a sterile immu-
nity, as it does not prevent infection by the parasite but rather prevents clinical
manifestation and complications of disease (i.e., anti-disease immunity or clinical
immunity). Anti-parasite immunity is the ability to control parasite density upon
infection. Because immunity against malaria is not sterile, it is referred to as a semi-
immune state (34-36). It is believed that both anti-parasite and anti-disease immunity
develop gradually and in parallel, but anti-parasite immunity does take longer to
develop (37, 38) (Fig. 2). The acquisition of semi-immunity against malaria is of clinical
importance, as it may affect the clinical presentation, associated performance of
diagnostic tools, and ultimately the clinical management. Therefore, the following
sections of this review focus on the development of semi-immunity against malaria in
respective patient populations and its durability and natural decline in the absence of
exposure to malaria.

Acquisition of Naturally Acquired Immunity to Malaria

Naturally acquired immunity (NAI) to malaria is usually developed by individuals
living in a malaria-endemic area and results from being subjected to the parasite
repeatedly over several years. The acquisition of immunity is slow and requires re-
peated inoculations of the Plasmodium parasite by the Anopheles mosquito vector.
Moreover, protection from disease appears to wane in the absence of continuous
exposure. The rate of acquisition of naturally acquired immunity predominantly de-
pends on transmission intensity and age (34, 35). Classically, spleen rate (the proportion
of children with an enlarged spleen in a sample of the population) has been used to
estimate malaria endemicity, although a more accurate measure of transmission inten-
sity seems to be the entomological inoculation rate (the number of infectious mosquito

April 2020 Volume 33 Issue 2 e00104-19

Clinical Microbiology Reviews

cmr.asm.org 5


https://cmr.asm.org

Mischlinger et al. Clinical Microbiology Reviews

Full Partial Partial Premunition
susceptibility immunity premunition

100
= Severe
S —— Mild
2 go4 Parasitaemia
8
(7]
&
2 60
<@
Q.
[
(9]
a
% 40
c
2
2 20
o
a

0 T T
0 45 50

Age (years)

FIG 2 Relationship between age and malaria severity. Protection from malaria is acquired gradually with repeated exposure, first
against severe disease and then against clinical symptoms of disease, and at a lower rate against high levels of parasitemia.
Premunition means protection from illness but not from infection. (Adapted from reference 38 with permission from Elsevier.)

bites received per person per unit of time) (39). However, both measurements have
limitations, as spleen rate is nonspecific due to non-malaria etiologies causing enlarge-
ment of the spleen, and establishing the entomological inoculation rate requires
repeated measurements in representative sentinel sites, making this a resource-intense
endeavor. Parasite prevalence in children is a suboptimal estimate of disease burden for
reasons such as various levels of endemicity, long incubation time, complex pathoge-
nicity, and parasite multiclonality. More recently, a mathematical model of transmission
intensity using age-stratified antibody titers was introduced (40, 41).

Traditionally, transmission intensity is classified into hypo-, meso-, hyper-, and
holoendemicity. There is a negative correlation between the individual risk of adults
for severe disease and the risk of infection in a region (Fig. 3). Furthermore, intense
transmission drives the susceptibility to disease down the age range (34). Thus, in areas
of high transmission, the risk of severe disease is predominantly confined to small
children, pregnant women, and malaria-naive visitors. It has been shown that in areas
of low or unstable transmission (e.g., highland areas or the Sahel), there was still an
association between the development of anti-disease immunity and age (42). A study

Risk of disease

Incidence density

FIG 3 Hypothetical relationship between risk of disease and exposure. (A) A low but increasing incidence
density equates to a high risk of disease. (B) Further increase in incidence induces NAI, resulting in
decreasing risk of disease. (C) Sustained high incidence maintains the risk of disease at a low level. (D)
High risk of disease in those with inadequate NAI, such as small children. (Adapted from reference 49.)
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FIG 4 Prevalence of parasitemia across age groups in malaria-naive migrants to a malaria-endemic area.
Prevalence is largely uniform after 8 months of exposure, while at 20 months of exposure an age-distinct
pattern has developed. (Adapted from reference 43.)

conducted in Indonesian Papua compared age-dependent parasite prevalence in
malaria-naive migrants at an average of 8 months of risk for malaria infection (N = 689)
and at an average of 20 months of risk for malaria infection (N = 553) (Fig. 4). It was
shown that infection prevalence was similar across all age groups at 8 months of risk.
However, at 20 months of risk, a distinct age-specific infection pattern can be seen that
parallels infection patterns in endemic populations (43). In endemic areas, significant
correlations were demonstrated between the intensity of entomological inoculation
rate and incidence and density of parasitemia in young children (44-47). Furthermore,
an inverted age pattern for fatal clinical outcomes of acute and chronic malaria
episodes is demonstrated on a population level (34, 43) (Fig. 5).

It is known that interventions aimed at reducing the transmission intensity do
reduce the prevalence of malaria and, thus, morbidity and mortality (44, 46-48). The
notion that interventions reducing malaria transmission result in a subsequent loss of
population immunity, with all its potential negative impact in the case of malaria
resurgence, has been concerning researchers for some time (34). As Doolan et al. (34)
put it,

An intervention that pushes the attack rate below the threshold of risk of se-
vere disease does not necessarily cross below the threshold of exposure
needed to sustain acquired clinical immunity. However, there must be a
threshold of exposure to sustain clinical immunity, and it can be crossed by
interventions that diminish the risk of infection. If this threshold is crossed, an
increase in susceptibility to less frequent episodes of infection may occur.
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FIG 5 Age-related susceptibility to death in relation to acute or chronic exposure. (A) Case fatality rates

for malaria-naive American civilians (n = 1,111) traveling to malaria-endemic areas. (B) Mortality rates for
populations living in holoendemic West Africa show an inverse trend. (Adapted from reference 43.)
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(green arrows). Exposure to malaria by mosquito bites leads to low-level infections (only detectable by highly sensitive
methods, like PCR) that can progress into high-level infections (only those were included in the figure), some of which can lead
to clinical malaria (here defined as the presence of fever). Red lines indicate the inhibitory influence of immunity, and boxes
demonstrate how immunity depends on age and exposure (annual entomological inoculation rate [aEIR]). (Adapted from
reference 54.)

This was also demonstrated in the Garki Project, investigating the interruption of
malaria in a region of high transmission (50, 51). This is further supported by pediat-
ric hospital surveillance data in Kenya from 1991 to 2006, where it was shown that
the average age of malaria patients rose as transmission intensity declined; however,
the absolute number of annual malaria episodes remained comparable until trans-
mission crossed below a critical level (52). In an age-structured mathematical malaria
transmission model, the best model fit to reproduce real-life epidemiological age
prevalence data was gained by a model that incorporated clinical immunity (i.e., re-
ducing susceptibility to malaria) developing with age and parasite exposure. It was
shown that such modeled clinical immunity had a half-life of less than 5 years, while
a form of anti-parasite immunity (i.e., reducing parasitemia) had a half-life of above
20 years (53).

A recent modeling study investigated clinical (i.e., anti-disease) immunity and
anti-parasite immunity using data from three Ugandan pediatric cohorts (N = 1,021)
(37). Participants were recruited based on household surveys using random sampling
methods. The authors concluded that age and individual exposure (as measured by the
household annual entomological inoculation rate [aEIR]) were best at explaining both
types of immunity. Figure 6 demonstrates how infection progresses to disease and at
what stages of this progress immunity plays a role (37, 54). However, only high-parasite-
density infections were included, and active disease was defined only by the presence
of fever. Therefore, study results may be influenced by selection bias.

Naturally Acquired Immunity to Malaria within Certain Populations

Children. Surviving past the fifth year of life in a region of holo- or hyperendemic
malaria transmission is the result of repeated P. falciparum infections leading to a
considerable level of accumulated clinical immunity. Protection from symptomatic
disease occurs at an early age in areas of high transmission but rarely manifests before
2 years of age. The risk of severe disease in childhood has been shown to be lowest for
individuals residing in areas of heavy transmission (55), and immunity to noncerebral
severe malaria may be acquired only after repeated episodes of malaria (56). It has been
demonstrated that antibody titers to parasite-specific merozoite proteins have a short
half-life during early infancy (57, 58). In a randomized controlled trial, Guinovart et al.
found no evidence that the age of first exposure to malaria parasites during childhood
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determines the build-up of immunity. Interestingly, malaria incidence did not rise
significantly in the second year of children’s lives after exposure to P. falciparum
antigens had been considerably reduced throughout the first year of life. The authors
stated that the development of naturally acquired immunity would only be impaired in
the face of substantial reductions of parasite exposure (59). Later, in another random-
ized controlled trial, the age of the first P. falciparum infection was shown not to
influence the intensity of IgG responses, while earlier exposure was essential for
antibody production (60).

Pregnant women. The characteristics of naturally acquired immunity against ma-
laria substantially change during pregnancy. Despite accumulated immunity from
growing up in an endemic area, pregnancy seems to offset protection from malaria,
once again leaving women susceptible to severe illness, particularly during first and
second pregnancies (61-63). This loss of protection from malaria is likely due to the
general suppression of cell-mediated immunity during pregnancy and the lack of
immunity to pregnancy-specific isolates that sequester in the placenta (64-66). Gradual
clinical immunity is achieved with each subsequent pregnancy at least in part due to
the boosting of humoral immunity against P. falciparum VAR2CSA (PfVAR2CSA) anti-
gens (64, 65, 67). In the context of decreasing malaria prevalence, the decline in
immunity in pregnant women was shown to be modest over a 7-year period, with
differing antibody levels depending on the setting and use of insecticide-treated bed
nets (ITN) (68). Importantly, Mayor and colleagues found substantial declines in the
prevalence of malaria and a reduction of antimalarial antibodies, while the adverse
consequences of P. falciparum infections increased, in pregnant Mozambican women
who delivered infants between 2003 and 2012 (69).

Ethnic differences. There are also differences in susceptibility to malaria between
different ethnic groups, such as the Fulani and Dogon in Africa. Although it is well
established that the Fulani are better protected against clinical malaria than sympatric
ethnic groups, the immunological basis of this protection is not understood (70).

How Long Does Specific Immunity Last after Migration to a Nonendemic Country?

The question of the longevity of semi-immunity is important for multiple reasons.
First, the proportion of VFR travelers has consistently risen among all patients present-
ing with malaria in nonendemic countries (2, 4). Moreover, individuals with acquired
semi-immunity may be protected from severe disease, but this protection wanes over
time, again rendering these individuals at high risk for clinical disease and adverse
outcome. Generally, to maintain semi-immunity over time, regular exposure to malaria
parasites is required. Individuals from endemic countries residing in nonendemic areas
therefore progressively lose their semi-immunity (71). However, observations from an
area of Madagascar, where malaria returned after prolonged absence, suggest that
even after 20 years individuals previously exposed retained some immunity compared
to persons infected for the first time (72). Furthermore, an experimental study indicated
long-term persistence (>13 years) of the cellular and humoral response to P. falciparum
peptide antigens in West African migrants residing in France who had not returned to
Africa (73). The longevity of antibody responses has been shown to differ between
previously exposed and malaria-naive individuals (74, 75), although anti-PfEMP1 anti-
body responses in previously malaria-naive adults experiencing a single P. falciparum
infection have been detected 20 weeks after infection (76). While levels of antibodies
are known to wane, Ndungu et al. showed that P. falciparum can induce long-lasting
memory B cells that are maintained for up to 16 years in the absence of reexposure (77).
Mugyenyi and colleagues found that in areas of declining malaria transmission, loss of
humoral immunity is differential in a population of children. Over a 3-year period, while
AMA1 and MSP2 antibodies were found to drop substantially, other key functional
responses and antibodies to infected erythrocytes were better maintained (78). In a
prospective study in a nonendemic setting monitoring individuals diagnosed with
acute malaria over the course of a year, the magnitude of the antibody response to
whole lysed P. falciparum parasites was consistently higher in previously malaria-
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exposed individuals than in individuals infected for the first time (79). In the same study,
previously malaria-exposed individuals also showed a larger expansion of a subpopu-
lation of switched memory B cells than individuals with a primary infection.

A study on the Thailand-Myanmar border between 2001 and 2004 showed a
simultaneous decline in P. falciparum-specific antibody levels in participants and a drop
in P. falciparum transmission in the study area. Between 2007 and 2011, in the face of
emerging artemisinin resistance, the variability of individual antibody responses was
high, and high levels of antibody titers were correlated with faster parasite clearance
(80). There are several other studies suggesting that declining malaria transmission
results in declining antibody levels (81). In a 3-year study in age-matched children in
Mali, Portugal and colleagues determined that P. falciparum-specific antibody re-
sponses were more pronounced in participants carrying their infection throughout the
dry season. There was an observable decline of antibody levels during the dry season
in all study participants that was comparable in infected and uninfected individuals.
Arguably, this indicates that chronic asymptomatic parasite carriage in itself does not
maintain humoral immunity against malaria (82). However, its effect over the long term
has not yet been determined.

Despite having lived in nonendemic countries, often for multiple decades, P. falcip-
arum malaria was reportedly less common in VFRs from sub-Saharan Africa than in
nonimmune Caucasian travelers (7, 22, 83-85). Therefore, in this review we consider the
population of VFRs as having existing but declining immunity. As this specific popu-
lation is of major interest for this review, a more detailed discussion will take place in
various sections of this paper.

Need for Biomarkers Reflecting Semi-immunity

The fact that individuals engaging in VFR travels have often spent years to decades
in nonendemic countries is closely linked to the question of to what degree they are
still protected by semi-immunity to malaria. To better understand this phenomenon, a
robust biomarker reflecting the degree of exposure to Plasmodium spp. or the degree
of anti-disease and anti-parasite immunity would be required. Therefore, the scientific
community has been engaged in the search for modern biomarkers for some time.
Individuals living in malaria-endemic areas show an array of different Plasmodium
species proteins, which may be protective or serve as serologic indicators of parasite
exposure. In the following paragraphs, we try to highlight past endeavors in the search
for biomarkers reflecting exposure to Plasmodium parasites.

In a large study conducted in a Papua New Guinean population, more than 30
recombinant merozoite proteins of P. vivax were studied for their potential value in
acquired immunity. Out of those 30 proteins, the 12 with the highest immunoreactivity
were selected for further analysis. The data indicate that the antibodies are good
markers of cumulative exposure, increasing with age (reflecting the number of infec-
tions acquired over time), and that some of them can also be valuable indicators of
current P. vivax infection. High levels of IgG to PVX_081550, P41, and P12 were
associated with protective immunity. Additionally, children with elevated titers of IgG
to PVX_081550 and P41 had a significantly lower risk of clinical P. vivax malaria.
Unfortunately, high levels of IgG to PVX_081550, P41, and P12, associated with pro-
tection against P. vivax, evidently were not correlated with a risk of clinical episodes
caused by P. falciparum (86). Screening for specific IgG antibodies to a large number of
different recombinant Plasmodium proteins in an exposed population at risk may be a
useful approach in identifying new targets of natural malaria immunity. An extension
of this approach in Papua New Guinea detected levels of total and IgG subclasses
against six P. vivax proteins of the reticulocyte-binding protein family (PvRBPs), reveal-
ing that antibodies to the reticulocyte-specific binder PvRBP2b and the nonspecific
binder PvRBP1a were strongly associated with a lower risk of clinical malaria in young
children (87).

A study describing the seroprevalence of antibodies to P. vivax CelTOS (cell-traversal
protein for ookinetes and sporozoites) and two major circumsporozoite proteins (CSP;
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predominant sporozoite-coating antigen) variants, CSP210 and CSP247, in inhabitants
from the Thailand-Myanmar border showed that IgG positivity was persistent over a
1-year period. There was no significant difference in mean antibody titers against
preerythrocytic antigens in patients with or without quantitative PCR-detectable blood-
stage parasites, but the magnitude of the response significantly declined over time (88).
Responses to CSP antigen have been assessed frequently in populations exposed to
both P. falciparum and P. vivax (89).

In a subsequent cross-sectional survey conducted in a low-transmission region of
western Thailand, a strong IgG reaction to 11 different proteins, including CSP and
molecules involved in binding to or invasion of reticulocytes, was documented during
concurrent P. vivax infection in asymptomatic residents with only a low parasite density.
Arguably, this indicates the potential utility of such antigens to be used as biomarkers
reflecting exposure to parasites or specific immunity (90, 91).

An immunoserological survey of rural Amazonians from the equatorial rain forest
located in northwestern Brazil documented that naturally acquired strong anti-PvDBP
(P. vivax Duffy binding protein) IgG response is positively correlated with clinical
immunity to malaria in a population exposed to low levels of parasite transmission. It
was suggested that long-lasting PvDBP-specific antibodies elicited by a vaccination is
promising in the prevention of P. vivax infection and clinical disease (92). A systematic
literature review involving populations from the Brazilian Amazon Basin underlines the
role of specific 1gGs against the PYMSP1,, molecule as a predictor of exposure to
malaria (89). Several reports from Turkey, Papua New Guinea, and Brazil indicate an
elevation of the levels of PvMSP-1,4 molecules during P. vivax infections. However,
other reports highlight significant heterogeneity within immune responses to the
PVMSP-1,, molecule; this even includes a study reporting decreased levels of PvMSP-
1,5 molecule during P. vivax infection (93).

The question of whether merozoite antigens of P. falciparum can serve as markers
for naturally acquired protective immunity has been addressed by various authors.
Doolan and colleagues developed an original algorithm that explains the individual
profile of specific antibody responses following either vaccination or infection by
natural or experimental exposure to malaria parasites to identify potential vaccine
candidates. Using a new DNA microarray approach, the authors were able to evaluate
250 P. falciparum recombinant proteins associated with partial immunity in naturally
exposed subjects. Protection developed in volunteers immunized with radiation-
attenuated sporozoites and in malaria-naive individuals, and they selected 72 of them
with the highest immunological reactivity. Antigens expressed solely during the
preerythrocytic stage of infection, including liver-stage-specific antigens, were domi-
nant in naturally exposed individuals (94).

In Senegalese villagers, the presence of specific IgG3 in response to MSP3 (mero-
zoite surface protein 3) demonstrated a strong association with clinical immunity
against malaria independently of the age group. Naturally developed anti-MSP3 1gG3
antibodies in young children also could be elicited by vaccination in naive volunteers,
providing long-term clinical protection for at least 6 years (95). In the highly P. falcip-
arum endemic region of Vietnam, elevated levels of specific antibodies to MSP4
(merozoite surface protein 4) were detected in inhabitants of Khanh-Hoa province,
supporting the lysis of free merozoites by means of opsonization and the complement
system. Several immunoepidemiological investigations showed correlations between
protective immunity against P. falciparum infection and the presence of MSP1 (mero-
zoite surface protein 1) antibodies, a well-studied protein and important vaccine
candidate. According to Wang et al, when IgG antibody responses to MSP1 were
measured in Vietnamese residents, no correlation with protective immunity was ob-
served, as indicated by the presence of P. falciparum parasitemia during follow-up (96).

Boyle and colleagues underlined a role of the first factor of the classical complement
cascade on the surface of merozoites (C1q), which is responsible for lysis and inhibition
of invasion, in a synthesis of protective IgG of cytophilic IgG1 and 1gG3 subclasses
against P. falciparum (90).
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In a recent study, performed in the central provinces of Vietnam, the authors
observed an association between IgG seroprevalence and increasing age, with only
minimal variation of antibody responses to PfAMAT1 (P. falciparum apical membrane
antigen 1) and PvAMAT1 (P. vivax apical membrane antigen 1) in a representative
population of residents. The authors argued that such antigens could be better suited
for investigations of long-term changes of parasite exposure in a population. It was
concluded that the close to 100% seroprevalence of P. falciparum in persons of higher
age is explained by the long-term exposure to high levels of P. falciparum transmission
and the presence of specific IgG against the PFAMA1 antigen, which has a long half-life.
However, specific IgG antibodies against PfGLURP-R2 (P. falciparum glutamate-rich
protein R2) were considered a favorable indicator of recent exposure due to their
shorter half-life of approximately 6 months (97). In another immunodiagnostic survey
conducted in Cambodia, IgG-specific antibodies against LSA3-RE (liver stage recombi-
nant antigen 3), as well as GLURP and PfGLURP-R2 antigens, characterized by a short
half-life, were considered good clinical markers of a recent infection with P. falciparum
(98).

Multicenter studies involving all Plasmodium species, including mixed infections, in
larger populations from diverse geographical areas of the world reflecting different
levels of malaria endemicity now are required to validate scientific laboratory findings
and select proteins that could be valuable practical biomarkers of immune status of an
individual patient and his/her exposure to infection.

Evidence on Development of Clinical Malaria According to Immune Status

Studying the natural course of clinical malaria in nonimmune individuals has been
problematic, as it is unethical not to treat somebody who is symptomatic. Therefore,
much evidence on the topic comes from historic studies on iatrogenic malaria infec-
tions for the treatment of neurosyphilis (99-103). Infection was induced either by
exposure to malaria-infected mosquitos or by directly applying parasites via intrave-
nous or intramuscular injections of blood freshly obtained from patients harboring
malaria parasites. These studies indicate that primary infection with P. falciparum or P.
vivax in nonimmune individuals leads to a high peak parasitemia. Clinical symptoms,
including fever, occur at a relatively low parasitemia in this patient population (99-101,
104). This is consistent with recent results from controlled human malaria infection
(CHMI) trials, in which nonimmune individuals experience symptoms at low, and at
times submicroscopic, levels of parasitemia (105). Subsequent infections are progres-
sively associated with lower levels of parasitemia, and fever occurs at comparatively
higher parasitemia thresholds, indicating the development of specific immunity in
response to parasite exposure. For P. ovale or P. malariae, initial parasitemia rarely
reaches above 10,000 parasites per microliter, even during primary infection in a
malaria-naive individual, and tend to stay at low levels during subsequent infections
(102, 103). In the previous century, no similar research was conducted on P. knowlesi
infections in humans; however, P. knowlesi is known to be associated with high
parasitemia and clinical complications (106, 107).

CLINICAL AND LABORATORY CHARACTERISTICS

As mentioned above, the epidemiological picture of patients with imported malaria
has changed over recent decades. This raises the important question of whether
clinically important variables differ between nonimmune persons and persons with
various degrees of semi-immunity. Owing to the lack of a robust marker of immunity,
which is easy to measure and reflects individual immunity against malaria in a patient,
the duration of residency in a malaria-endemic versus nonendemic country is most
commonly used as the only available surrogate (108, 109). Individuals growing up in a
malaria-endemic country and traveling to a nonendemic country are considered semi-
immune. The population of VFRs is characterized by existing but declining semi-
immunity. However, due to the difficulty of adjusting for individual risk and travel
patterns, some residual bias is certainly inherent to this classification system. The
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following section compares clinical outcomes between nonimmune patients and pa-
tients with various degrees of semi-immunity (Table 1).

Comparison of Clinical and Parasitological Outcomes between Populations with
Declining Semi-immunity and Nonimmune Travelers

The degree of clinical and parasitological outcomes of malaria-infected persons is a
function of various factors related to the parasite, the environment, and the individual.
Parasite-related factors include the infective Plasmodium species, the specific parasite
strain, multiplicity of infection, and potentially other factors, such as specific drug
resistance of the parasite. Patient-related factors include acquired immunity, natural
resistance against infection by genetic mutations, and potential drug intake for che-
moprophylaxis or treatment, whereas environmental factors are mostly associated with
the potential of parasite transmission by the Anopheles vector.

A retrospective study from Sweden assessed the clinical outcome of malaria in
African immigrants (n = 315) according to their duration of residency in Sweden (110).
The authors demonstrated an association between duration of residency in this non-
endemic region and poor clinical outcomes. Immigrants who had lived in Sweden for
less than 10years had better clinical outcomes than those residing in Sweden for
10 years and more. Those with residency of 15 or more years (n = 74) had outcomes
similarly as poor as those for nonimmune travelers (n = 186). This includes comparable
proportions of both groups experiencing severe malaria, admission to intensive care
units (ICU), or presenting with a risk factor for adverse outcome, such as impaired
consciousness, acidosis, circulatory collapse, convulsions, pulmonary edema, or abnor-
mal bleeding (110).

A similar retrospective study from France compared clinical characteristics of immi-
grants from sub-Saharan Africa who presented with malaria. They included only
individuals who had lived in France for 15 years and longer and had recently traveled
to visit friends and relatives (VFRs; n = 106). As a comparison, the same outcomes were
investigated in nonimmune travelers of European origin (n =240) (7). This study
demonstrates that rates of severe malaria among all patients with P. falciparum malaria
were 3% for the VFR group and 11% for the nonimmune European group (P = 0.02).
Moreover, in this study, Europeans had less favorable parasitological and laboratory
parameters than VFRs, despite the fact that 43% of Europeans showed good compli-
ance with antimalarial prophylaxis compared with only 15% of VFRs. Such parameters
comprise initial parasitemia above 2% in 24% (56/233) of Europeans versus 16% (15/96)
of VFRs (P = 0.09), hemoglobin below 10 g/dl in 13% (30/232) of Europeans versus 6%
(6/104) of VFRs (P = 0.06), and thrombocytopenia below 50,000/mm?3 in 19% (45/232)
of Europeans versus 10% (10/104) of VFRs (P = 0.03). However, after adjusting for
various confounders in a multivariable model, the only factor that was still indepen-
dently associated with VFRs was that this group was 75% less likely to experience
severe malaria than Europeans (adjusted odds ratio [OR], 0.25; 95% confidence interval
[Cl], 0.074 to 0.846) (7).

A prospective hospital-based study on P. falciparum malaria from France compared
clinical characteristics of nonimmune European travelers (n = 99) and VFRs (n = 252)
who had lived in France for a minimum of 4 years (83). The median duration of VFRs’
residence in France was 14 years (range, 4 to 45 years), and the authors did not stratify
clinical characteristics for various intervals of VFRs' length of stay but presented
summary measures for the whole VFR group. They demonstrated that the mean
parasitemia was lower in VFRs than in nonimmune Europeans (0.8% versus 1.4%;
P = 0.007). Additionally, among all Europeans (n = 99), 15.2% experienced severe
malaria versus 4.4% among all VFRs (n = 252) (P = 0.0005), so that the odds for severe
malaria was 4.3-fold higher in Europeans than in VFRs (OR, 4.3 [95% Cl, 1.6 to 11.9]).
Thrombocyte numbers were higher in VFRs than in Europeans, with 119.6 + 55.7
(10%/liter) and 105.7 = 59.2 (10%/liter), respectively (P = 0.04), while hemoglobin was
lower in VFRs than in Europeans (12.8 = 1.7 g/dl versus 13.6 = 1.6 g/dl; P = 0.0003).
Furthermore, fever clearance and parasite clearance times were more favorable for VFRs
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TABLE 1 Comparison of clinical outcomes between (partially) semi-immune and nonimmune travelers with imported malaria based on

studies stratified by immunity status

Country of  Study

Reference study design® Population(s) Outcome Findings®

Farnert et al. (110) Sweden Retrosp. (i) Africans, lived in Sweden Presence of WHO-defined Africans having lived in Sweden for
for <1 year (n = 57); (ii) criterion for severe 10-14 years and =15 years were
Africans, lived in Sweden malaria similar to Swedes concerning

for 1-4 years (n = 52); (iii)
Africans, lived in Sweden
for 5-9 years (n = 67); (iv)
Africans, lived in Sweden
for 10-14 years (n = 50);
(v) Africans, lived in
Sweden for =15 years (n =
74); (vi) Swedes (n = 186)
Presence of severe
clinical signs

ICU admission

Pistone et al. (7) France Retrosp. (i) Africans, lived in France for Presence of WHO-defined
=15 years (n = 106); (ii) criterion for severe
Europeans (n = 240) malaria

Bouchaud et al. (83) France Prosp. (i) Africans, lived in France for Presence of WHO-defined
a median of 14 (4 min, 45 criterion for severe
max) years (n = 252); (ii) malaria

Europeans (n = 99)
Percent parasitemia

Fever clearance time

Parasite clearance time

Phillips et al. (85) UK Prosp. (i) Africans with main Presence of WHO-defined
residency in the UK for criterion for severe
preceding 12 months (n = malaria

309); (ii) Asians (n = 94);
(i) Europeans (n = 79)

Presence of unfavorable
outcomes

severe malaria, defined
according to WHO criteria (9.7%
and 10.0% vs 9.5%); Africans
having lived in Sweden <10
years had lower proportions of
WHO-defined severe malaria
(range of proportions, 4.2% to
8.8%)

Africans having lived in Sweden for
=15 years had a proportion of
severe signs similar to those of
Swedes (8.1% and 6.5%,
respectively); Africans having
lived in Sweden <15 years had
lower proportions of severe
signs (range of proportions, 3.2%
to 3.9%)

Proportion of Africans having lived
in Sweden for =15 years and
being admitted to ICU similar to
that of Swedes (9.2% and 9.7%,
respectively); Africans having
lived in Sweden <15 years were
admitted to ICU less often (range
of proportions, 3.2% to 6%)

Adjusted OR, 0.25 (95% Cl, 0.074 to
0.846), indicating less frequent
occurrence of severe malaria in
Africans

Crude OR, 4.3 (95% Cl, 1.6 to 11.9),
indicating more frequent
occurrence of severe malaria in
Europeans

Mean parasitemia was lower in
Africans than in Europeans (0.8%
vs 1.4%; P = 0.007)

Mean fever clearance time was
shorter in Africans than in
Europeans (40.1 = 24.6 vs.

54.6 + 24 h; P < 0.0001)

Mean parasite clearance time was
shorter in Africans than in
Europeans (56.1 = 31.2 vs
62.5 = 30.5 h; P = 0.03)

Compared with Africans, the
adjusted OR for severe malaria
was 8.05 (95% Cl, 2.93 to 22.1)
and 8.2 (95% Cl, 2.94 to 22.9) for
Asians and Europeans,
respectively

Compared with Africans, the
adjusted OR for an unfavorable
outcome was 4.78 (95% Cl, 2.47
to 9.23) and 3.88 (95% Cl, 1.96
to 7.71) for Asians and
Europeans, respectively
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TABLE 1 (Continued)
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Country of
study

Study

Reference design® Population(s)

Outcome Findings®

Koopmans et al. (112)  Netherlands  Prosp. (i) Nonimmune patients (n =
246); (ii) partially immune
patients (n = 198); (iii)
semi-immune patients

(n=9)

Length of hospitalization =~ Compared with Africans,
hospitalization was, on average,
40% (95% Cl, 19% to 64%) and
34% (95% Cl, 14% to 57%)
longer for Asians and Europeans,
respectively (P < 0.001)

Proportion of nonimmune patients
with AKI (74%) was higher than
proportion of nonimmune
patients without AKI (55%) (P =
0.007); concordantly, the
proportion of partially immune
(26%) and semi-immune patients
(0%) with AKI was lower than
the proportion of partially
immune (45%) and semi-immune
patients (2%) without AKI (P =
0.06 and P value not applicable,
respectively)

Acute kidney injury (AKI)

9Retrosp., retrospective; Prosp., prospective.

bProportions were extracted geometrically from figures, as they were not presented in the main text.

than for Europeans: VFR fever clearance time was 40.1 =24.6h compared with
56.1 £31.2h in Europeans (P < 0.0001), and the VFR parasite clearance time was
54.6 = 24 h compared with 62.5 = 30.5h in Europeans (P = 0.03). Additionally, the
authors measured antibody titers against P. falciparum and demonstrated that these
were higher in VFRs than in Europeans, which corresponds with the clinical findings.

In London, UK, a prospective study looked at returning travelers with malaria who
had their main residency in the UK for the preceding 12 months (85). Among all who
were diagnosed with falciparum malaria (N = 482) over a period of 16 years, 309
self-identified to be of African, 94 of Asian, and 79 of Caucasian ethnicity. Compared
with Africans, the confounder-adjusted odds for severe malaria was 8.2-fold (95% Cl,
2.94 t0 22.9) higher for Caucasians and 8.05-fold (95% Cl, 2.93 to 22.1) higher for Asians.
This potentially reflects a previous high parasite exposure in the individuals’ African
country of origin. Reporting a previous malaria episode led to 65% reduced odds for
severe P. falciparum malaria (adjusted OR, 0.35; 95% Cl, 0.15 to 0.80). Unfavorable

nou

outcomes, defined as “death,

admission to intensive care unit,” and “length of stay in

the hospital of 5 days or more,” were much more common in Caucasians (adjusted OR,
3.88; 95% Cl, 1.96 to 7.71) and Asians (adjusted OR, 4.78; 95% Cl, 2.47 to 9.23) than in
Africans. The authors did not present parasite density stratified by ethnicity but
reported that patients with a parasite density of 2% and above had an increased odds
ratio of experiencing severe malaria (adjusted OR, 4.93; 95% Cl, 2.22 to 11.0) and an
unfavorable outcome (adjusted OR, 4.38; 95% Cl, 2.46 to 7.79) compared with those of
patients having a parasite density lower than 2%. Lastly, the duration of hospitalization
was, on average, 40% (95% Cl, 19% to 64%) and 34% (95% Cl, 14% to 57%) longer for

Asians and Caucasians, respectively, than for Africans (P < 0.001).

All of the above-mentioned findings are somewhat in discordance with a study from
the Hospital of Tropical Diseases in London, UK, which prospectively recruited returning
travelers (n = 99) with P. falciparum malaria over a 2-year period (111). The authors
concluded that there is no robust marker reflecting individual immunity to malaria;
therefore, they classified all patients into two groups of mild and severe disease
according to modified WHO criteria. Among patients with mild disease (n = 74), 28%
were of European, 69% of African, and 3% of other ethnicity, while among patients with
severe disease (n = 25), 28% were of European, 60% of African, and 12% of other
ethnicity (P = 0.18). As this study had an exploratory study design, lacking formal a
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priori sample size calculations, it may have been underpowered for detecting differ-
ences in the proportion of ethnicities between groups of mild and severe malaria
disease. The data suggest that the proportion of Africans (those with potential semi-
immunity) was higher in those with mild disease (69%) than in the group with severe
disease (60%), even though the proportion of Europeans (potentially nonimmune) was
the same in both groups (28% and 28%). However, those of other ethnicities (poten-
tially nonimmune) were 4-fold more common in the severe disease group (12%) than
in the mild disease group (3%).

A prospective hospital-based study from Rotterdam, Netherlands, investigated the
role of immunity against malaria and acute kidney injury (AKI) in malaria patients (112).
They demonstrated that the proportion of nonimmune patients with acute kidney
injury was higher than the proportion of nonimmune patients without acute kidney
injury (74% [28/38] versus 53% [218/415]; P = 0.007). Concordantly, the proportion of
patients with partial immunity and semi-immunity among all patients with acute
kidney injury was lower than that among those without acute kidney injury (26%
[10/38] versus 45% [188/415], P = 0.06, and 0% [0/38] versus 2% [9/415], P value not
applicable, respectively). Partial immunity was defined as having been born in a
malaria-endemic country with current residence in the Netherlands.

Adherence to antimalarial chemoprophylaxis was associated with a reduced risk for
severe disease in several studies (84, 113, 114). Many of these studies did not have
detailed information on the use of chemoprophylaxis, and it may be hypothesized that
most returning travelers who presented to respective hospitals with malaria were not
adherent to prophylaxis.

In a cross-sectional study from Israel, which focused on treatment outcomes of
nonimmune malaria patients (n = 135), increasing age was identified as an indepen-
dent risk factor for mortality (115). Subjects of 40 years or older had 4.29-fold elevated
odds of experiencing a fatal malaria episode compared with those of younger subjects
(95% Cl, 1.25 to 14.74). There were no differences with regard to severity of disease
between males and females. A meta-analysis presented in the same study concluded
that the overall odds ratio for the above-mentioned association was 3.97 (95% Cl, 2.62
to 6.02) (115). No such data exist for VFRs; however, data from malaria-endemic
countries indicate that mortality rates are highest for young children (group of no/low
immunity) and lowest for adults (group with semi-immunity) (34). Given that young and
old VFRs have a similar degree of semi-immunity, case fatality rates may also be higher
in old VFRs than in young VFRs.

In summary, these findings support the hypothesis of long-term persistence of
anti-disease immunity against malaria to a certain degree. Large observational studies
included in this review have almost consistently reported some degree of protection for
at least a 10-year period postarrival in nonendemic countries. Evidence of protection
largely concerned milder clinical presentation in VFRs and smaller proportions of VFR
patients with severe malaria than presentation in nonimmune patients. To a lesser
extent, there was evidence of remaining anti-parasite immunity in populations with
declining semi-immunity.

Diagnostic Performance of Clinical Symptoms, Signs, and Laboratory Values in
Semi-immune and Nonimmune Patients

Textbooks on tropical medicine denote malaria as a tropical disease that involves
episodes of fever (116). However, it is believed that malaria symptoms are nonspecific
regardless of immune status. In the past, few studies investigated the prognostic value
of clinical symptoms in imported malaria using gold-standard methodologies to ascer-
tain diagnostic validity, such as likelihood ratios or sensitivity and specificity. A system-
atic review and meta-analysis by Taylor et al. investigated a total of 14 variables (clinical
symptoms, signs, and laboratory characteristics) for their predictive value to diagnose
malaria (117). They demonstrated that for nonimmune returning travelers, no diagnos-
tic item was considerably more frequent in patients with malaria than in patients
without malaria, as would be indicated by a positive likelihood ratio (LR+) above 10.
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The most favorable positive LRs were associated with splenomegaly (LR+, 6.5; 95% Cl,
3.9 to 11.0) and hyperbilirubinemia above 1.2 mg/dl (LR+, 7.3 [95% Cl, 5.5 to 9.6]).
Other favorable positive LRs were 4.5 (95% Cl, 1.7 to 12.0) for jaundice and 5.6 (95% Cl,
4.1 to 7.5) for thrombocytopenia. Fever, a clinical sign that is regarded by many authors
to be closely associated with malaria, had an LR+ of 5.1 (95% Cl, 4.9 to 5.3). While this
is doubtlessly valuable supplementary information for determining malaria status,
focusing solely on fever as the main symptom is misleading, which is well demon-
strated by its specificity as a predictive sign for malaria of 82.3% (95% Cl, 81.9 to 82.7).
A specificity of 82.3% indicates that fever was also present in 17.7% of patients with
conditions other than malaria, which is not surprising in a population of returning
travelers from tropical or subtropical regions. Furthermore, the most favorable negative
likelihood ratio (LR—) was associated with fever (LR—, 0.12; 95% Cl, 0.10 to 0.15),
indicating that the absence of fever was almost 10-fold less common in malaria cases
than in patients without malaria. This is also well demonstrated by the sensitivity of
fever, i.e., 90% (95% Cl, 88 to 92), indicating that 10% of those who actually had malaria
did not have a fever at presentation. Due to the replication cycle of malaria blood
stages of 24 to 72 h depending on the Plasmodium species, a history of fever in the last
48 or 72h may have an even more favorable LR— due to potentially increased
sensitivity, although systematic evaluation of this hypothesis is still lacking (38, 105). It
is important to note that most studies had fever as a (co-)criterion for patient inclusion,
and meta-analyses for fever are based on a single study (n = 30,221). Therefore, due to
the paucity of high-quality studies, the diagnostic performance of fever, as indicated by
LRs, may be limited (117). It should be noted that the presence of cough was 25-fold
less common in malaria patients than in other patients (LR+, 0.04 [95% Cl, 0 to 0.56]),
constituting a potential sign to rule out malaria in nonimmune returning travelers.

To the best of our knowledge, there are no studies that investigated the predictive
value of clinical symptoms in semi-immune returning travelers with similar method-
ological quality. However, Taylor et al. also provided diagnostic performance indicators
of symptoms and signs for patients with semi-immunity in malaria-endemic countries
demonstrating that associations were much weaker (117). The most favorable positive
LRs were splenomegaly for both adults and children, with an LR+ of 3.1 (95% Cl, 1.9 to
4.4) and 3.4 (95% Cl, 1.2 to 9.8), respectively. The most favorable negative LRs were
chills/rigors for adults with an LR— of 0.69 (95% Cl, 0.56 to 0.84) and headache for
children with an LR— of 0.67 (95% Cl, 0.52 to 0.87).

Differential Blood Count and Laboratory Characteristics (Differences between
Populations with Declining Semi-immunity and Nonimmune Travelers)

Malaria can cause nonspecific alterations in the differential blood count. An obser-
vational study from Munich recruited 210 malaria patients and 210 healthy controls
(matched for age and sex) to investigate alterations of differential blood count and
stratified results by individual immune status (Table 2) (118). They demonstrated a
positive correlation of parasitemia with neutrophil counts and a negative correlation of
parasitemia with thrombocyte, lymphocyte, and leukocyte counts in all patients. Fur-
thermore, the neutrophil-to-lymphocyte count ratio (NLCR) and monocyte-to-
lymphocyte count ratio (MLCR) were evaluated. While NLCR constitutes a proposed
parameter reflecting the severity of iliness and inflammation in intensive care patients,
the MLCR was described as a potential parameter to assess the risk of clinical mani-
festation of malaria (119, 120). Both median (interquartile range [IQR]) NLCR and MLCR
were higher in nonimmune malaria cases than in controls (2.88 [1.66 to 5.19] versus 1.7
[1.2 to 2.4], P<0.001, and 0.32 [0.17 to 0.52] versus 0.16 [0.1 to 0.25], P < 0.001,
respectively). On the contrary, for semi-immune patients there was weak evidence for
such differences; median (IQR) MLCR was 0.2 (0.1 to 0.35) in cases and 0.1 (0.07 to 0.21)
in controls (P = 0.19), while median (IQR) NLCR was 1.86 (1.31 to 3.19) in cases and 1.69
(0.77 to 2.83) in controls (P = 0.53). However, despite a potentially smaller effect size for
semi-immune patients, the authors partly attributed nonsignificant P values to a very
small sample size of semi-immune control subjects (n = 5). Furthermore, the NLCR was
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TABLE 2 Comparison of laboratory characteristics between (partially) semi-immune and nonimmune travelers with imported malaria

based on studies stratified by immunity status

Findings

Reference Country Study design  Population(s) Outcome(s)?
Behrens-Riha et al. (118) Germany Matched
case-control patients and controls MLCR
study (n = 71); (ii)

nonimmune malaria
patients and controls
(n = 349)

NLCR

Chiwakata et al. (126) Germany Prospective (i) Nonimmune patients  Procalcitonin
with uncomplicated

malaria (n = 20); (ii)

semi-immune patients

with uncomplicated

malaria (n = 16); (iii)

patients with severe

malaria (n = 30)

(i) Semi-immune malaria Peripheral blood Both median (IQR) NLCR and MLCR were

higher in nonimmune malaria cases than
in controls (2.88 [1.66 to 5.19] versus 1.7
[1.2 to 2.4], P < 0.001, and 0.32 [0.17 to
0.52] versus 0.16 [0.1 to 0.25], P < 0.001);
for semi-immune patients there was weak
evidence for such differences; median
(IQR) MLCR was 0.2 (0.1 to 0.35) in cases
and 0.1 (0.07 to 0.21) in controls (P =
0.19), while median (IQR) NLCR was 1.86
(1.31 to 3.19) in cases and 1.69 (0.77 to
2.83) in controls (P = 0.53)

Nonimmune patients with an MLCR of =0.27

had 5.92-fold higher adjusted odds (95%
Cl, 3.66 to 9.59) to be a malaria case than
a control; this equaled a sensitivity and
specificity of an MLCR of =0.27 to detect
malaria of 59% and 80%, respectively, in
nonimmune patients; for semi-immune
patients there was insufficient evidence for
a similar effect (OR, 3.9 [95% Cl, 0.5 to
27.43]; P = 0.20); however, the MLCR
cutoff was set at =0.15; concordantly,
nonimmune patients with an NLCR of
=0.25 had an adjusted OR of 5.24 (95% Cl,
3.25 to 8.45) to be malaria positive than
malaria negative, while for semi-immune
patients with an NLCR of =0.15 there
again was no sufficient evidence for a
similar effect (P = 0.98); however, the
sensitivity and specificity of an NLCR of
=0.25 to detect severe malaria in semi-
immune patients were 63.6% and 80%,
respectively

Nonimmune patients with uncomplicated

malaria had a geometric mean
concentration of 1.1 ng/ml, semi-immune
patients with uncomplicated malaria of 2.4
ng/ml, and those with severe malaria of
10.7 ng/ml (P < 0.001)

MLCR, monocyte-to-lymphocyte count ratio; NLCR, neutrophil-to-lymphocyte count ratio.

higher in severe malaria cases than in cases with uncomplicated malaria; however,
MLCR was lower in severe malaria than in uncomplicated malaria (118, 121). Addition-
ally, the effect of modification of immune status was revealed. NLCR and MLCR were
consistently higher in nonimmune patients than in semi-immune patients. A logistic
regression model adjusting for age and sex showed the following associations, strati-
fied for nonimmune and semi-immune patients. MLCR and NLCR cutoffs were set to
reflect the lower bound of the 95% Cl in malaria cases. Nonimmune patients with an
MLCR of =0.27 had 5.92-fold higher adjusted odds (95% Cl, 3.66 to 9.59) of being a
malaria case than a control. This equaled a sensitivity and specificity of an MLCR of
=0.27 to detect malaria of 59% and 80%, respectively, in nonimmune patients. For
semi-immune patients, there was insufficient evidence for a similar effect (OR, 3.9 [95%
Cl, 0.5 to 27.43], P = 0.20); however, the MLCR cutoff was set at =0.15. Concordantly,
nonimmune patients with an NLCR of =0.25 had an adjusted OR of 5.24 (95% Cl, 3.25
to 8.45) to be malaria positive rather than malaria negative, while for semi-immune
patients with an NLCR of =0.15, there again was no sufficient evidence for a similar
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effect (P = 0.98). However, the sensitivity and specificity of an NLCR of =0.25 to detect
severe malaria in semi-immune patients were 63.6% and 80%, respectively.

A study group from the Netherlands investigated the differential leukocyte counts
of nonimmune malaria-infected individuals (n = 39) as part of controlled human ma-
laria infection trials (CHMI) (122). During the hepatocytic parasite cycle, there was a
statistically significant increase of total white blood cell count, lymphocyte count, and
monocyte count but at levels that may not be clinically relevant (thus, they are not
reported here). During the subsequent erythrocytic parasite cycle, clinically relevant
leukocytopenia (nadir median of 3,300/ul; P = 0.0001), lymphocytopenia (nadir median
of 700/ul; P=0.0001), and borderline neutropenia (nadir median of 1,500/ul;
P = 0.0001) occurred. Parasite density negatively correlated with absolute lymphocyte
count (Spearman’s rho, —0.46; P < 0.001) and positively correlated with NLCR (Spear-
man'’s rho, +0.5; P < 0.001), which reached a maximum at 4.0. After parasite clearance,
differential blood count changes normalized.

Various studies have investigated the role of procalcitonin (PCT) in human malaria
infection and concluded that it is elevated during clinical episodes of malaria (123-125).
PCT has been shown to correlate with malarial parasite density (r = 0.53; P = 0.027)
(125). However, few studies reported results stratified by immune status. A prospective
clinical study from Hamburg compared serum levels of PCT among nonimmune
patients with uncomplicated falciparum malaria (n = 20), semi-immune patients with
uncomplicated falciparum malaria (n = 16), and patients with severe falciparum malaria
(n =30) (126). While normal values of PCT are expected to be below 0.5ng/ml,
nonimmune patients with uncomplicated malaria had a geometric mean concentration
of 1.1 ng/ml, semi-immune patients with uncomplicated malaria of 2.4 ng/ml, and
those with severe malaria of 10.7 ng/ml. The authors performed t tests for hypothesis
testing among the three groups, all yielding results at a Pvalue of <0.001. Among
those with severe malaria, 6 had a fatal outcome and their PCT levels had a range of
25.6 to 132.1 ng/ml. A case report of two pediatric patients from ltaly with severe
cerebral malaria suggests that nonimmune children with severe disease also have
extremely high levels of PCT at admission. PCT at baseline for the two patients were
6.3 ng/ml and 100 ng/ml, respectively, falling after treatment initiation with PCT of
4.4 ng/ml and 25.6 ng/ml at day 1 posttreatment and PCT of 3.2 ng/ml and 4 ng/ml at
day 2 posttreatment (127).

Additionally, three studies from Rotterdam evaluated the role of plasma lactate and
hyponatremia and the presence of schizonts in nonimmune travel medicine patients
with malaria but not in semi-immune travelers (128-130). First, if plasma lactate was
above the upper range, the odds for severe malaria were 31-fold (OR, 31; 95% Cl, 6 to
164) increased, which is in line with the current definition of severe malaria; its
sensitivity to detect severe malaria was 67%, and specificity was 94% (128). Second, for
nonimmune malaria patients with serum sodium values of below 133 mmol/liter at
admission, the confounder-adjusted odds for severe malaria was 10.4-fold (adjusted OR,
10.4; 95% Cl, 3.1 to 34.9) elevated above those with normal serum sodium values (129).
Concordantly, hyponatremia with values below 133 mmol/liter had a sensitivity of 69%
and specificity of 76% to predict severe malaria (129). Third, out of a cohort of 401
malaria patients, 49 had P. falciparum schizonts in the peripheral blood by microscopy,
with a 23-fold elevation in the odds for severe malaria (95% Cl, 11.3 to 46.6) compared
with those without P. falciparum schizonts (130). Furthermore, the odds for other
unfavorable clinical outcomes were also much higher in the presence of P. falciparum
schizonts (130). A hospital-based study from London did not determine the odds of
severe malaria in the presence of schizonts in the peripheral blood but found weak
evidence of a trend that more nonimmune patients showed P. falciparum schizonts in
their peripheral blood film than semi-immune patients (14% [24/167] versus 8% [7/93],
respectively; P =0.1) (131). Lastly, a hospital-based study on nonimmune travelers
(n = 94) from lIsrael indicated that at admission, D-dimer levels were higher in patients
with falciparum malaria than in patients with non-falciparum malaria and were higher
in patients with severe falciparum malaria than in patients with uncomplicated falcip-
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arum malaria (132). The authors concluded that elevated levels in falciparum malaria
reflect increased endothelial damage.

It worth mentioning that severe malaria can behave as disseminated intravascular
coagulation in bacterial sepsis (133). Therefore, it is crucial that the interpretation of
results of studies on severe malaria, particularly those studies focusing on laboratory
results, takes into account the composition of participants in the control group.

DIAGNOSIS OF PLASMODIUM INFECTIONS IN NON-MALARIA-ENDEMIC
COUNTRIES

As demonstrated in the previous section, clinical signs and symptoms of malaria are
nonspecific; therefore, the presence of Plasmodium parasites in blood must be dem-
onstrated for the proper establishment of the diagnosis of malaria. Blood is almost
exclusively used for diagnostic sample preparation, although new approaches are
under investigation, testing the validity of other biological material for detection of
malaria, e.g., saliva (134). Their development process, however, is not sufficiently
advanced for routine care; thus, here the focus will be on the diagnosis of malaria in
blood samples.

A variety of diagnostic tools exists for the detection of malaria in blood (135-143).
Depending on the available resources, it may be feasible to use highly sensitive and
specific methods, such as PCR, loop-mediated amplification (LAMP), or enzyme-linked
immunosorbent assay (ELISA) (137, 141, 143-146). However, these techniques are still
restricted to a small number of specialized centers (143, 147). The first reason is the cost
and time constraints of such methods and the necessity of having highly trained
personnel to operate specific tools. The second reason is malaria is a rather uncommon
condition in many nonendemic settings; therefore, the implementation of high-
throughput testing for Plasmodium parasites in clinical samples in daily routine is not
required. Third, clinical malaria can rapidly progress to severe disease; thus, waiting for
the arrival of diagnostic results stemming from time-intensive highly sensitive and
specific methods often is not indicated. Therefore, malaria light microscopy and rapid
diagnostic tests (RDTs) are the most commonly applied methods for rapid ascertain-
ment of malaria in clinical routine. Both can yield diagnostic results quickly and at high
validity, implying that assays have high values in diagnostic sensitivity and specificity
(135, 138, 148, 149). However, due to its versatility, favorable diagnostic performance,
and rapidity with which diagnostic results can be obtained, expert light microscopy is
still regarded the gold standard in clinical routines (135, 149, 150).

Diagnostic Challenges in Nonendemic Areas

While sensitivity and specificity are specific properties of the respective diagnostic
method, the concepts of positive (PPV) and negative (NPV) predictive values also take
into account the condition of interest (e.g., disease) in the target population (151-154).
Such predictive values denote the probabilities to which given PPV and NPV are correct
in a certain setting; both strongly depend on the prevalence of the condition that they
aim to detect (151). Given constant values of sensitivity and specificity of a diagnostic
method, PPVs drop the lower the prevalence (equal to pretest probability) in a given
setting, while NPVs drop the higher the prevalence gets (151, 154). While both PPV and
NPV are dependent on sensitivity and specificity, PPVs are particularly affected by low
specificities and NPVs by low sensitivities (151, 154). Regardless of patients’ potential
immunity, malaria prevalence among patient populations in nonendemic countries
may be low even in many specialized centers. This means that particularly positive test
results of non-gold standard tools need to be treated with caution due to unfavorable
PPVs. This highlights the importance of collecting detailed medical and travel histories
so accurate pretest probabilities of malaria can be assigned prior to testing an individ-
ual for malaria. A clinician thereby may interpret a positive malaria test result with much
more diagnostic certainty in the presence of conclusive evidence in favor of a potential
malaria episode, as ascertained by individual patient history, than in the absence of
such evidence. For that, structured algorithms for the management of individuals
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coming from tropical and subtropical regions may be helpful (155). NPVs, on the other
hand, may mostly be favorably high in nonendemic settings; this is convenient in the
context of clinical management of malaria cases, as it is more dangerous to miss a
malaria episode in nonendemic settings than give a treatment course of the up-to-date,
well-tolerable, and efficient antimalarial medicines to someone with a false-positive test
result (156).

Potential Diagnostic Differences between Populations of Semi-immunity and
Nonimmune Travelers

Semi-immune and nonimmune patients presenting themselves to a health facility
with symptoms constitute two considerably heterogenous groups. While nonimmune
patients may present with a high parasitemia due to an absence of parasite-clearing
immunity, they also may have a low parasitemia, as they can become symptomatic
already at a low parasite density, which may prompt them to seek health care early
(99-103). On the other hand, semi-immune patients tend to experience malaria-
attributable symptoms at a higher parasite threshold; therefore, it is likely that semi-
immune individuals actively seeking care have high parasitemia (99-101, 104). How-
ever, parasite density may seldomly reach very high levels (e.g., above 100,000 parasites
per microliter) in individuals with (partial) semi-immunity (103). Two hospital-based
studies from Munich (n = 210) and London (n = 260) demonstrated that there was not
sufficient evidence to conclude that the parasite density of nonimmune malaria pa-
tients was considerably different from that of semi-immune malaria patients (P = 0.224
and P = 0.8, respectively) (118, 131). In the UK study, the mean parasite density at
admission was 0.32% (range, 0.001% to 45%) for nonimmune patients and 0.4% (range,
0.001% to 7%) for semi-immune patients (P = 0.8). There was a similar proportion of
nonimmune and semi-immune patients in the category of parasite density, <2%
(119/167 [71%] versus 70/93 [75%]), and 7.8% (13/167) of the nonimmune patients had
a parasitemia of >10%, with no semi-immune patients in this category (131). Overall,
nonimmune patients had 4.5-fold (OR, 4.5; 95% Cl, 1.5 to 13.2) higher odds of having
a parasite density above 5% than semi-immune patients (131).

It is possible that semi-immune patients (for instance, migrants from sub-Saharan
Africa) have an asymptomatic malaria parasitemia, reflecting the long and continuous
parasite exposure in their malaria-endemic countries of origin (157). This may be more
true for recently arrived immigrants than VFRs who have lived in nonendemic areas for
decades. Therefore, PPVs are probably higher in this patient population due to a higher
malaria prevalence than that of particularly short-term travelers. A study from Spain
demonstrated that submicroscopically low-level parasitemia was much more common
in patients with potential semi-immunity than in nonimmune travelers (158). This may
highlight the need to implement more sensitive diagnostic methods (e.g., PCR) for
screening such patient populations in clinical routines, as asymptomatic malaria infec-
tions may also have negative long-term health implications (e.g., potential develop-
ment of anemia and thrombocytopenia) (159, 160). A hospital-based study from Ghana
has demonstrated that the lower the parasitemia in a symptomatic semi-immune
patient, the less likely it is that malaria is the causal factor of the symptoms that urged
the individual to seek health care (161). Thus, in a semi-immune symptomatic patient
with a low parasitemia, it is important that alternative causes of the presenting
symptoms are considered.

Challenges in Detecting Infections of Very Low and Very High Parasite Densities

Sensitive diagnostic methods should be applied in order not to miss a patient with
malaria. Due to the differing parasitological characteristics of presenting patients, it is
important that routine diagnostic tools are capable of detecting a high parasite density
as well as a (very) low one. For light microscopy, diagnostic sensitivity has a correlation
with parasite density, with a theoretical limit of detection of ten parasites per microliter,
while in reality the limit of detection is higher depending on the skill and training of the
microscopist (135). To enhance diagnostic sensitivity, repeated testing of blood sam-
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ples being sampled in 12- to 24-h intervals has been recommended (116). This is based
on the thought that a parasite density that had previously been too low to be detected
may surpass the limit of detection at the time of second testing. Therefore, hospital-
ization of symptomatic, suspected malaria patients with (initially) negative test results
may be considered to cover the interval needed for the maturation of an asexual
parasite generation, which may take a minimum of 24 h (P. knowlesi), 48 h (P. falcipa-
rum, P. ovale wallikeri, P. ovale curtisi, and P. vivax), or 72 h (P. malariae) (38, 105).
However, a diagnostic study from Australia suggests that only as much as 3.5% of
initially negative blood films were revealed to be positive upon subsequent testing
(162). To avert the potentially life-threatening consequences of malaria, particularly in
nonimmune patients, some authors suggested that despite a negative RDT result,
antimalarial treatment should be administered if no other valid and rapid diagnostic
method is available and there is high suspicion of malaria (163).

Modern RDT performance was demonstrated to be highly favorable for a parasite
density of above 100 per microliter (164). However, for HRP-2-based RDTs, the so-called
prozone effect was described, which can lead to false-negative test results in patients
with moderate to (very) high parasitemia (>20,000 parasites per microliter) (165-167).
It has been hypothesized that due to a high concentration of antigens and/or anti-
bodies, RDT-specific immunological reactions are impaired, thereby preventing the
emergence of a positive band. Prozone effect-attributable false-negative RDT results
recently were linked to fatal malaria episodes in returning travelers (166). To rule out
prozone effects in a presumably false-negative RDT test result, one can dilute the blood
sample with an isotonic agent and perform another (aldolase-based) RDT; however,
another diagnostic method should also be applied (e.g., microscopy) (165).

A meta-analysis on RDTs in nonimmune travelers used the negative likelihood ratio
(LR—) as the main measure of diagnostic performance in nonendemic settings (168).
The LR— demonstrates how much less likely it is to have a negative test result in a
malaria patient than in a person without malaria (154). Thus, the LR— is similar to the
NPV in terms of being helpful in ruling out malaria independent from prevalence.
Overall RDT performance in nonimmune malaria patients was best for HRP-2-based
assays for detecting P. falciparum, as reflected by an LR— of 0.08 (95% Cl, 0.06 to 0.1),
followed by lactate dehydrogenase (LDH)-based tests, with an LR— of 0.13 (95% Cl, 0.07
to 0.22). Given that HRP-2 deletions may become more frequent, LR— values may rise
for HRP-2-based tests, while performance of LDH-based tests is believed to be inde-
pendent of HRP-2 deletions. Overall performance of RDTs to detect P. vivax was better
for LDH-based assays than for HRP-2-based assays, with an LR— of 0.13 (95% Cl, 0.06 to
0.27) and 0.24 (95% Cl, 0.11 to 0.54), respectively. The overall performance of RDTs for
detecting P. ovale and P. malariae was unfavorable, with negative LRs being close to 1
(null value). When stratifying outcomes by different levels of parasite density, RDT
performance was unsatisfactory at detecting a parasite density of P. falciparum in the
range of 0 to 100 parasites per microliter (mean LR—, 0.33) but was good for the range
of 101 to 1,000 parasites per microliter (mean LR—, 0.07). For P. vivax, one study found
that RDT performance was unsatisfactory for a parasite density of up to 1,000 parasites
per microliter (168).

TREATMENT OF IMPORTED MALARIA

To date, artemisinin-based combination therapies (ACTs) are recommended for the
treatment of uncomplicated malaria in endemic and nonendemic areas, and they are
administered orally (156). The recommendation applies both to nonimmune patients
and to semi-immune patients. Possible differences and susceptibility patterns between
these two populations could be important for clinical management, and different
management scenarios are conceivable based on immune status. For those lacking
semi-immunity, inpatient management may be favorable due to higher risk for adverse
outcomes, while those with potential semi-immunity may be managed safely on an
outpatient basis. However, such differential therapeutic management based on im-
mune status has yet to be evaluated and should be guided by robust biomarkers
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reflecting anti-disease immunity. Therefore, differential therapeutic management based
on immune status is currently not supported by firm evidence.

For the treatment of severe and complicated malaria, intravenous (i.v.) artesunate
has been the recommendation by the WHO since 2010, replacing quinine as the
first-line agent (169-171). This decision was largely based on the AQUAMAT and
SEQUAMAT trials, two large multicenter studies in Africa and Asia, respectively, dem-
onstrating more favorable survival rates in adults and children who were treated with
i.v. artesunate than in those who were treated with i.v. quinine (172, 173). As for
uncomplicated malaria, to the best of our knowledge there is no evidence available
supporting differential management approaches for patients with severe malaria based
on individual immune status. However, based on the potentially unfavorable clinical
outcomes of severe malaria, differential management approaches most likely would
not be indicated.

Recently, a large hospital-based study from France investigated several clinical
outcomes among patients with severe malaria receiving either i.v. artesunate or i.v.
quinine (174). The authors analyzed a historical cohort of patients with imported
falciparum malaria who presented to 110 hospitals in France between 2011 and 2017,
using propensity scores to account for systematic differences between the two treat-
ment arms. Interestingly, they did not demonstrate the superiority of artesunate over
quinine in most of the outcomes, but the retrospective design is a limitation of this
study. Among 1,544 total cases, the proportion of fatal outcomes on day 28 posttreat-
ment was 2.9% (32/1,084) in the artesunate group and 3.9% (18/460) in the quinine
group (weighted adjusted hazard ratio [HR], 1.03; 95% Cl, 0.47 to 2.25; P = 0.923).
Additionally, there was no evidence for different hospitalization times between the
treatment arms, with a median (IQR) length of hospital stay of 6 (4 to 10) days in the
artesunate group and 5 (4 to 7) days in the quinine group (weighted-adjusted HR, 1.12;
95% Cl, 0.94 to 1.34; P = 0.212). Patients in the artesunate group had a faster discharge
rate from intensive care unit (ICU) than those in the quinine group, with a median (IQR)
of 2 (1 to 3) days in the ICU in the artesunate group and a median of 3 (2 to 5) days in
the quinine group (weighted-adjusted HR, 1.18; 95% Cl, 1.02 to 1.36; P = 0.03).

These findings highlight the importance of high-level care, which is often available
in non-malaria-endemic high-resource settings. Given the common side effects of
treatment with quinine, including hypoglycemia, cardiotoxicity, and hearing distur-
bance, along with the longer stay in the ICU of patients in the quinine treatment arm,
artesunate remains the drug of choice (175). The authors conclude that these findings
should not be seen as favoring a reintroduction of quinine as a first-line treatment
choice for severe malaria in high-resource settings, as shortened ICU rates also hold
both individual and economic benefits.

Furthermore, a recently published multicenter study (n = 984) investigated the
complementary role of semi-immunity on malaria parasite blood clearance during
treatment with artemisinin derivates (176). The authors concluded that the prevalence
of 1gG3, the presence of complement-fixing antibodies, and opsonic phagocytosis
seropositivity were associated with faster parasite clearance rates (range of the mean
reduction of parasite clearance, 0.47 to 1.16 h; P value range, 0.001 to 0.03) and reduced
odds of having parasitemia 3 days posttreatment.

PROPHYLAXIS IN POPULATIONS OF SEMI-IMMUNITY AND NONIMMUNE
TRAVELERS

The currently recommended options for chemoprophylaxis are atovaquone-
proguanil, doxycycline, or mefloquine in semi-immune and nonimmune travelers.
Recently, tafenoquine received regulatory approval in the United States as a chemo-
prophylactic agent against malaria (177). The choice of chemoprophylaxis is influenced
by, among other factors, destination of travel, duration of stay, preexisting diseases
(e.g., renal impairment, hepatic diseases, and psychiatric disorders), preferred intake
regimen, common or previously experienced side effects, and cost.

A study evaluating prophylactic regimens for malaria in risk groups traveling to sub-
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Saharan Africa concluded that mefloquine is the drug of choice, particularly for those
traveling for longer periods, for pregnant/breastfeeding women, for small children, and/or
for those with a limited budget (178). However, solid data on differences in chemoprophy-
laxis regimens between semi-immune and nonimmune travelers are scarce.

Several aspects will impact the selection of chemoprophylaxis for semi-immune (usually
VFR) travelers versus nonimmune travelers, one of them being financial constraints (29).
Generally, mefloquine and doxycycline are less costly options than atovaquone-proguanil,
although this may change due to the availability of generic products. However, mefloquine
is contraindicated in individuals with psychiatric disorders or predisposing factors for
psychiatric diseases (179). Doxycycline can increase skin sensitivity to sunlight and is
contraindicated in pregnant women and (in many countries) in young children (180). One
explanation for the increased skin sensitivity is that UVA radiation can penetrate deeper
into the skin during doxycycline intake (181). Melanin is a protecting factor for UV exposure;
thus, doxycycline may be better tolerated by individuals with pigmented skin (182). Solid
data supporting this hypothesis, however, are lacking. Another advantage of doxycycline is
its antibiotic activity. Thus, it also may have a preventive effect against bacterial infections,
such as rickettsiosis, sexually transmitted infections, or infection by Yersinia pestis (116).
However, the protective efficacy of this low dose taken for malaria prophylaxis is unknown
for the prevention of these diseases.

It has been demonstrated that VFR travelers have a low acceptance rate for malaria
chemoprophylaxis (6, 28). The low uptake is probably influenced by a variety of factors.
Importantly, the VFRs' risk awareness may be lower, as they are visiting countries to
which they are accustomed. Considering that VFRs are at higher risk to acquire malaria
than travelers from nonendemic regions, the adequate intake of correct chemopro-
phylactic regimens is of particular importance (183).

In the UK, the most recent malaria prevention guidelines highlight the importance
of access to medication for malaria prevention, particularly for those who are unlikely
to seek regular pretravel advice (184). In UK pharmacies, atovaquone-proguanil che-
moprophylaxis now can be purchased without a prescription (185). Whether this
improved access to chemoprophylaxis will lead to lower levels of imported malaria
remains to be seen, but it is certainly an innovative step. Further strategies to raise
awareness for and reduce barriers to effective antimalarial chemoprophylaxis are most
needed for this high-risk group (186).

One approach is to address financial barriers with innovative approaches. Earlier
studies proposed that pretravel counseling and malaria chemoprophylaxis should be
subsidized for VFRs traveling to areas of high malaria endemicity, such as West Africa.
These studies have shown that such an approach is cost-effective; indeed, it is less
expensive to prevent than to treat imported P. falciparum malaria (187, 188). However,
currently there is a lack of political support for such initiatives to subsidize malaria
chemoprophylaxis for VFR travelers.

For nonimmune travelers, the current options for malaria chemoprophylaxis are the
same as those cited above for semi-immune travelers. Several studies in nonimmune
individuals traveling to sub-Saharan Africa demonstrated that mefloquine was less well
tolerated than atovaquone-proguanil or doxycycline (189, 190). A Cochrane Review
published in 2017 found higher incidences of psychological problems in mefloquine
users than in travelers with either atovaquone-proguanil or doxycycline. However, it did
not identify more frequent serious side effects during mefloquine chemoprophylaxis
than chemoprophylaxis with either atovaquone-proguanil or doxycycline (191). Never-
theless, evidence was of low to very low certainty.

In the same review, a comparable efficacy of mefloquine versus atovaquone-
proguanil or doxycycline was reported in nonimmune travelers engaging in short-term
international trips. Four studies were identified that directly compared the efficacy of
mefloquine, atovaquone-proguanil, and doxycycline in this group of travelers, and only
one clinical case of malaria occurred among 1,822 participants (191).

In some countries, such as the United States and Canada, primaquine may be
considered an option for chemoprophylaxis (after G6PD deficiency has been ex-
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cluded). A new drug of this class of antimalarials, tafenoquine, recently was licensed
in the United States and Australia for chemoprophylaxis (192). Tafenoquine has
important advantages over classical malaria chemoprophylactic medications. First,
the regimen is rather simple, with a loading dose of two tablets per day for 3 days
within 1 week of travel, only 2 tablets once per week during travel, and 2 tablets
once within 1 week of return from the trip. This simple regimen most likely
increases adherence and traveler compliance, improving the overall effectiveness of
this prophylaxis. Second, classical chemoprophylactic drugs in use in travel medi-
cine suppress blood schizont stages but not the dormant liver stages and therefore
are essentially suppressing blood-stage development (193). Due to the hypnozoite
stages in Plasmodium ovale and Plasmodium vivax malaria, relapses can occur after
termination of prophylaxis. Tafenoquine, in contrast, has efficacy against all Plas-
modium species and activity against the liver stages (schizonts, latent hypnozoites,
or their respective early postinvasion forms) and gametocytes of all plasmodial
species (194-196).

Treatment with tafenoquine in persons with G6PD can lead to hemolytic anemia. To
prevent this, prior to treatment with tafenoquine, quantitative G6PD functional testing
is required; however, this testing is not routinely available. G6PD deficiency is a genetic
disorder that occurs frequently, but often to a moderate phenotypic extent, in sub-
Saharan African populations (197). In a geostatistical model, G6PD deficiency preva-
lences have been estimated to be higher than 20% in some parts of Africa (198). Thus,
it remains to be seen if tafenoquine can be a valuable option for semi-immune travelers
originating from these malaria-endemic areas.

AREAS OF FUTURE RESEARCH

Notwithstanding the enormous progress in biotechnology, immunology, bioengi-
neering, molecular biology, genetics, and vaccinology in recent years in tropical
medicine research, there is still a large malaria burden in populations in areas where it
is endemic and in migrants and travelers infected during journeys to malaria-endemic
regions. Resolving current problems related to the elaboration of more effective
methods of prevention and control of the disease, as well as to advance in eradicating
the parasite in different populations with a variable level of semi-immunity against
Plasmodium spp., is of paramount importance.

A profound understanding of the nature and pathophysiology of naturally acquired
immunity in people constantly exposed to Anopheles species infective bites in tropical
regions could play an essential role in the selection of effective tools for the long-term
process of the global eradication of malaria in the future.

Despite efforts to identify biomarkers that reflect individual immunity and
exposure to malaria, robust biomarkers that indicate clinical and/or anti-parasite
immunity are pending. During patient management, such markers could be a key
parameter in differential management algorithms and could further give way to
future assessment of personalized recommendations for chemoprophylaxis. It may
be conceivable that at one time, with the help of a robust biomarker for semi-
immunity, antimalarial chemoprophylaxis may still be universally recommended to
all below a critical semi-immunity threshold, while those above this threshold might
travel without chemoprophylaxis. Biomarkers may also be important for prognostic
reasons during clinical courses of malaria episodes. Furthermore, clinical studies
describing imported cases of malaria should distinguish among patients with
semi-immunity, declining semi-immunity, and nonimmunity to malaria because of
evidently variable features in diagnostic parameters, clinical course, potential com-
plications, and prognosis of the disease.

The importance of semi-immunity biomarkers for research is manifold. In trials on
antimalarial chemotherapy, it is important to determine the efficacy of the study drug,
particularly in nonimmune populations, as no synergistic therapeutic effect of semi-
immunity is anticipated in such populations. For this reason, complex multicenter trials
need to be conducted in which the immune status of the various participating study
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populations is mostly based on transmission intensity of the respective study settings
(199). In vaccine trials, such biomarkers also could become surrogate parameters, if not
primary or secondary study end points. Likewise, diagnostics are known to yield various
results on performance characteristics depending on an individual's immune status.
Finally, a better and more accurate classification of immune status would be facilitated
by a solid semi-immunity marker given the suboptimal current proxy measures of time
spent in host country; this would be of crucial importance especially for studies on
imported malaria in nonendemic settings.

Among clinicians working in infectious disease departments in nonendemic coun-
tries, there are various beliefs about naturally acquired immunity in immigrants return-
ing from tropical or subtropical regions. While some believe in rapidly waning immunity
in this population, some tend to generalize potential immunity onto virtually all of the
population. These variable opinions can have important and potentially dangerous
implications for patient management.

CONCLUSIONS

The continuous increase in long-distance travel and recent large migratory movements
has importantly changed the epidemiological characteristics of imported malaria. While
malaria was primarily imported to nonendemic countries by returning travelers, the pro-
portion of immigrants from malaria-endemic regions and VFR travelers in malaria-endemic
countries has consistently risen. This shifted epidemiology urges health care systems of
non-malaria-endemic countries to develop strategies to identify, diagnose, and treat those
with imported malaria for their benefit and for the prevention of the reintroduction of
malaria and subsequent autochthonous malaria transmission. Travelers belonging to vul-
nerable populations and those who are at high risk to acquire malaria should receive
increased attention to ensure reliable access to recommended chemoprophylaxis and
pretravel counseling. Most importantly, further research is needed to better understand the
mechanisms of individual semi-immunity against the Plasmodium parasite and clinical
malaria.

Differences between patients with existing but declining semi-immunity and those
lacking immunity were described in this work. Most large studies indicate at least a
decades-long effect of a certain degree of protection from naturally acquired immunity
in VFRs. This manifests in decreased odds for severe malaria and clinical complications
compared with those for nonimmune returning travelers. Whereas this longevity of
some degree of immunity is of interest, it must not be confused with individual
protection, and it should be stressed that all travelers require identical tools to
minimize the risk of malaria during travel. Diagnostic features and clinical signs are
more pronounced in nonimmune individuals with imported malaria, the most promi-
nent ones being splenomegaly, hyperbilirubinemia, thrombocytopenia, and fever. For
semi-immune individuals with imported malaria, no such data could be identified;
however, the diagnostic utility of clinical and laboratory features of semi-immune
malaria patients in endemic settings seems much less favorable, indicating that indirect
predictors of malaria are not of much use in semi-immune travelers. Furthermore, due
to the multitude of factors related to the manifestation of individual malaria episodes,
both semi-immune and nonimmune patients may present with highly varying parasite
densities. This has important implications for diagnostic algorithms, as false-negative
test results may be inherent to both low parasite density (e.g., submicroscopic para-
sitemia) and high parasite density (e.g., prozone effect).

So far, no robust biomarkers exist that properly reflect anti-parasite or clinical immunity.
Identification of such a biomarker would be helpful for clinical management and risk
stratification as well as serving as guidance for immune correlates in vaccine and drug
development. Until then, researchers should rigorously stratify their results by immune
status using surrogate markers such as duration spent outside of a malaria-endemic
country.
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APPENDIX
GLOSSARY
anti-parasite immunity Immunity that may prevent high malaria parasite blood densities.
clinical immunity Used synonymously with “anti-disease immunity” here. Immunity

Clinical Microbiology Reviews

against malaria disease (note that the individual may still be infected).

elimination Interruption of local mosquito-borne malaria transmission in a defined

geographical area, usually a country.

eradication Permanent reduction to zero of the worldwide incidence of malaria.

immigrant Person living in a country other than his or her birthplace.

imported malaria Plasmodium infection is acquired in a malaria-endemic area, and

clinical manifestation, diagnosis, and management take place in a non-malaria-
endemic country.

indigenous malaria Acquired and diagnosed malaria in malaria-endemic area.
likelihood ratios Measure of diagnostic performance. The higher the positive likeli-

hood ratio (LR+), the better the diagnostic performance. The lower the negative
likelihood ratio (LR—), the better the diagnostic performance.

naturally acquired immunity (NAI) (Semi-)immunity to Plasmodium parasites due to

sustained and years-long exposure in malaria-endemic countries.

nonimmune person Person born and living most of the time in a country without

malaria transmission.

person with declining semi-immunity to malaria Person born and living in a country

of moderate to high malaria endemicity who migrated to a non-malaria-endemic
country and therefore has a declining level of semi-immunity. This includes the
majority of VFR travelers.

person with semi-immunity to malaria Person born and living in a country of

Plasmodium infection Infection with Plasmodium parasites.
predictive values Positive (PPV) and negative (NPV) predictive values denote the

moderate to high malaria endemicity and still residing in a malaria-endemic country.

probability that one can trust that a positive/negative test result truly corresponds
to the presence/absence of disease.

returning travelers Conventional international tourists returning from travel.
VFRs (visiting friends and relatives) Immigrants from malaria-endemic regions often
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