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Avian and simian malaria: do they have a cancer connection?
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Abstract It has been claimed that infectious agents transmit-
ted by mosquitoes (Diptera: Culicidae) may have a greater
connection to cancer then hitherto supposed and that the im-
mune system struggles to recognize and fight some of these
infectious agents. One of the claims made is that there is a
connection between human malaria and brain cancers in the
USA. However, the USA declared itself free of human malaria
in the last century, yet cancer incidences remain high, suggest-
ing any overall cancer connection is slight. Two fundamental
questions arise from the possible mosquito-cancer connection.
Firstly, if mosquitoes are able to vector some pathogens and
parasites linked with cancer pathogenesis, why has the fact not
been discovered decades ago? Secondly, if there is a connec-
tion (other than in relation to Burkett’s lymphoma), what is its
extent? The answers may well lie with the various types of
malarias known to exist. The discovery in humans of the sim-
ian malaria, caused by Plasmodium knowlesi, suggests that
other forms of simian or even avian malaria may be capable
of survival in humans, albeit at low levels of parasitemia, and
humans may be a dead-end host. Other carcinogenic infec-
tious agents transmitted by mosquitoes may also go undetect-
ed because either no one is looking for them, or they are
looking in wrong anatomical locations and/or with inadequate
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tools. Research on false negative test results with respect to
many infectious agents is sadly lacking, so its extent is un-
known. However, electronic and other media provide numer-
ous instances of patients failing to be diagnosed for both hu-
man malaria and Lyme’s disease, to take just two examples.
This review suggests that to shed light on a potential
mosquito-cancer connection, more research is required to es-
tablish whether other simian and avian forms of malaria play a
part. If so, then they potentially provide unique markers for
early cancer detection.
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What is really known about mosquito-biting activity
and cancer?

Current knowledge on the potential relationship between the
spread of cancer and mosquito-borne diseases, with special
reference to malaria, is strictly limited (Benelli et al. 2016;
Ward et al. 2016). Lehrer (2010a) reported an association be-
tween malaria and cancer incidence, based on data sets from
1994, arguing that this may be linked to Plasmodium-trig-
gered suppression of the human immune system. In addition,
it has been supposed that Anopheles mosquitoes may be able
to vector poorly known viruses, which may be potentially
responsible for cancer development (Lehrer 2010b; Benelli
2016). Besides these observations on anopheline, there are
some interesting findings also on aedine vectors. Indeed, it
has been outlined that Aedes aegypti feeding activity may
transfer tumor cells of hamster reticulum cell sarcoma
(Banfield et al. 1965, 1966).
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Human malaria’s implication in US cancers: a dead
end?

However, despite the interesting analysis by Lehrer (2010a,b),
in 2016, the USA Centers for Disease Control and Prevention
(CDC) declared that US malaria cases had reached a 40-year
high of 1925 in 2011 and that malaria had basically been elim-
inated for decades. The latest figures on US cancer from the
CDC are for 2013 when 1,536,119 cases were diagnosed,
584,872 people died and 1 in 4 deaths were attributed to cancer.
These figures suggest that human malaria’s implication in pres-
ent day US cancers has met a dead end. Furthermore, cancers
arise in many other countries that have eradicated malaria.
What then is driving the large number of present cancer cases?
Malaria is only one disease out of many that are attributable to
mosquitoes (Benelli 2015; Mehlhorn 2015; Benelli and
Mehlhorn 2016), and the latter are still being linked to cancer
through their known ability to carry carcinogenic viruses and
parasites, many of which can evade immune control (Johansson
and Ward 2016; Benelli et al. 2016; Ward et al. 2016).

Simian and avian malaria, overlooked in humans,
may still be present?

Zoonoses are recognized to be responsible for 60% of emerg-
ing infectious diseases (Jones et al. 2008), and the simian
Plasmodium knowlesi has been shown to infect humans and
is commonly misdiagnosed as benign Plasmodium malariae
(Cox-Singh et al. 2008). Unknown lincages of simian
Plasmodium to which humans may be susceptible have re-
cently been reported (Krief et al. 2010). This raises the intrigu-
ing possibility that other forms of malaria, for example avian
ones, may, contrary to previously accepted opinion, be capa-
ble of survival in humans. Indeed, generally accepted opinion
may be a myth, due to unreliable tests in the past failing to
detect either simian or avian malaria in humans, or that low
levels of parasitemia have been found and deemed to have no
known adverse health consequences and that humans are
dead-end hosts.

If it can be proven that different forms of avian malaria can
survive in humans, it would add strength to the argument that
cancers may be more intricately connected with mosquitoes
than supposed. Avian malaria parasites have a worldwide dis-
tribution except for Antarctica (Braga et al. 2011). While no
mosquito species are present in Iceland, cancers there may be
partially due to mosquito-biting activity experienced abroad.
These other “non-human” malarias may be non-virulent
strains behaving as innocent bystanders or guilty in a way
yet to be determined and proven. Mosquito viruses are present
in healthy UK birds but are either non-virulent or the birds
have developed herd immunity, as they show no clinical signs
of'infection (Buckley et al. 2003). If such malarias are present,
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but asymptomatic in humans, should we be concerned or in-
terested? We would argue yes, because not only would their
discovery enable an assessment of the percentage of total can-
cers attributable to mosquitoes to be made, but also hold out
the prospect of a single universal cancer test. In addition, if
avian or simian malaria are involved in an active way with
cancer, then it would need to be screened for in blood donors
(Allain et al. 2009; Dodd 2010).

It is known that mosquito species carrying, or capable of
being bridge vectors for both simian and avian malaria, can
not only bite humans but give them serious infections. For
example, Culex mosquitoes infected with Plasmodium
relictum killed birds, horses, and humans through transmis-
sion of West Nile virus (Fig. 1) (Spielman and D’Antonio
2001 p. 184; Buckley et al. 2003; Hughes et al. 2010;
Petersen et al. 2013). West Nile viruses can be designated into
five phylogenetic lineages with sub-lineages, and new geno-
types may increase efficiency and rapidity of viral transmis-
sion in mosquito vectors. Most human patients with West Nile
virus-related illnesses are unrecognized clinically, with a study
showing only 58% of patients had a positive MAC-ELISA
result at clinical presentation (Petersen et al. 2013).
Seasonality also has an effect with different Plasmodium spe-
cies varying asynchronously across the season in mosquitoes
and birds (Medeiros et al. 2016).

In this scenario, the present review examines the possibility
of non-human malarias being sustained in humans, without
recognition and identification, as well as possible reasons
why infectious agents linked with cancer may be under-report-
ed. It considers whether there is a standard cancer-seeking
protocol that looks for such infectious agents, whether any
tests used for detection are prone to false negatives, particu-
larly if such tests as are used are based on cost (both with
respect to labor and equipment) rather than superior and more
expensive detection tests. Our review continues with a brief
look at the history of malaria. Then, we provide an examina-
tion of past and current detection methods for class 1 carcino-
genic infectious agents, followed by conclusions and chal-
lenges for a future research agenda.

A brief history of Plasmodium: overlooked issues

The origin of human Plasmodium has been debated extensive-
ly, being attributed at different times to both avian and simian
sources, with hypotheses that Plasmodium species switch
from birds to African great apes and vice versa (Waters et al.
1991; Cox 2010; Prugnolle et al. 2011; Pick et al. 2011,
Perkins 2014; Molina-Cruz et al. 2016). Although regarded
as unusual, Culiseta melanura can transport malaria agents
from a bird reservoir to the human bloodstream (Spielman
and D’Antonio 2001 p. 109). Furthermore, within human ma-
laria, there are numerous slightly different strains; therefore,
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Fig. 1 The potential connection between mosquito-biting activity and
cancer remains debated. International Agency for Research on Cancer
highlighted that infection by P. falciparum in holoendemic areas is
“probably carcinogenic to humans” and placed it in “Group 2A.” The
discovery in humans of simian malaria, caused by Plasmodium knowlesi,
suggests that other forms of simian or even avian malaria may be capable
of survival in humans, albeit at low levels of parasitemia, and humans
may be a dead-end host. Other carcinogenic infectious agents transmitted
by mosquitoes may also go undetected. Here, a under a magnification of
%1125, is a mature simian malarial schizont and gametocyte in simian
blood (photo credit: Dr. W.A. Rogers, Jr., Centers for Disease Control and
Prevention, PHIL). b Giemsa-stained blood smear from a bird infected
with P. relictum: intracellular parasites (indicated by arrows) develop
within nucleated red blood cells, potentially leading to anemia (photo
credit: U.S. Geological Survey—Biological Resources Division, courtesy
of Global Invasive Species Database, ISSG). ¢ Two developing oocysts
containing densely packed sporozoites (indicated by arrows) of
P. relictum on the stomach wall of Culex quinquefasciatus, which at
maturation will invade mosquito salivary glands, being vectors to other
vertebrate hosts during further mosquito-biting activity (photo credit:
U.S. Geological Survey—Biological Resources Division, courtesy of
Global Invasive Species Database, ISSG)

travellers from one district may have immunity against the
strain in their local environment, while they can be infected
as soon as they encounter a neighboring strain (Spielman and
D’Antonio 2001, p. 168).

Notably, our knowledge of human malaria is still expanding,
as recently as 2010, it was proposed that Plasmodium ovale
comprises two non-recombining species and that morbidity
caused by it has been underestimated (Sutherland et al. 2010).
For some time, only four Plasmodium species have been asso-
ciated with human malaria, namely P. malariae, Plasmodium
vivax, P. ovale, and Plasmodium falciparum. However, in this
century, the simian malaria agent P. knowlesi has been added to
this list. Rare malarial cases have been linked with the presence
of Plasmodium cynomolgi, and there is possible transmission to
humans of Plasmodium bastianelli, Plasmodium inui,
Plasmodium rodiani, Plasmodium schwetzi, Plasmodium
semiovale, Plasmodium simium, and Plasmodium eylesi (Ta
et al. 2014).

With over 3000 known species/subspecies of mosquitoes, it
would seem quite possible that further forms of Plasmodium
could exist in humans, and remain unidentified, particularly if
the human host remains asymptomatic. Tests for avian and
simian malaria are constantly evolving (Richard et al. 2002;
Ta et al. 2014). More recently, loop-mediated isothermal am-
plification tests have increased accuracy, reduced testing costs
and time for human malaria diagnosis (Bousema and Drakeley
2011). It has recently been shown that tests for identification of
avian Plasmodium may produce false negatives in birds due to
different elution protocols (Niebuhr and Blasco-Costa 2016).
Parasite genetic information obtained from cultures is likely to
be different from the natural infection parasites (Yeda et al.
2016). General PCR protocols may favor detection of parasites
with higher parasitemia, and sensitivity of different PCR assays
in detection of mixed infections has been insufficiently tested
(Zehtindjiev et al. 2012; Bernotiene et al. 2016). It would be
realistic, therefore, to assume any tests for the presence of avian
Plasmodium in humans may have produced false negatives for
the same reason. However, a Medline search for humans actu-
ally being tested for avian Plasmodium failed to produce any
evidence. This is perhaps not surprising as over 50 species of
avian Plasmodium have been identified and diversity is greater
than realized (Njabo et al. 2009; Outlaw et al. 2016).
P knowlesi and P. cynomolgi, both agents of simian malaria,
have been detected in humans and are commonly misidentified
(Vythilingam et al. 2008; Cox-Singh et al. 2008; Ta et al. 2014).
Huff (1951) records how Plasmodium gallinaceum and
P, relictum could go through pre-erythrocytic stages in ducks,
geese, canaries, and domestic pigeons without parasitemia. As
the number of avian Plasmodium species is substantial, it
would require such a huge study that it would be hard to justify
on both cost and ethical grounds if humans were themselves to
be tested for each type.

Since zoonoses are believed to account for up to 60% of
emerging infectious diseases, and 71.8% of these originate in
wildlife (Jones et al. 2008), this suggests that any infectious
agent affecting primates or birds has a reasonable chance of
affecting humans. The World Bank has estimated that
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zoonoses have cost global economies more than $20 BN in
direct and $200 BN in indirect costs between 2000 and 2010.
Zoonoses provide opportunities for host switching or genetic
exchange giving rise to novel genetic combinations (Webster
etal. 2016).

Mosquitoes are well placed to transfer zoonoses to humans.
There are known to be numerous types of Plasmodium para-
sites, and in the case of human malaria, dengue fever,
chikungunya, and Zika virus, different mosquito species are
potential vectors (see Benelli and Mehlhorn 2016 for a recent
review), raising the prospect that any simian or avian
Plasmodium that could affect humans may be carried by a
vector not previously suspected.

Based on laboratory studies, it has been shown that Aedes
albopictus is a competent vector for at least 22 arboviruses
(Malcolm 2009). In addition, it is known that some mosquito
species can carry more than one type of Plasmodium (Alavi
et al. 2003; Perez-Tris and Bensch 2005). Avian malaria par-
asites are present in numerous mosquito species, for example,
Culex, Aedes, Culiseta, Anopheles, Mansonia, Aedeomya, and
Coquillettidia; the “parasite-vector-vertebrate host” interac-
tions remain understudied, as do reasons for the pathogenicity
of different species and few experts have the knowledge re-
quired to identify avian Plasmodium spp. (Braga et al. 2011;
Inci et al. 2012). Additionally, host-parasite interactions are
complex, and host/vector ecology may be of crucial impor-
tance to shed light on parasite diversification (Lauron et al.
2014). To properly identify Plasmodium species, all the main
blood stages of the parasite should be examined with samples
containing relatively intensive parasitemia (Braga et al. 2011).
Furthermore, hybrids may occur (Ramiro et al. 2015). In ad-
dition to malaria parasites, there are numerous tests for arbo-
virus recognition in mosquitoes (Anderson et al. 2010).

Besides mosquitoes, other bloodsucker insects may be re-
sponsible of arbovirus spreading. For example, Santiago-
Alarcon et al. (2012) have shown that Culicoides (Diptera:
Ceratopogonidae) are susceptible to Plasmodium infection,
with some of their abdomens containing human blood and in-
fected with avian Plasmodium, illustrating how little we know
about numerous vectors affecting humans. Furthermore, they
mention that an avian parasite (Plasmodium lophurae) can be
experimentally adapted to a mammal host.

Carcinogenic infectious agents

The International Agency for Research on Cancer (IARC)
highlighted that infection with P. falciparum in holoendemic
areas is “probably carcinogenic to humans™ and placed it in
“Group 2A” (Bouvard et al. 2012). Besides this, [ARC rec-
ognizes the following as group 1 carcinogens: Epstein-Barr
virus (EBV), a member of the Herpes family, Kaposi sarcoma
herpesvirus (HHV-8), human papilloma virus (HPV), hepatitis
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B and C viruses (HBV and HCV), human T cell lymphotropic
virus type 1, the bacterium Helicobacter pylori, and the para-
sites Schistosoma haematobium, Clonorchis sinensi, and
Opisthorchis viverrini. Their main features are summarized
in the paragraphs below.

Herpes viruses

HHV-6A, a member of the Herpes family, has for the first time
been implicated in female unexplained infertility development
and possibly able to infect cervical cells (Marci et al. 2016).
HHV-6A either in latent form or during acute infection can
also activate the human endogenous retrovirus K-18 that can
cause deregulation of the immune system (Tai et al. 2009).
PCR analysis of peripheral blood mononuclear cells and sali-
va failed to find HHV-6A DNA, illustrating that blood and
saliva tests may produce false negatives (Higashimoto et al.
2012). The UK National Health Service (NHS) has a range of
information sheets. With respect to an EBV diagnosis, com-
mon symptoms are listed as a high temperature, severely sore
throat, swollen neck glands, and fatigue and after infection,
lifelong immunity is developed. Exposure to the virus in
childhood causes few symptoms and often goes non-recog-
nized. If after a mosquito bite the person bitten is asymptom-
atic, then EBV is unlikely to be suspected and not routinely
looked for as 95% of people in the UK are thought to be
infected by the time they are 40 years old.

An NHS information sheet for cytomegalovirus (CMV)
also part of the Herpes family and under investigation by the
IARC as a possible group 1 carcinogen states that most cases
of CMV do not cause symptoms, and it is thought that 50—
80% of adults in the UK are infected. HHV-8 will be looked
for in potential cancer patients if they have the characteristic
discolored patches. No mention is made of possible linkages
with mosquitoes despite their presence in some species (Ward
et al. 2016).

Hepatitis B and C

Initial assessment of these viruses is based not on tests but on
discussions with the patient. For example, is the patient mi-
grating or returning from holiday from a country where such
infections are rife? Simple tests on skin stretch may be used,
although there is no reported validation of stiffness cut-offs
and non-invasive tests are poor for fibrosis (Degos et al. 2010;
Tsochatzis et al. 2011). However, HCV often has no noticeable
symptoms until the liver has been significantly damaged.
Symptoms for both HBV and HCV can be flu-like, tiredness,
loss of appetite, feeling and being sick, and abdominal pain.
When suspected, a blood test is carried out; however, diagno-
sis of HBV-positive hepatocellular carcinoma (HCC) is diffi-
cult (independent of cirrhosis etiology, because of a lack of
biomarkers, see Li et al. 2010). There is no suggestion of a
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routine test, if cancer is identified elsewhere in the body, i.e., if
the patient remains asymptomatic for these viruses. There is
no suggestion, either that these viruses may be picked up from
mosquitoes, despite their linkage (Ward et al. 2016). Estimates
of their contributions to worldwide disease have been lacking
(Perz et al. 2006).

Human T cell lymphotropic virus (HTLV)

UK NHS factsheets only refer to this virus in the context of
non-Hodgkin lymphoma. It is detected when there is lymph
node swelling, but in some cases, non-Hodgkin lymphoma
first develops in an organ or somewhere else outside the lym-
phatic system. Risk factors include a Helicobacter infection or
EBYV infection. However, as EBV infection is regarded as
widespread and H. pylori reasonably common, it is unlikely
that finding either of these would lead to HTLV tests.

Human papilloma virus

UK NHS factsheets state that genital HPV is part of cervical
screening, which is offered to 25-64-year-old women.
However, for men, there is currently no reliable test, it is
difficult to diagnose and usually there are no symptoms. No
mention is made of mosquitoes although the virus has been
found in them (Ward et al. 2016). Different types of test can
produce different outcomes (Ronco et al. 2013).

H. pylori

UK NHS factsheets are not available but is available for
Campylobacter (food poisoning agent). It lists symptoms such
as sickness, vomiting and diarrhea, lack of energy, loss of
appetite, a high temperature, aching muscles, and chills. It
states that in most cases these symptoms will pass in a few
days and a sufferer will make a full recovery. It makes no
mention of a cancer connection, and there is no suggestion it
would be looked for in cancer patients.

Schistosomiasis

NHS information factsheets describe this as an infection
caused by parasitic worms that live in fresh water in subtrop-
ical and tropical regions (see Mehlhorn 2016 for a recent
review). First-infected patients often do not have symptoms,
although in the long term it can cause carcinogenesis and
organ damage (Figueiredo et al. 2015; Machicado and
Marcos 2016). Diagnosis usually requires an expert in tropical
diseases (Akpata etal. 2015; Botelho et al. 2016). It is unlikely
that cancer patients residing outside of the tropics and subtrop-
ics would be routinely tested for this, despite increased travel
and migration.

C. sinensi and O. viverrini

UK NHS has no information sheets for either of these, sug-
gesting they would not be routinely tested for in cancer pa-
tients. It should be noted that the “gold standard” detection
method for O. viverrini has limited diagnostic sensitivity and
diagnostic specificity (Worasith et al. 2015).

UK cancer tests

Notably, the UK NHS list tests for a multitude of different
cancers and also list a large set of symptoms. However, there
is no single test and it does not appear to systematically test for
all the IARC recognized carcinogens, outlining the urgency of
further research efforts.

Conclusions

This review posed two questions, firstly, if there is a mosquito-
cancer connection, why has it not been already identified (with
the relevant exception for Burkett’s lymphoma), and secondly,
what is its extent. With respect to the first question, one an-
swer would appear to be that no one has seriously looked for it
so far due to an absence of human, simian, or avian malarias
being identified in many of the countries where cancers are
present. There may in fact be no avian malaria in humans or a
cancer connection with human and simian malarias, or maybe
most patients with cancer are asymptomatic for these malarias
and are, therefore, not tested for them.

It is possible that at some time humans have been tested for
avian malarias, although we could not find any significant
evidence for this. If they have been tested at some time in
the past, then unreliable tests (in the light of newly discovered
tests) may have produced false negatives or the tests may have
been made on a limited number of avian Plasmodium para-
sites. There are currently huge difficulties regarding the proper
identification of avian malaria parasites, highlighting the cru-
cial importance of research in this field.

Other carcinogenic infectious agents do not appear to be
part of a routine cancer testing protocol as most of the popu-
lation is assumed to have had, for example, EBV and/or CMV.
Even when a cancer test is positive, there does not appear to be
a protocol that looks for each and all of these infectious agents
as possible secondary cancer sites. Due to a lack of systematic
testing, the answer to the second question is that we have no
means of knowing the extent of known or potentially carcino-
genic infectious agents transmitted by mosquito vectors, as
well as by other generalist bloodsuckers Diptera, such as those
belonging to the Culicoides genus.

While recent hypotheses suggesting a mosquito-cancer
connection seem logical, any evidence remains circumstantial,
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leaving the mosquito as a possible suspect requiring greater
interrogation. In a human murder trial, a suspect is often seen
on CCTVand described in the broadest terms, for example 6 ft
tall and wearing a hoodie. Likewise with mosquitoes, there are
so many species that recognizing a suspect is equally if not
more difficult. To complicate matters further, if they are guilty
as charged, they will have left the scene years beforehand and
with, so far, no recognizable DNA left behind.
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