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Abstract

Dissemination of vector-borne viruses, such as Zika virus (ZIKV), in tropical and sub-tropical
regions has a complicated impact on the immunopathogenesis of other endemic viruses such as
dengue virus (DENV), chikungunya virus (CHIKV) and human immunodeficiency virus (HIV).
The consequences of the possible co-infections with these viruses have specifically shown
significant impact on the treatment and vaccination strategies. ZIKV is a mosquito-borne flavivirus
from African and Asian lineages that causes neurological complications in infected humans. Many
of DENV and CHIKYV endemic regions have been experiencing outbreaks of ZIKV infection.
Intriguingly, the mosquitoes, Aedes Aegypti and Aedes Albopictus, can simultaneously transmit
all the combinations of ZIKV, DENV, and CHIKYV to the humans. The co-circulation of these
viruses leads to a complicated immune response due to the pre-existence or co-existence of ZIKV
infection with DENV and CHIKYV infections. The non-vector transmission of ZIKV, especially, via
sexual intercourse and placenta represents an additional burden that may hander the treatment
strategies of other sexually transmitted diseases such as HIV. Collectively, ZIKV co-circulation
and co-infection with other viruses have inevitable impact on the host immune response, diagnosis
techniques, and vaccine development strategies for the control of these co-infections.
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1. Introduction

Zika virus (ZIKV), an emerging mosquito-borne flavivirus, has attracted researcher's
attention after the 2015-2016 imperative outbreak that has been associated with neurological
complications. For years, the scientific research has focused on the most vital flaviviruses
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that have a significant impact on human health such as Dengue Virus (DENV), Yellow Fever
Virus (YFV), Japanese Encephalitis Virus (JEV), and West Nile Virus (WNV) [1]. In
February 2016, the World Health Organization has considered ZIKV infection a public
health emergency [2]. ZIKV has a widespread distribution mainly in the countries of Africa,
South America, and Southeast Asia; however, travelling has contributed to the expansion of
ZIKV infection to non-epidemic nations of Europe, North America and Australia [3-5].

ZIKV was first found in macaque monkeys in the Zika forest in Uganda in 1947 and the first
ZIKV infection in humans was reported in Nigeria, 1954 [6]. East Africa represents the
African ZIKV lineage that was then transferred to Malaysia in Southeast Asia. The Asian
lineage originated after virus dissemination to the Pacific Islands and the Americans [7]. The
Asian-lineage ZIKYV strain is currently circulating in the Western Hemisphere which can be
differentiated from African-lineage ZIKV via molecular genomic and proteomic techniques

[8].

Currently, ZIKV has spread to at least 33 countries and most recently in territories in the
Americas [9, 10]. Importantly, ZIKV infection disseminates in the DENV and Chikungunya
virus (CHIKV) epidemic areas raising the possibilities of developing immunological
complications and the incidence of viral co-infections. These areas are also endemic with
other infections, most importantly HIV. The co-circulation and co-infection of ZIKV with
these viruses represent the current biomedical and public health challenge in term of
diagnosis, treatment and vaccine development.

In this review, we discuss the present aspects of ZIKV co-circulation and co-infection with
DENV and CHIKYV, ZIKV infection to HIV patients especially pregnant women, and the
biological control of ZIKV and implications for vaccine design.

2. ZIKV co-circulation with other arboviruses

ZIKV is classified as a positive single-stranded RNA virus belonging to the Flaviviridae
family, is transmitted by mosquito bite, and exists in two distinct lineages. The single open
reading frame (ORF) RNA encodes a premature viral polyprotein. Host cell furin and viral
protease cleave the viral polyprotein into three structural proteins (capsid, envelope and
membrane precursor) and seven non-structural proteins (NS1, NS2A, NS2B, NS3, NS4A,
NS4B, and NS5). The non-structural proteins are crucial for virus replication in the host cell
[11].

The primary root of ZIKV infection in the epidemic zones is the mosquito bite. The warm
tropical and subtropical regions of the world represent the preferred environment of Aedes
mosquitos, the primary vector of flavivirus transmission [12, 13]. The two mosquito species,
Aedes aegyptiand Aedes Albopictus are usually considered as a primary vector for ZIKV,
DENV and the alphavirus, CHIKV transmission. However, ZIKV was also isolated from
other mosquito species such as Aedes africanus, Aedes apicoargenteus, Aedes
luteocephalus, Aedes furciferand, Aedes taylori, and Aedes vittatus [14-17]. Distribution of
Aedes Aegypti and Aedes Albopictus in the terrestrial habitat leads to co-circulating of these
viruses and creating significant practical difficulties in controlling and diagnosing these
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arboviruses infections [18, 19]. These two species of mosquitoes can be infected with ZIKV,
DENV and CHIKYV and can transmit all combinations of these viruses simultaneously [20].

ZIKV, DENV and CHIKYV share similar clinical symptoms; therefore, the diagnosis of ZIKV
infection is particularly challenging in DENV or CHIKV endemic regions [21, 22]. Patients
with CHIKV or DENV portray with leukopenia and thrombocytopenia. Moreover,
hepatomegaly and bleeding appear in patients with symptomatic chikungunya can be seen
predominantly in DENV infection. Other symptoms like fever, arthralgias, myalgias and
some with lymphedema, conjunctivitis, limbedema, could be observed in ZIKV, DENV, or
CHIKYV infections [23] (Fig. 1). A study by Colombo et al., 2017 showed the most common
symptoms in the patients with ZIKV infection were rash (100%), arthralgia (77.1%), fever
(74.0%), myalgia (74.0%) and non-purulent conjunctivitis (69.8%). In patients with DENV
infections, the most frequently observed symptoms were rash (100%), arthralgia (70.1%),
fever (79.1%), myalgia (74.6%) and headache (73.1%). The measure of association between
clinical manifestations among ZIKV and DENV infected patients detected a significant
difference only in abdominal pain, leukopenia, and thrombocytopenia [24].

Due to the similarity in infection symptoms of ZIKV, DENV, and CHIKYV, the molecular-
based techniques represent the optimal diagnostic method, in addition to conventional
culture and serological tests. The serological test is inexpensive, simple, and available in
resource limited settings. However, serum antibody cross-reactivity of DENV and ZIKV has
been observed in the endemic areas [21]. Genomic and proteomic analysis of co-circulating
viruses is essential to develop highly sensitive diagnostic tests. The most sophisticated
molecular techniques are highly accurate in recognizing co-circulating viruses and even co-
infection with viruses with high sequence similarity. For example, a validated real-time
reverse transcription PCR assay using specific probes showed an accurate differentiation of
ZIKV, CHIKV and the four serotypes of DENV [25-27]. Comparative proteomic analysis of
co-circulating arboviruses to find a specific epitope could be an essential step to develop a
simple, accurate, and affordable serological based diagnostic assay [28, 29].

Epidemiological studies are required to elucidate the transmission, co-circulation, and
infection complications of ZIKV, DENV, and CHIKYV at the endemic areas of these viruses.
The research consortium "ZIKAction" in Latin America, Europe and the Caribbean has been
recently funded by the European Commission. It represents an excellent example of such
studies illustrating the epidemiology and vertical transmission of ZIKV, the natural history
of the consequences of ZIKV infection during pregnancy on the fetus’s congenital and non-
congenital syndromes [30]. The available resources of the recent epidemiological
observation could facilitate the worldwide data dissemination of virus co-circulation. The
Pacific Public Health Surveillance Network (PPHSN) provides an excellent source of
information for communicable diseases, especially the outbreak of arboviruses including
ZIKV, DENV and CHIKYV [31]. An interactive map is available online [32] providing real-
time data of the epidemic and emerging infectious diseases important for precaution
preparations of the surrounding countries (Fig. 3).
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3. Preceding ZIKV or DENV infections promote both diseases

3.1. T cells cross-reactivity

Heterologous immunity refers to a cross-reactivity of pathogen-specific memory T cells to a
subsequent infection due to high homology of pathogen epitopes that can lead to a decrease
or increase in infectivity of the second pathogen. The population of memory T cells could be
affected by heterologous immunity creating a considerable alteration in the T cell pool,
repertoire, and dominance causing a significant variation in viral infection [33]. This
phenomenon has been observed in patients infected with influenza virus followed by acute
infection with hepatitis C virus (HCV). Influenza-specific memory CD8+ T cells cross-
reacted with HCV epitope and increased HCV infectivity and subsequent liver damage [34].
On the other hand, immunized mice against lymphocytic choriomeningitis virus (LCMV)
developed LCMV-specific CD4+ and CD8+ T cells that diminished infection with vaccinia
virus and Pichinde virus [35].

Many of DENV endemic regions have been experiencing outbreaks of ZIKV infection. The
high homology of DENV and ZIKV structural and non-structural proteins enforce the fact
that the pre-existing immunity to DENV might affect the immune response to ZIKV
infection [36]. In structural and non-structural proteins of both viruses, the presence of
identical epitopes could stimulate T-lymphocyte response to the ZIKV or DENV infections
[29]. The CD8+ T cell response to DENV mostly targets non-structural (NS) proteins such
as NS3, NS4B and NS5 while ZIKV-specific CD8+ T cell responses are predominantly
targeting E, prM, and C structural proteins. Both ZIKV and DENV CD4+ T cell responses
are directed in approximately equal proportions against structural and non-structural proteins
[37].

Previous infection or the vaccination of DENV triggers CD4+ and CD8+T cell responses
that may interfere with ZIKV infection [37, 38]. In mice immunized against DENV, then
challenged with ZIKV led to developing a cross-reactive CD8+ T cell against DENV and
ZIKV [39]. This fact indicates that the strong T cell response against DENV or ZIKV
infection could boost a considerable protection against ZIKV infection. However,
identification of identical peptides between ZIKV and neuronal cell proteins could be linked
to Guillain—Barré syndrome. Therefore, the strong cross-reactivity of CD8+ T cell responses
to ZIKV could attack human neuronal antigens [40-42]. It is essential to consider the
observations on DENV vaccine that failed to show significant protection for seronegative
individuals attributed to the weak T-cell response [43]. Such poor T-cell response against
DENV or ZIKV infection could increase the possibility of antibody-dependent enhancement
(ADE).

3.2. Antibody-dependent enhancement (ADE)

The co-circulation of ZIKV and DENV in the endemic areas and their structural similarity
could potentially lead to enhance their infections v7a antibody-dependent enhancement
(ADE). The ADE is a phenomenon that occurs due to the cellular uptake of infectious virus-
antibody complexes following their interaction with Fc receptors expressed on the host cell
[44]. Interestingly, the collected sera from individuals living in a DENV-epidemic area
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containing DENV antibodies were able to enhance ZIKV infection in human macrophages
[45], suggesting that the history of previous exposure to DENV can enhance ZIKV
infection.

Similarly, the prior exposure to ZIKV infection can worsen the outcome of DENV infection
[46]. Preceding ZIKV infection naturally induced cross-reactive antibodies to DENV-2 virus
infection. Collectively, cross-reactive antibodies that amplified due to pre-existing immunity
to ZIKV could induce ADE to the four DENV serotypes [46]. Therefore, the immuno-
interaction between ZIKV and DENV serotypes might lead to developing ADE that could
become an issue to be considered in the development of DENV or ZIKV vaccine in the
endemic areas with flaviviruses especially DENV [47].

Neutralizing antibodies to specific envelope domain of DENV showed protective activity
against ZIKV while the cross-reactive DENV specific antibodies are mostly enhancing
ZIKV infection. Immuno-response of the host is mainly directed to the viral envelope
glycoprotein that contains 90 head-to-tail homo-dimers packed tightly to form a smooth
surface of the infectious virion. Each monomer consists of a central domain | (DI) that binds
to an extended dimerization domain Il (DII) from one side and to an immunoglobulin-like
domain 111 (DI1I) from another side. The specific envelope dimer epitopes (EDE1 and
EDE?2) have also been identified [48, 49].

The polyclonal antibody responses against the whole envelope protein are highly cross-
reactive among DENV serotypes and ZIKV, while polyclonal antibodies against DIII
domain showed no ADE towards ZIKV [50] and vice versa [51]. Antibodies against DIl
domain especially DIIl C-C loop showed considerable neutralization against ZIKV in vitro
and a mouse model of ZIKV infection [52]. Additionally, antibodies that recognize DENV
E-dimer epitope (EDE) can neutralize ZIKV infection in cell culture [53-56]. Specifically,
antibodies against DENV EDE1 showed higher neutralization activity to ZIKV compared to
DENV EDE?2 [53, 54]. Whereas, antibodies against linear epitopes such as fusion-loop
epitope were able to induce ADE because it showed binding affinity to ZIKV but were
incompetent to inactivate the virus [53]. Although the immunity towards DENV infection
might enhance infectivity, identification of unique antigenic epitopes of DENV and ZIKV
could pave the way for designing and developing an efficient ZIKV vaccine.

4. ZIKV- CHIKYV co-infection

Re-emergence and expansion of ZIKV and CHIKYV infections worldwide represent a severe
public health problem especially for tropical and subtropical regions. The suspected cases of
ZIKV infection in the Americans during 2015 and 2016 were more than 360,000. CHIKV
infection disseminated across 45 countries and territories in 2013, causing 1.7 million
suspected cases [57]. CHIKV is an alphavirus belonging to the 7ogaviridae family; and like
ZIKV, it is a positive-sense single-stranded RNA virus transmitted by Aedes mosquitoes.
The two mosquito species, Aedes Aegypti and Aedes Albopictus, transmit ZIKV and
CHIKYV, and weather temperature primarily influences the transmission competency of
Aedes mosquitoes. For example, the highest risk of viral transmission by Aedes Aegypti
typically occurs when the temperature is 26 °C to 29 °C [58, 59].
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ZIKV and CHIKYV are endemic in many countries, and both viruses have a potential
neurotropism. It is very likely the incidence of co-infection with both viruses might lead to
the development of severe neurological complications. ZIKV causes neurologic
complications such as microcephaly in neonates, encephalitis in adults, and Guillain-Barré
Syndrome. Similarly, CHIKV infection presents severe encephalitis in neonates and older
adults [60-64]. ZIKV and CHIKYV infections frequently trend to targeting peripheral nerves
like the incidence of Guillain-Barre Syndrome [61, 65-67]. Also, a previous infection with
other pathogens such as Mycoplasma pneumoniae increase the risk of developing Guillain-
Barré Sydrome in patients infected with Zika virus [68].

It is important to note that Aedes Aegyptiis able to transmit both viruses simultaneously
without considerable effect on the vector capability; therefore, the incidence of co-infection
with ZIKV and CHIKYV is most likely [69]. A case report showed a triple co-infection
caused by ZIKV, CHIKYV, and DENV to a pregnant woman from Colombia led to
neurological manifestations [70]. Another case of co-infection describing three cases of
ZIKV-CHIKYV co-infection showed neurological complications detected at a single centre in
Ecuador [71] and Colombia [72].

Patients with ZIKV-CHIKYV co-infection experienced acute symptoms of fever, edema,
arthralgia and severed neurological disorders. The neurological tests showed asymmetrical
muscle weakness on limbs accompanied by absent deep tendon reflexes, pain in the back
and extremities, paresthesia in the hands and feet, and mild sensory abnormalities [73]. It is
interesting to note that the pre-existing of ZIKV infection followed by CHIKV infection or
ZIKV-CHIKYV co-infection increase the incidence of Guillain-Barré Syndrome [74, 75] and
other neurological complications such as encephalitis, myelitis, meningitis, and
microcephaly [72, 76, 77]. The summary of these viruses co-infections are illustrated in Fig.
1.

Only several case reports have described ZIKV-CHIKYV co-infection after the recent ZIKV
outbreak. Further studies are required to investigate co-infection of neurotropic viruses such
as ZIKV and CHIKYV in the endemic areas. These studies would support the efforts to better
understand neurological complications as a result of simultaneous infections.

5. ZIKV co-infection in pregnant women with human immunodeficiency

virus (HIV) infection

Transmission of ZIKV infection from the mother to the fetus v/a placenta is one of the non-
vector ZIKV transmission. This phenomenon could induce an additional risk for the mother
and the fetus in endemic areas with other sexually transmitted infections especially, HIV. A
case report study described an autochthonous case of Asian clade ZIKV infection in an HIV-
infected patient in Rio de Janeiro, Brazil. The patient showed mild symptoms and recovered
well without significant abnormalities [78]. In the same ZIKV-epidemic area, another report
described a case of ZIKV infection acquired during the first trimester in an HIV-infected
pregnant woman that led to multiple fetal malformations and fetal demise [79]. Therefore,
investigation of ZIKV tropism in placental tissues may pave the way to understand better
how ZIKV infection can induce teratogenic effects in pregnant women with HIV.
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The functional placenta vital for growth of the fetus may be affected by the ZIKV infection.
The ZIKV infection in pregnant women can have a significant impact on the growth rate of
the fetal brain causing a condition termed microcephaly [80, 81]. It is possible that ZIKV
transmits from the mother to the fetus via placenta or the placenta may undergo pathological
changes that contribute to developing microcephaly [82, 83]. The primary human placental
macrophages (Hofbauer cells) present in the chorionic villi and placental villous fibroblasts
accommodate ZIKV and permit virus amplification in placental tissues [84]. Additionally,
the ZIKV infection induces proliferation and prominent hyperplasia of Hofbauer cells that
eventually intensify virus infection [85, 86]. Thus, the rapid virus amplification in the
roaming Hofbauer cells and some histiocytes in the intervillous spaces may enhance the
transmission of ZIKV from the infected placenta to the fetus brain [84, 87]. ZIKV induces
apoptosis in first-trimester trophoblasts and prevents differentiation of these cells [88],
causing chronic placentitis [87]. Further studies are required to understand the pathogenesis
of ZIKV infection during pregnancy, especially the placental pathology that could provide
significant data on vertical transmission of this pathogen.

At present, it is unclear whether HIV infection increases the sensitivity to ZIKV infection
and whether ZIKV infection could worsen HIV infection, especially during pregnancy. The
placental tissues showed high sensitivity to ZIKV infection and induced teratogenic effects
by creating an additional risk for the pregnant women with other infections [88]. Apart from
placental dysfunction due to the co-infections, ZIKV infection showed significant impact on
host immune response. A recent study showed that CD14+ monocytes are the primary target
for ZIKV, especially during pregnancy, inducing inflammatory responses and
immunotolerance [89].

The impact of ZIKV infection towards the host immune response could passively impact the
status of HIV-infected women during pregnancy and the response to ART (antiretroviral
treatment) drug regimen to protect the fetus from HIV infection. In July 2017, the National
Institutes of Health (NIH) launched a study to determine whether the ZIKV infection might
create additional risks for pregnant mothers infected with HIV. For the next 4 to 6 years, this
study will provide information on the consequences of ZIKV-HIV co-infection and whether
each virus could increase the infectivity of the other [90]. Further studies are required to
better understand the impact of ZIKV-HIV co-infection on the integrity of placental tissues,
the immune response, and ART regimen during pregnancy to restrict HIV transmission to
the fetus, and the sensitivity to ZIKV infection for HIV-infected patients (Fig. 2).

6. Importance of ZIKV vaccination/therapy strategy in co-circulation status

with flaviviruses and HIV

Many flaviviruses have expanded in geographic distribution in recent years, with DENV
being the most prevalent, infecting approximately 400 million people each year (Fig. 3).
Climate change, virus evolution, and social factors may increase the risk of flavivirus
infections and may lead to the emergence of flaviviruses in non-endemic areas [91]. The
explosive emergence of ZIKV in Latin America in 2014 refocused international attention on
this medically important group of viruses. Vaccination is a main stay of public health
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strategy for combating flavivirus infections. However, numerous challenges exist along the
path from development to delivery of a tolerable and effective vaccine.

Various strategies have been taken into account to develop several prophylactic ZIKV
vaccine candidates. These strategies include the subunit vaccine [92], RNA-NLP based [93],
DNA-based [94], formalin-inactivated [94], live-attenuated virus (LAV) [95, 96], and also
chimeras using Dengue [97], adenoviral [98] and alphaviral [99] vectors, and some targeting
protection against congenital transmission [96, 100]. High-tech vaccine candidates are in
various preclinical and clinical phases for commercialization in the near future.

Within the Flaviviridae family, vaccination against YFV [101] and JEV [102] are largely
preventable; whereas, DENV [103] and ZIKV [104] vaccines represent unmet goals. One
major concern that has to be taken into account while developing a vaccine for ZIKV is the
prospect of using a vaccine in endemic areas where other flaviviruses are also co-circulating
(Fig. 3). There are reports that showed the immunization against DENV enhanced ZIKV
infection [105-107]. Thus, the role of ADE in the development of congenital and
neurological complications associated with ZIKV infections should be well studied before
taking further actions for ZIKV vaccination in DENV-endemic areas.

As described in this review, immune responses to Zika vaccination would highly depend on
the previous exposure to other flaviviral infections. Co-circulation of multiple serotypes of
DENV further complicates vaccine design against DENV and ZIKV [108]. The type of Zika
vaccine, timing of vaccination in such areas, and the required post-vaccination immune
response would depend on the co-circulation status of other flaviviruses that have cross-
immunoreactivity with ZIKV [106-107]. The co-circulation and immune cross-reactivity of
flaviviruses in endemic areas may lead to adverse, even life-threatening effects and sequelae
upon immunization with flavivirus vaccine [105, 109].

Previous vaccination against other flaviviruses such as YFV and DENV makes the
vaccination against ZIKV more complicated. New methods have been identified to develop
potential ZIKV-specific vaccine candidates. Mutation in the envelop conserved fusion loop
of ZIKV induced an efficient protective immune response and diminished the antibodies that
cross-react with DENV [100]. As such, this method could achieve the key goal given
concerns of ADE in sequential infection by closely related flaviviruses [105, 109].

The interaction between ZIKV infection and HIV infection has been paid considerable
attention. Such interactions may alter the epidemiology, pathogenesis, immunology, and
response to therapy of these pathogens [110, 111]. For instance, the co-infecting pathogens
can accelerate HIV pathogenesis as well as facilitate its transmission by increasing viral
replication efficiency. As the ZIKV infection expands, exposure in immunosuppressed
patients may unveil new and more severe clinical manifestations. Lessons from other
flaviviruses has shown that most co-infected DENV-HIV patients present mild clinical
manifestations of DENV infection. Thus, DENV infection may influence the clinical profile
and immune response in HIV patients [112]; DENV-HIV patients could have severe DENV
infection outcomes [113]. The recent epidemic of ZIKV in South America has raised new
concerns about HIV-ZIKV co-infected patients with life-threatening sequelae [79]. Close
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surveillance in HIV-positive individuals and 7 vivo model studies of such co-infection are
important because there is large geographical overlap of populations exposed to both ZIKV
and HIV infections [114](Fig. 3). Taken together, for HIV patients in ZIKV endemic areas,
more /n vitroand in vivo studies are required to discover the mechanisms of ZIKV
pathogenesis in these immunocompromised patients. Such studies are helpful to set a best
strategy for an efficient vaccination against ZIKV infections.

7. Biological control of ZIKV infection

Wolbachia, the endosymbiotic bacteria that infects mosquitoes, can block or reduce a
mosquito's competency to carry and disseminate vector-transmitted viruses. It is capable of
infecting medicinal-important mosquito species such as Culex quinquefasciatus, Aedes
albopictus, Anopheles gambiae and Anopheles coluzzii, Aedes albopictus, and Aedes
aeqypti [115, 116]. Current research has shown a substantial ability of Wolbachiain
inhibiting viral infections including ZIKV, DENV, and CHIKYV [117-121]. Thus, Wolbachia
represents a broad spectrum antiviral application that could control ZIKV mono-infection or
co-infection via controlling mosquito-transmitted viruses that co-circulate in the same
epidemic areas.

Wolbachia eliminates virus infection in mosquitoes by a reproductive phenotype called the
cytoplasmic incompatibility. Interestingly, mating a Wolbachia-infected male with an
uninfected mosquito female produces unviable offspring. While, mating infected or
uninfected males with Wolbachia-infected females produce viable offspring [115]. Releasing
different strains of Wolbachia-infected males such as wAIbA, wAIbB, wPip, wStri, and
wMelPop could induce sterility and reduce mosquito populations [122-127]. Aedes aeqypti
has been found infected with wMel limited ZIKV in Colombia [118], Brazil [117, 127], and
Singapore [120]. Laboratory studies showed an effective inhibition of ZIKV in mosquito cell
lines after infection with wAIbB and wStri strains [126].

Wolbachia can manipulate mosquito cellular function greater than viral infection.
Commonly, an extensive reprogramming of cellular metabolism has been observed during
viral infection [128]. For example, DENV infection activates the glycolytic pathway of
glucose metabolism to promote efficient viral replication [129]. Interestingly, Wolbachia
infection showed a more significant impact on the cellular metabolic pathways compared to
virus infection [130]. Some lipids were reduced in Wolbachia-infected mosquito cells that
were abundant in DENV-infected mosquito cells, suggesting that Wolbachia inhibited virus
replication in mosquito cells via shifting the lipid profile [131]. Further research on the
impact of Wolbachia infection on cellular pathways that inhibit viral replication could open
a new avenue for developing antiviral drugs.

Although Wolbachia are efficient to protect mosquitos against a wide range of viral
infections, many factors should be implemented for current and new technologies to achieve
successful application. The population density of wild mosquitoes considerably reduced
Wolbachia proliferation in Aedes aegypti[132]. Additionally, it is important to consider the
ecosystem when Wolbachia-infected mosquitoes are introduced into wild population such as
avoiding the high weather temperature [133]. The laboratory invasion of Wolbachiais not
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necessarily reflecting its field capability of infection. Therefore, minimizing the laboratory
adaptation is crucial to increase the relevance of experiments to field mosquitoes that can be
achieved by applying out-crossing and maintaining the Wolbachia colonies under optimal
conditions [134]. New technologies have been implemented to reduce virus infection
including genetically modified mosquitoes that carry dominant lethal genes, such as the
OX513A, and advancing gene-drive technologies [135]. Current and new technologies are
hampered by policy barriers. Therefore, more studies are warranted to overcome these
regulatory deadlocks [136].

8. Conclusions

The co-circulation or co-infection of ZIKV with other viruses leads to complicated
consequences that might increase the host sensitivity to ZIKV infection or other infections.
In this review, we showed that the co-circulation of ZIKV, DENV and CHIKYV via Aedes
Aegyptiand Aedes Albopictus leads to creating significant difficulties in treating,
controlling and diagnosing these arboviruses infections. ZIKV and DENV possess high
homology proteins that affect the immune response to ZIKV infection due to antibody-
dependent enhancement, while ZIKV and CHIKYV have a potential neurotropism infectivity.
These viruses showed high similarity in the infection symptoms, suggesting that the
molecular-based techniques represent the optimal diagnostic method in addition to
conventional culture and serological tests.

ZIKV infection could induce an additional risk for HIV-infected patients, especially during
the pregnancy period. Future studies on ZIKV co-infection are necessary to: 1) elucidate the
transmission, co-circulation and infection complications of ZIKV, DENV and CHIKY at the
endemic areas of these viruses; 2) identify unique antigenic epitopes of DENV and ZIKV
for designing and developing efficient ZIKV and DENV vaccines; and 3) clarify whether
HIV infection increases the sensitivity to ZIKV infection and whether ZIKV infection could
worsen HIV infection.
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Highlights

Rise of ZIKV co-infection with vector-borne viruses in overlapping endemic
areas.

Studying control and prevention strategies for ZIKV, other flaviviruses and
HIV.

Consideration of HIV/ZIKV transmission in vaccine development.

Effective control of ZIKV transmission using Wolbachia against Aedes
mosquitos.

Development of ZIKV vaccines need to consider of co-infection with human
pathogens.
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Fig. 1. ZIKV co-circulation and co-infection with DENV and CHIKV
Aedes aegypti and Aedes Albopictus are the primary vector for ZIKV, DENV, and CHIKYV,

and it can infect humans with all combinations of these viruses simultaneously. These
mosquitoes co-circulate ZIKV, DENV, and CHIKYV creating significant practical difficulties
in controlling and diagnosing these arbovirus infections. Previous infection or vaccination of
DENV that trigger strong T cell responses can offer protection against ZIKV infection.
However, poor T-cell immunity response against DENV or ZIKV infection could increase
the possibility of antibody-dependent enhancement (ADE) that worsen ZIKV infection by
facilitating virus uptake by host cell. The pre-existing of ZIKV infection followed by
CHIKYV infection or ZIKV-CHIKYV co-infection increase the incidence Guillain-Barré
Syndrome and other neurological complications.
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Fig. 2. ZIKV infection to humans with human immunodeficiency virus (HIV) infection
ZIKV infection can be disseminated via vector or non-vector transmission. ZIKV infection

targets CD14+ monocytes leading to increased inflammatory responses and
immunotolerance, creating an additional risk for HIV-infected patients. ZIKV infection
impacts the efficiency of ART regimen and increases the possibility of HIV transmission to
the fetus in addition to the incidence of multiple malformations including microcephaly.
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Fig. 3. Geographical distribution and overlapping area for ZIKV, DENV, and various prevalence
of HIV [among adults aged 15-49, based on WHO report 2017]

The map was created through the following link: https://mapchart.net/world.html. The areas
with only various mean prevalence of HIV and no report of DENV and ZIKV are shown in
yellow to red colour rays. Areas with report of ZIKV combined with 0.4% or 4.2% mean
prevalence of HIV are shown in light and dark purple color, respectively. Areas with report
of only DENV combined with various mean prevalence of HIV are shown in light to dark
green colour rays. Areas with report of ZIKV and DENV combined with various mean
prevalence of HIV are shown in light to dark blue colour rays. Intensity of the colours
increases when the mean prevalence of HIV increases in areas.
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