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MOSQUITO-BORNE FLAVIVIRUSES

Disease burden
Arboviruses or vector-borne viruses comprise a diverse group of viruses that cause a 
significant disease burden, in terms of human morbidity and mortality, around the 
globe1. Over the last few decades, the emergence and re-emergence of arboviruses 
have posed a considerable public health threat in tropical and subtropical regions of the 
world. Overall, it is a challenge for international public health workers to combat these 
emerging arboviruses 2,3. Ecological factors (climate, behavioral, and agriculture changes) 
globalization, and urbanization, have permitted geographically isolated mosquito-borne 
diseases to spread globally 4, thus causing a major public health burden. Members of 
at least, five virus families, Flaviviridae, Peribunyaviridae, Phenuiviridae, Nairoviridae 
and Togaviridae, are known to cause human and animal diseases around the globe5,6. The 
family Flaviviridae comprises many clinically relevant mosquito-borne viruses, such as 
Dengue virus (DENV), Zika virus (ZIKV), West Nile virus (WNV), Yellow Fever virus (YFV), and 
Japanese encephalitis virus (JEV), with the potential to cause endemic/ epidemic disease7. 
According to an estimate, over half of the global population might be at risk of having 
an infection with one of four dengue virus serotypes (DENV-1, -2, -3, and -4) 6,8, and YFV, 
DENV, JEV, and WNV collectively caused millions of infections and tens of thousands of 
deaths each year9. In the last decade, the Zika virus (ZIKV) outbreak triggered an alarming 
situation worldwide due to its emergence around the world and it spread to the territories 
of Latin America and the Caribbean10, which led WHO to make a declaration of Public 
Health Emergency of International Concern (PHEIC) in February 2016.

ZIKV: Emergence & epidemiology
In April 1947, Scottish virologist George W. A. Dick and his coworkers discovered ZIKV in 
the blood of febrile sentinel rhesus monkeys in the Zika Forest, a research station of the 
East African Virus Research Institute in Uganda11. ZIKV was isolated subsequently from the 
mosquito vector Aedes africanus in the same forest11-13, hence proving it as a vector of ZIKV. 
Primates were found to be the primary vertebrate hosts for ZIKV, as other small mammals 
were serologically tested negative for ZIKV in the forest while several monkey species were 
detected seropositive for ZIKV at the same time12,13. 

Following its discovery in 1947, ZIKV remained obscure and did not gain global attention 
until an outbreak occurred in 2007 in Micronesia2,14,15. During the period of four months, 
ZIKV infected around 75% of the population on the island of Yap. This outbreak was 
followed by another large outbreak in Polynesia in 201316-20. In 2014-2015, ZIKV spread 
to New Caledonia, Cook Islands, and Easter Island due to the imported cases from 
French Polynesia. In 2015, ZIKV intruded Brazil21, and in February 2015 ZIKV spread to 
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northeastern Brazil where thousands of people were affected22,23. By the end of December 
2015, the estimated number of suspected cases of ZIKV infection ranged from 440,000 
to 1,300,00024 (Fig. 1). Initially, the outbreak was concentrated in northeastern Brazil 
and within a period of 1 year throughout Latin America and many of the islands in the 
Caribbean reported local ZIKV transmission24-26. During this spread, the European Centre 
for Disease Prevention and Control (ECDC) considered the low risk of having infection in 
many areas of Europe, but travelers returning from epidemic regions did introduce ZIKV to 
these non-endemic European regions. In countries like the Netherlands, ZIKV in the Dutch 
Caribbean islands is spread mainly by mosquitoes, and in the European Netherlands, both 
Asian and African lineages of ZIKV detected were introduced by travelers. This spread not 
only raised concerns about the potential of establishing local transmission by vectors in 
non-endemic areas but also about the disease outcome, particularly in South America, 
due to heterogeneous arbovirus immunity and a close connection with endemic regions. 
This indeed highlighted the critical concerns about the potential spread and outcome of 
infection in currently non-endemic and endemic areas.

Zika virus
Zika virus (ZIKV) belongs to the genus flavivirus and family Flaviviridae family27,28. ZIKV 
is an enveloped, positive-sense RNA virus with an approximately 10.7-kb genome. ZIKV 
genome encodes a single polyprotein that is post-translationally cleaved by host and viral 

Figure 1: Zika virus infection has rapidly emerged as a significant global threat. Boeuf et al., BMC Med, 2016.
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proteases into three structural proteins (capsid [C], pre-membrane [prM], and envelope 
[E]) and seven nonstructural proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5; Fig. 
2)29,30. Structural and non-structural proteins have distinct functions: structural proteins 
are mainly involved in virus entry and release and are the key targets for immune response, 
while non-structural proteins regulate viral transcription, replication, and attenuation of 
host antiviral response 27,31-33. ZIKV is closely related to the serotypes of DENV, having ≈ 43% 
amino acid similarity across the viral polyproteins and in the ecto-domain of E as well, 
which is one of the immunodominant proteins to which cross reactive immune responses 
including T cells and antibody responses are produced34.

Figure 2: ZIKV virion structure and genome organization. (A) Schematic overview of ZIKV virion structure with the E and 
M proteins anchored in a lipid bilayer with an icosahedral-like symmetry. Lipid bilayer encloses a nucleocapsid composed 
of ZIKV genome associated with the C protein. (B) Genome organization and polyprotein processing: ZIKV genome (ap-
proximately 10.8 kb) is translated as a single polyprotein that is cleaved co- and post-translationally by viral (arrows) and 
host (diamonds) proteases to yield the three structural proteins C, M and E; and seven NS proteins NS1, NS2A, NS2B, NS3, 
NS4A, NS4B and NS5. The 5’ and 3’untranslated regions (UTR) are indicated as black lines at the end of the viral genome. 
Ávila-Pérez et al., Viruses (2018). Created with BioRender
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ZIKV phylogeny
Phylogenetic analysis of ZIKV shows that it can be classified into two distinct lineages; 
African and Asian lineages, both emerging from East Africa in the late 1800s28. The Asian 
lineage was first time detected in Malaysia, which originated during the ZIKV migration 
from Africa to Southeast Asia28. The strain that caused the recent outbreak belonged to the 
Asian lineage, and sequence analysis discovered a significant change in the virus over the 
last 50 years in terms of nucleotide and amino acid sequences35,36.

Seroprevalence 
In the recent decade, the emergence and re-emergence of arboviral infections have 
become a global public health problem. As witnessed during the ZIKV epidemic, 
arboviruses have gained geographic expansion and increased impact on the susceptible 
population. Seroprevalence surveys are important tools to identify the disease distribution 
and estimate the impact of viral burden. After the first ZIKV outbreak, seroprevalence 
studies performed in Micronesia (2009) and French Polynesia (2014–2015) reported a 
seroprevalence of 73% and 49%, respectively14,37. 

While serology can be used effectively for monitoring spread of infection in regions without 
prior flavivirus presence, serological diagnosis and monitoring of flaviviruses in regions 
with co-circulating flaviviruses is extremely challenging due to antigenic relatedness 
and co-circulation of these viruses which ultimately leads to a problem of cross-reactive 
immune responses in the local population38. The cross-reactive binding antibodies 
that are generated due to background immunity subsequently affect the specificity of 
serological assays and can easily produce false-positive results. The previously reported 
seroprevalence study in Micronesia and Polynesia did not employ the virus neutralization 
assay, a gold standard for serological assay, which meant that the reported results could 
have represented a large amount of false-positive results due to cross-reactivity with 
other flavivirus antibodies39-41. A few ZIKV seroprevalence studies employing a micro–virus 
neutralization test (VNT) or plaque reduction neutralization test were conducted in the 
Americas. These studies reported a ZIKV seroprevalence varying from 0% in the highlands 
of Bolivia to 63.3% in Salvador, Brazil39,41,42. In 2017, we conducted a ZIKV serosurvey in 
Suriname using a virus-neutralization assay and reported that ZIKV immunity was widely 
spread across Suriname, and mentioned the future risk of outbreaks in the urban and 
rural areas due to low titers of neutralizing antibodies at the population level43. Estimation 
of population immunity to ZIKV is critical for assessing the risk of future outbreaks, 
particularly, in ZIKV endemic areas, and also to determine the success rate of the target 
vaccine. 
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Diagnosis of ZIKV infection
The clinical symptoms related to ZIKV infection are not very specific and resemble 
other diseases that can cause fever, rash, and arthralgia, particularly CHIKV and DENV 
infections18. In addition to this, it is challenging to make a differential diagnosis of ZIKV 
infection due to geographic overlaps with CHIKV and DENV3. These issues emphasize the 
need for laboratory investigations of patients with DENV-like syndrome. Algorithms have 
been established to be used and performed carefully in the areas where arboviruses are 
endemic44. The diagnosis of ZIKV is mainly based on the detection of virus RNA in the 
blood samples. For patients presenting within five days post- symptom onset, RT-PCR 
or isolation of virus from blood or serum samples are the reference techniques for ZIKV 
diagnosis2,30,45,46. As the time window for the detection of virus in the blood is short, and 
viruria (virus in urine) lasts longer, urine can also be used for the detection of virus RNA by 
RT-PCR2,45,47.

Serological detection, including ELISA or fluorescent staining, is also widely performed, 
but due to cross-reactivity among flaviviruses, the diagnosis through serological detection 
is difficult. During the epidemic in Yap in 2007, the Centers for Disease Prevention and 
Control (CDC) in Atlanta has developed an ELISA technique to specifically detect anti-ZIKV 
IgM48, but nevertheless ELISA-based detection during the early phase of infection is very 
challenging as IgM levels in persons with prior flavivirus exposures in response to a ZIKV 
infection may be low2. Neutralization assays for the detection of antibodies such as the 
Plaque Reduction Neutralization Test [PRNT] are reliable assays to confirm the diagnosis 
of ZIKV infection2. 

Transmission

The primary mode of transmission
ZIKV is categorized as a mosquito-borne arbovirus which means that mosquitoes transmit 
virus from one vertebrate host to another. The principal vector for ZIKV transmission 
belongs to the genus Aedes spp. A subset of Aedes mosquito species, including Ae. 
aegypti, Ae. albopictus, Ae. hensilii, Ae. polynesiensis, and Ae. japonicus have been reported 
as competent vectors for ZIKV transmission11,12,49,50. In Africa and Asia, multiple species 
of Aedes mosquitoes are known to maintain the enzootic cycle of ZIKV transmission where 
ZIKV predominantly circulates in sylvatic habitats, involving mosquito vectors and non-
human primates as reservoir hosts 49,51. The first human transmission was reported in 1964 
when a medical entomologist got ZIKV infection in the field-work in Uganda14,52. During the 
recent outbreak in Latin America and the Caribbean, Ae.aegypti was considered to be the 
principal vector spreading ZIKV because of its local abundance in the urban areas and its 
anthropophilic nature53.
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Secondary modes of transmission
During ZIKV epidemics in the last decade, other routes of ZIKV transmission besides 
mosquito vectors were reported including transmission through blood transfusion54,55, sex 
and infection from mother to fetus/newborn (vertical transmission)(Fig. 3)56-59. ZIKV RNA 
was detected in the blood, saliva, semen, urine, amniotic fl uid, and breast milk60. Similar 
to ZIKV, vertical transmission via infected breast milk had also been reported for other 
fl aviviruses61-63. During the ZIKV outbreak in French Polynesia (2013), vertical transmission 
of ZIKV had been documented but the actual route was not confi rmed64. In Brazil, pregnant 
women gave birth to neonates with severe malformations, and materno-fetal transmission 
was confi rmed by the detection of ZIKV RNA in amniotic fl uid, blood, and tissue samples 
from microcephalic newborns. In utero vertical transmission particularly received global 
attention due to the positive correlation observed between ZIKV emergence in Brazil and 
increased incidence of microcephaly cases65,66.

Clinical signs & symptoms: 
Generally, ZIKV infection can cause a variable clinical outcome in humans ranging from 
asymptomatic (80% of cases) to (a) common fl u-like symptoms, and (b) severe disease 
complications14.

Figure 3: ZIKV transmission cycles. Infected mosquitoes can spread ZIKV to rhesus monkeys in a sylvatic habitat, in an 
enzootic cycle between non-human primates. This infected mosquito can also infect humans and spill over infection to 
rural or urban habitats in an epidemic cycle. In the epidemic cycle, the transmission between human and mosquito vectors 
occurs when a mosquito bites an infected human during a viremia period and transmission of the virus continues. In an 
epidemic cycle, other modes of transmission including sexual, blood, and vertical transmission are also reported. Adapted 
from Paul et al., Virol (2020)
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Common clinical syndrome
The intrinsic incubation period in humans from a mosquito bite to the symptom’s onset is 
around 3-7 days44. Common signs or symptoms associated with ZIKV infection resemble 
those caused by other arboviruses, such as DENV and CHIKV44,67,68, and include fever, 
headache, arthralgia, myalgia, conjunctivitis, vomiting, fatigue, and/or maculopapular 
rash (Fig. 4)52,69,70. In symptomatic ZIKV infected cases, bone-related complaints, including 
arthralgia in over 70% of cases and persistent arthralgia for more than 30 days are also 
reported57,71,72. For other arboviruses, including CHIKV infection, long-term musculoskeletal 
disorders are also reported in about 78.6% of infected patients, in addition, persistent 
rheumatic outcomes till 27.5 months post-infection are also described73,74.

Complications in adults
The perception that ZIKV infection in adults-only causes febrile illness with a low 
hospitalization rate has changed during the outbreak in French Polynesia due to the 
description of increased incidence of severe neurological complications in adults75,76. 
During the French Polynesia outbreak (2013), a surprisingly high number of Guillain Barre 
(GBS) cases were reported in adults, which represented a 20-fold increase in the incidence 
of GBS cases in French Polynesia compared to the previous four years. A temporal and 
spatial association was found between an unusually high number of GBS cases and the 
French Polynesian ZIKV outbreak, which suggested that ZIKV was the cause of GBS77. In 
2015, Brazil reported 121 GBS cases in northeastern states in the patients with Zika fever 
preceding GBS. Later, an increase in GBS was also reported in Venezuela, El Salvador, and 
Martinique in the Americas 78. 

Figure 4: Common clinical symptoms in ZIKV infection
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Complications in infants 
In addition to complications in the adults, the emergence of ZIKV in Brazil was accompanied 
by reports of severe complications in neonates (Fig. 5). In Brazil (2010-2014), the annual 
number of microcephaly cases ranged from 150 to 20079. In late 2015, a relationship 
between ZIKV and microcephaly was fi rst suspected in Brazil, particularly in northeastern 
Brazil79-81. For the congenital complications, soon it became obvious that microcephaly 
represented only the tip of the iceberg, while in utero ZIKV infection caused other severe 
congenital abnormalities as well, such as lissencephaly, ventriculomegaly, and ocular 
abnormalities82-85. The risk of developing a birth defect via maternal-fetal transmission 
and miscarriage is estimated around 10-15% and 5.5%, respectively3,86. Severe 
microcephaly caused by Zika virus infection is characterized by a partially collapsed skull, 
subcortical calcifi cations, macular scarring, focal pigmentary retinal mottling, congenital 
contractures, and hypertonia3. 

ZIKV tropism and pathogenesis
Entry receptors and mechanism of infection
ZIKV requires a host cellular machinery to complete its life cycle. The susceptibility 
of host cells depends, in part, on the presence of specifi c cell surface receptors, which 
facilitate virus entry into the cells. To gain entry into the target cells, ZIKV employs various 
cell surface receptors such as Dendritic Cell-Specifi c Intercellular adhesion molecule-3-
Grabbing Non-integrin (DC-SIGN), T-cell immunoglobulin domain, and mucin domain 
1 (TIM-1) and TAM (transmembrane protein TYRO-3, AXL, and MER) receptors. These 
receptors are widely distributed on human skin cells, endothelial cells, neural cells, retinal 
progenitor cells, and mesenchymal stem cells (MSCs) 87-93. The interaction of N-linked 
glycosylation of ZIKV-E protein and DC-SIGN of cells is shown to enhance the chances 
of ZIKV infection in mammalian cell lines94. In several in vivo mouse models, it is also 
shown that TAM receptors, especially AXL, although not vital, are determinants for ZIKV 
infection95,96. Similar to other fl aviviruses, ZIKV enters the host cells by endocytosis which 
is initiated by an interaction between ZIKV E glycoprotein and cell surface receptors. Aft er 

Figure 5: Zika associated complications in A) Adults (Guillain Barre syndrome) and B) neonates (micocephaly). 
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internalization, ZIKV replication triggers an antiviral response and activation of type I 
interferon (IFN) response in the infected cells92.

TARGET CELLS AND PATHOLOGY

ZIKV spread in the Western hemisphere has accelerated the pace of fundamental research 
to identify the critical host and viral factors regarding ZIKV pathogenesis. The main focus 
of the studies is to discover the link between congenital anomalies and ZIKV infection. As 
stated earlier, ZIKV has a diverse tissue tropism and thus can infect a wide range of cell 
types in various in vitro and in vivo models, including human dermal fibroblasts, epidermal 
keratinocytes, immature dendritic cells, MSCs, Hofbauer cells, trophoblasts, endothelial 
cells, neuronal cell types, ocular tissues, spermatogonia, Sertoli cells, Leydig cells, 
sperms, and the vaginal epithelium (Fig. 6)87,97. Thereby it is challenging to understand the 
complete disease spectrum and pathogenesis of infection. To some extent, pathogenesis 
studies using patient samples and employing various in vitro and in vivo models, have 
allowed us to characterize different tissue types and cell lines that are permissive to 
ZIKV infection98-100. However, these studies are not enough to highlight the molecular 
mechanisms and pathways involved in ZIKV pathogenesis.  

Microcephaly: A neurological disorder?
In various in vitro models, it has been shown that ZIKV preferentially infects brain cells, in 
particular human neural progenitor cells (NPC) 101-104. These findings rationalize the ability 
of ZIKV to impair the development of the fetal brain and subsequently cause microcephaly 
along with other neurodevelopmental abnormalities. This observation is supported by a 
mouse study where direct intraventricular inoculation of the brains with ZIKV in the 
developing mouse fetuses from wild-type mice caused cortical infection and thinning, 
inhibition of NPC differentiation, and microcephaly105. Since ZIKV-associated microcephaly 
is generally considered a neurodevelopmental disorder, extensive in vitro studies, 
mainly using neuronal models, are therefore performed to explore the neurological link 
between ZIKV infection and microcephaly. However, microcephaly can be caused by other 
developmental disorders, such as craniosynostosis or osteopetrosis, where impaired 
bone remodeling can affect the development of the skull. Craniosynostosis involves the 
premature fusion of cranial sutures and can cause microcephaly in newborns106. ZIKV 
infection and replication in an osteoblast-like cell line and early stage MSCs (osteoblast 
precursors) shows the potential of ZIKV infection to affect bone remodeling107,108. 
Arbovirus-related bone complaints are also reported for RRV (Ross River virus), CHIKV 
and DENV, and it is shown that these viruses can cause imbalance of bone remodeling 
and induce inflammatory bone loss109,110. Therefore, in the case of ZIKV infection, more 
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efforts are warranted to develop primary bone-related in vitro models, which can help to 
disentangle the possible link between ZIKV and osteoarticular anomalies.  

Bone remodeling and pathologies
An understanding of basic bone biology is required to elucidate the molecular and cellular 
mechanisms behind the pathogenesis of bone-related disorders. Bone is a dynamic tissue 
and it requires constant remodeling to maintain a healthy skeleton in order to execute 
important functions and to maintain bone homeostasis111. Bone remodeling is a complex 
but well-characterized process that is regulated by coordinated actions of different cell 
types and by a variety of biochemical and mechanical factors112. There are two major 
forms of bone: (a) cortical bone and (b) trabecular bone. Cortical bone is protective and 
provides a mechanical function. Trabecular bone, the major site of bone remodeling, 
provides strength and is important for the majority of metabolic functions. Mainly four 
cell types, i.e. bone-lining cells, osteocytes, osteoclasts and osteoblasts, play a crucial role 
to regulate bone remodeling112,113. In a quiescent state, a monolayer of bone-lining cells, 
belonging to the osteoblastic lineage, covers the bone surface114,115. 

Figure 6: ZIKV tropism in human-derived tissues. ZIKV infection of amniotic epithelial cells and mesenchymal stem cells 
is detected by using ZIKV RNA probe. ZIKV replication is shown in in vitro reconstituted human respiratory, neural, intesti-
nal and vaginal tissues. The image is adapted from Eijk et al., NEJM (2016) & Cagno et al., Clinic. Mic. Inf (2019).
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The most abundant bone cells are osteocytes, which are terminally differentiated 
osteoblasts and embedded within the bone during skeletal development or during 
previous cycles of bone remodeling116. Osteocytes serve as the primary mechanosensing 
cells, and probably play a key role in the initiation of bone remodeling117. Osteoclasts (OCs) 
are multinucleated giant cells and the sole bone-resorbing cells that are stimulated to 
differentiate from mononuclear cells of the monocyte/macrophage lineage by two essential 
factors: the monocyte/macrophage Colony-Stimulating Factor (M-CSF) and the Receptor 
Activator of Nuclear factor κB (NF-κB) ligand (RANKL)118,119. OC differentiation is a multistep 
process that includes the formation of colony-forming unit granulocytes/macrophages 
from hematopoietic stem cells. Mono-nucleated cells of the monocyte/macrophage lineage 
in the bone marrow and in the circulation are commonly considered osteoclast precursors. 
These precursors are attracted to prospective resorption areas, which is followed by their 
attachment to the bone matrix and differentiation into osteoclasts, in response to M-CSF 
and RANKL118-120. Osteoblasts are bone-forming cells derived from MSCs via a multistep 
differentiation process. MSCs give rise to osteoprogenitors, which differentiate initially into 
pre-osteoblasts, and then mature osteoblasts are formed121. Various transcription factors, 
including Runt-related transcription factor 2 (Runx2), SMADs, Lymphoid Enhancer Binding 
Factor (LEF), Nuclear Factor Of Activated T Cells 1 (NFATC1), and so on,  precisely regulate and 
control the formation and function of osteoblasts122. Although osteoblasts exist throughout 
life, they are highly active during the period of embryonic skeletal formation and growth. 
In adults, osteoblasts are generally active at the time of regeneration, if needed, to repair 
the defect or depletion of the bone matrix122. They secrete bone matrix proteins collagen 
type 1 alpha 1 (Col1α1), osteocalcin (OC), and alkaline phosphatase (ALP). The response 
time from osteoblasts is slow and, normally after the formation of mature osteoblasts, the 
synthesis, as well as detection of bone matrix by the cell, takes around 4 months122,123.

Osteoblast-osteoclast communication
Osteoblasts and osteoclasts work in coordination to perform bone remodeling in bone 
multicellular units (BMU) through an activation-resorption and formation sequence of 
events. Bone remodeling mainly comprises four distinct but overlapping phases, (a) 
initiation/activation of remodeling at a specific site, (b) bone resorption followed by 
recruitment of MSCs and osteoprogenitors, (c) osteoblast differentiation and osteoid 
synthesis, and (d) mineralization and completion of bone remodeling (Fig. 7)124. Importantly, 
in normal bone remodeling, a tight coupling exists between bone formation and resorption 
to avoid any net difference in bone mass after the completion of the bone remodeling cycle. 
Several local and systemic variables help to maintain a balance in the functions of OBs and 
OCs125,126. In addition, growth factors such as transforming growth factor β (TGF-β), released 
from the bone matrix during the resorption help in regulating osteoblast differentiation 
and function127,128, which subsequently couples bone formation to bone resorption129-131. 
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Though bone remodeling is tightly regulated, the bone-remodeling process can be 
derailed at diff erent points or levels, which results in metabolic bone diseases and can 
cause a variety of skeletal disorders (Fig. 8)112 . Other than physiological changes, viral 
infections can disturb bone homeostasis by aff ecting the diff erentiation and function of 
bone-related cells132. Moreover, the deregulated secretion of osteoclast-derived factors 
may contribute to the pathogenesis of bone disorders, which is observed following various 
types of viral infections109,133. 

Arboviruses and bone pathologies
RRV and CHIKV are known to infect osteoblasts and induce paracrine factors that disturb 
bone homeostasis by triggering the osteoclast activity (osteoclastogenesis), subsequently 
leading to infl ammatory bone loss due to increased bone resorption133. Unfortunately, the 
studies performed so far did not fully characterize the direct eff ect of viral infection on 
the function/phenotype of bone-forming osteoblasts and bone-resorbing osteoclasts. The 
progress in molecular and cellular biology aids to characterize functional abnormalities of 
the osteoblastic and osteoclastic lineages that lead to bone disease112. In the case of ZIKV 
infection, the possible connection between ZIKV and bone remodeling was fi rst suggested 
by a case of miscarriage associated with ZIKV infection where, in the perichondrium of 
an infected fetus, ZIKV tropism to precursors of bone-forming osteoblasts (MSCs) is 
reported134. Bone-related complaints are also reported for the closely related DENV, but the 
pathogenesis studies regarding DENV infection and bone remodeling are very limited135. 
Studies concerning the fl avivirus infection, particularly for ZIKV and DENV, and bone 
pathologies are warranted because these closely related viruses co-exist in endemic areas 
where the local population is mostly exposed to both viruses and pre-existing immunity 

Figure 7: An overview of the bone remodeling. Bone remodeling begins at the time of resorption of bone mineral and 
matrix by osteoclasts. Mono-nuclear cells help to prepare the resorbed area for bone forming osteoblasts. Osteoblasts then 
generate the freshly synthesized matrix during their diff erentiation and maturation. Bone remodeling completes when the 
matrix mineralization completes and some osteoblasts diff erentiate into osteocytes. Created with BioRender
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can also play a role in disease pathogenesis via antibody-dependent enhancement (ADE) 
and determine the clinical outcome. 

IMMUNO-PATHOGENESIS & ANTIBODY DEPENDENT ENHANCEMENT

The immune response can play a paradoxical role in either providing an immuno-
protection by fi ghting against the virus or causing immuno-pathogenesis. Regarding 
immune-pathogenesis, it has been described that the presence of non-neutralizing 
antibodies can cause ADE of infection and worsen the disease136. 

In the 1960s, ADE was fi rst time described for DENV infection, where it was observed 
that severe DENV infection occurred only among the individuals with secondary DENV 
infection and in the infants that had low/ sub-neutralizing levels of maternal antibodies136. 
It was hypothesized that ADE i.e., antibodies produced against infection with one DENV 
serotype could cross-react with a second exposure but diff erent DENV serotype could 
enhance a disease severity137. According to this hypothesis, antibodies that are produced 

Figure 8: Perturbed function of osteoblast-osteoclast upsets the bone remodeling. Osteoblast-osteoclast interaction 
plays an important role in modulating bone remodeling. In any pathological situation, if the balance is tilted either to-
wards osteoblasts or osteoclasts, it disturbs overall bone metabolism by aff ecting the bone formation or bone resorption 
process, respectively.
Created with BioRender
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during primary DENV infection can bind to but cannot neutralize a different DENV serotype 
during secondary exposure. Mechanistically, these cross-reactive antibodies facilitate the 
entry of the non-neutralized virus–antibody complexes (immune complexes), mainly via 
fragment crystallizable (Fc) gamma receptors (FcγRs), into the mononuclear phagocytic 
cells (MPCs). These infected MPCs may then serve as a reservoir and thus help the virus 
with an increased tissue tropism by facilitating the viruses to reach different tissues in the 
body, causing widespread infection, increased number of viral yields, and worsening the 
outcome of disease137-139.

ZIKV-ADE
ZIKV and DENV have a high degree of structural similarity, which is why the antibodies 
produced against these viruses can cross-react with one another. Earlier during the ZIKV 
epidemic, it was speculated that ADE of a ZIKV infection (ZIKV-ADE) could contribute to 
ZIKV disease severity, mainly congenital complications, due to the presence of cross-
reactive DENV antibodies. Therefore, extensive pathogenesis studies have been performed 
to investigate whether ZIKV-ADE may explain the seemingly increased pathogenicity of 
ZIKV140.

In the case of DENV infections, a causal relationship between ADE of DENV infection and 
increased risk of developing severe symptoms is well established141, but for ZIKV infection, 
findings from ADE studies are mostly inconclusive due to conflicting results between in 
vivo and in vitro studies142-146. Emerging studies, regarding ZIKV-ADE, demonstrate 
that while in vitro models can show ADE of ZIKV infection, there is no supporting 
epidemiological data that confirms that ZIKV-ADE leads to disease severity in adults and /
or causes congenital anomalies.  

Among in vitro studies, a huge variation exists due to the absence of a standardized ADE 
assay including the type of FcγR-bearing cells/cell lines that are used, the source of cross-
reactive antibodies (polyclonal serum vs. monoclonal antibodies), and the readout for 
defining the enhanced viral infection such as virus titer in supernatants or percentage 
of infected cells assessed with flow cytometry. The disparity among in vitro models and 
the subsequent interpretation of ZIKV-ADE infection requires a well-characterized model 
that is close to a biologically relevant primary cell model. Although ADE is considered a 
mechanism for enhancing the disease severity, which in the case of ZIKV infection will 
be congenital anomalies, to date, ZIKV-ADE has not been studied for flavivirus pre-
immune pregnant women141. During pregnancy, complex alterations occur to sustain fetal 
development and to protect from microbial invasion, which means that in general, the 
immune status of a pregnant woman can have a differential role during ZIKV infection. 
Regarding ZIKV-ADE, at first, there is a need of developing standardized in vitro models that 
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are biologically relevant to address to get a better understanding of ZIKV-ADE and identify 
the possible risk of ZIKV-ADE during pregnancy in flavivirus pre-immune pregnant women. 
These studies certainly will have a huge impact on the implementation of therapeutics 
and preventive measures.

ZIKV prevention and Therapeutics
Currently, there is no effective vaccine approved to prevent ZIKV infection, and like other 
vector-borne viruses, preventive measures are mainly suggested to avoid contracting ZIKV 
infection, such as individual protection from a mosquito bite and integrated vector control 
strategies that to control the vector population at various levels44.

Apart from all the efforts to identify the potential host and viral factors that assist ZIKV 
pathogenesis, it is unfortunate that there is no specific treatment for ZIKV infection. There 
are various drugs and therapeutic candidates against ZIKV (Table 1) which are characterized 
based on their mode of action such as direct-acting antiviral that works against viral targets; 
host targeting antivirals, which target the host components that assist viral replication18. 
There is some evidence of broadly acting antiviral drugs that are effective against closely 
related flaviviruses and can be used against ZIKV, particularly broad-spectrum nucleoside 
analogs, but supporting data is still insufficient for the clinical application of these 
antivirals147. During ZIKV emergence, an approach of “drug repurposing” is adopted, 
which is a fast-track strategy that involves testing a range of existing antiviral drugs and 
therapeutic candidates against ZIKV in various in vitro and in vivo models. Testing and 
the re-evaluation of effective antiviral requires a carefully selected model because some 
prodrugs require specific host cell enzymes for intracellular processing to be available in 
the active form, and if the drugs are not activated then they may seem ineffective merely 
due to a selection of an inappropriate model. Therefore, a cautious selection of in vitro cell 
line models is essential to validate and screen the efficacy of the drug. In the case of ZIKV 
treatment, there are other several other challenges regarding the application of an antiviral 
treatment, such as when and how the drug should be applied, it should bypass the blood-
brain-barrier and the placenta, and most importantly should be safe for pregnant women, 
their fetuses, and infants, which are by no means trivial concerns.
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AIMS AND OUTLINE OF THE THESIS

Although multiple pathogenesis studies have been performed to understand ZIKV 
pathogenesis studies conducted so far do not cover the entire disease spectrum following 
ZIKV infection 101,149-152. The basic understanding of the molecular functions and pathways 
that are affected by ZIKV infection is still not completely understood to gain knowledge 
about ZIKV pathogenesis. Therefore, there is a need to develop in vitro models based 

Table 1. Summary of different antiviral options.

Direct-Acting Antivirals

Name Mode of action In 
vitro

In 
vivo

7-deaza-2-CMA RdRp inhibitor yes yes

2-CMA, 2-CMC, 2-CMG, 2-CMU RdRp inhibitor yes No

Favipiravir RdRp inhibitor yes No

NITD008 Pyrimidine synthesis inhibitor yes yes

Sofosbuvir RdRp inhibitor yes yes

BCX4430* RdRp inhibitor yes yes

Sinefungin Pan-methyl transferase inhibitor yes No

Myricetin, quercetin, luteolin,

Isorhamnetin, apigenin, curcumin NS2B-NS3 protease inhibitor yes No

Niclosamide and nitazoxanide NS2B-NS3 protease inhibitor yes No

Temoporfin NS2B-NS3 protease inhibitor yes yes

Novobiocin NS2B-NS3 protease inhibitor yes yes

Suramin NS3 inhibitor yes No

Host-Targeting Antivirals

Ribavirin Several mechanisms including purine yes yes

Merimepodib and mycophenolic 
acid

Inosine monophosphate Dehydrogenase (IMPDH) 
inhibitors

yes No

Azathioprine Purine synthesis inhibitor yes No

6-azauridine, 5-fluorouracil Pyrimidine synthesis inhibitor yes No

Lovastatin HMG-CoA reductase inhibitor yes No

Azithromycin against ZIKV Unknown mechanisms of action yes No

Chloroquine inhibition of pH-dependent steps of Viral replication yes No

Saliphenylhalamide Viral entry inhibitor yes No

Obatoclax mesylate (GX15-070) 
Bcl-2

protein inhibitor yes No

PHA-690509 Cyclin-dependent kinase inhibitor yes No

MK-801, agmatine, and ifenprodil Neuronal cell death inhibitor yes No

Memantine Neuronal cell death inhibitor yes yes

Note: *A Denotes drugs under clinical trials, X: not done. HMG-CoA: 3-hydroxy-3-methylglutaryl-coenzyme148.
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on biologically relevant target cells. These models will be helpful in providing in-depth 
knowledge about pathophysiology and highlighting the key pathways involved in ZIKV 
infection. In vitro models are also important to screen the therapeutic agents for their 
antiviral efficacy. Hence, the development of pathogenesis models, in general, will provide 
insights into the biology of ZIKV infection and will help to identify the potential molecular 
targets for developing preventive and therapeutic measures.   

In this thesis, our primary aim is to understand the pathophysiology of ZIKV infection by 
employing in vitro models, including cell lines and primary cells from a human. 

Part I: ZIKV- Antibody Dependent Enhancement (ADE)
In chapter 2, we have provided a comprehensive review of the different models, both 
in vitro and in vivo, used to study ZIKV- ADE, and the possible risks associated with 
enhancement of ZIKV infection due to DENV immunity or vice versa. 

In chapter 3, we have established a biologically relevant model for ADE of ZIKV infection. 
In this study, we have also optimized various cell lines and primary cell models regarding 
ADE of ZIKV infection. The different read-out is tested and compared to determine the 
enhancement of ZIKV infection. Finally, to determine the impact of pregnancy on ZIKV-
ADE, we have also tested ZIKV-ADE in primary cells derived from the pregnant women 
cohort.

Part II: ZIKV infection and bone pathology
In chapter 4, we have established a primary cell model based on MSCs-derived osteoblast 
to study the effect of early ZIKV infection and osteoblast differentiation as well as function. 
We have shown the infection and replication kinetics of ZIKV in early staged MSCs and 
reported the perturbed phenotypic effect due to early ZIKV infection.

In chapter 5, we expanded from our previous observation of early stage infection of MSCs 
and focused on different stages of MSCs-derived osteoblast and ZIKV infection. Here, we 
have reported that late differentiating osteoblasts are permissive to ZIKV infection. We 
have also identified that ZIKV has stage-dependent effect on the phenotype of early and 
late differentiating MSCs by profiling the host-transcriptomic response.

In chapter 6, a study is described by employing a PBMCs derived osteoclast model to 
determine the role of osteoclasts in ZIKV pathogenesis. In this study, the inhibitory effect 
of ZIKV infection on osteoclast formation and function is described.
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Part III: Therapeutics
In chapter 7, we have provided an insight into the development of treatment for ZIKV 
infection. In the introductory section, we tried to highlight the need for a fast-track 
approach by employing the strategy of repurposing drugs.

In chapter 8, we have evaluated the anti-ZIKV activity of a drug by using it in different cell 
line models. We also have highlighted the importance of the screening model to test the 
drug efficacy which is very crucial if the selected drugs need host-cellular machinery for 
activation.

Part IV: Summarized discussion
In chapter 9, we have provided a summarized discussion about our findings in comparison 
to other studies being performed addressing the pathogenesis of ZIKV infection and 
recommendations for future studies.
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ABSTRACT

Zika virus (ZIKV) has been known for decades to circulate in Africa and Asia. However, only 
recently major complications of a ZIKV infection become apparent for reasons that are 
still not fully elucidated. One of the hypotheses for the seemingly increased pathogenicity 
of ZIKV is that cross-reactive dengue antibodies can enhance a ZIKV infection through 
the principle of antibody-dependent enhancement (ADE). Recently, ADE in ZIKV infection 
has been studied but conclusive evidence for the clinical importance of this principle in a 
ZIKV infection is lacking. Conversely, the widespread circulation of ZIKV in dengue virus 
endemic regions raises new questions about the potential contribution of ZIKV antibodies 
to dengue virus ADE. In this review, we summarize the results of the evidence to date, and 
elaborate on other possible detrimental effects of cross-reactive flavivirus antibodies, both 
for ZIKV infection and the risk of ZIKV-related congenital anomalies and DENV infection 
and dengue hemorrhagic fever.
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INTRODUCTION 

Zika virus (ZIKV) is an arthropod-borne flavivirus in the family Flaviviridae, which includes 
several other arthropod-borne viruses of clinical importance such as dengue virus (DENV), 
West Nile virus (WNV) and yellow fever virus (YFV)1. ZIKV is a positive sense single-stranded 
enveloped RNA virus. The genome encodes a polyprotein which is processed into three 
structural proteins (the capsid [C], pre-membrane [prM], and the envelope [E] protein) 
and seven non-structural proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B, NS5)2. Until 2006, 
literature was limited, and no large outbreaks of ZIKV were reported3. This changed in 2007 
with the first report of a major outbreak of ZIKV on the island Yap in Micronesia, followed 
by another large outbreak in French Polynesia in 20134,5. In May 2015, ZIKV infection was 
reported in Brazil, which was the first report of locally acquired ZIKV in South America, and 
heralded an unprecedented outbreak across the Americas and the Caribbean. Phylogenetic 
studies estimate that between late 2013 and early 2014, ZIKV was introduced from Pacific 
Islands into the northeast of Brazil, from where it spread to other regions and countries6-8. 
Several months after the start of the 2015-2016 ZIKV outbreak, unusually high numbers 
of cases were observed of Guillain-Barré syndrome (GBS) in adults, and microcephaly 
in fetuses and newborn infants9. For the congenital abnormalities, it became clear that 
microcephaly constituted the proverbial tip of the iceberg and since then, several other 
severe abnormalities have been associated with a congenital ZIKV infection such as 
lissencephaly, ventriculomegaly and ocular abnormalities10-13. 

Relatively early in the epidemic, the causal relationship between ZIKV and congenital 
abnormalities was established14,15. A burning question has been why these congenital 
abnormalities were only seen in the recent ZIKV outbreaks in the Americas. Could pre-
existing immunity to other flaviviruses explain this phenomenon? Recently, a considerable 
amount of research has been performed to investigate whether antibody-dependent 
enhancement (ADE) of ZIKV can explain the seemingly increased pathogenicity of ZIKV. 
The rationale behind this consideration is that in the closely related DENV, ADE plays an 
important role in the increased risk of developing severe symptoms during secondary 
DENV infection 16. In this review, we discuss the evidence for ADE of ZIKV infection. Because 
of differences in tissue tropism of ZIKV and DENV, it should be taken into account that 
clinical presentations of infection enhancement by cross-reactive antibodies can differ 
between these viruses 17,18. Therefore, we elaborate on a specific route by which cross-
reactive dengue antibodies could have a detrimental effect on ZIKV infection, namely by 
facilitating vertical transmission of ZIKV from mother to fetus during pregnancy. Finally, 
we discuss the potential implications of co-circulation of ZIKV and DENV for the problem 
of DENV ADE.
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THE PLACENTAL BARRIER

The most notorious complications of a ZIKV infection are the severe congenital 
abnormalities it can cause. In order to discuss if, and how cross-reactive dengue antibodies 
can play a role in these complications, it is important to understand how ZIKV can reach the 
fetus during pregnancy. One way for ZIKV to infect the fetus during pregnancy is through 
transplacental transmission. The placenta is an important protective barrier against 
pathogens for the fetus. The human placenta consists of many chorionic villi; the anchoring 
chorionic villi are attached to the mucosal lining of the uterus (decidua) while the floating 
chorionic villi float around in maternal blood in the intervillous space where gas and 
nutrient exchange takes place. The chorionic villi are lined by two types of trophoblasts; 
an outer layer of terminally differentiated multinuclear syncytiotrophoblasts (STBs), and 
mononuclear cytotrophoblasts (CTBs) which are situated underneath the STB layer and 
can differentiate into STBs or in extravillous trophoblasts (EVTs) that infiltrate the decidua 
in anchoring villi. The STB layer is important for protection against pathogens and has 
previously been demonstrated to be resistant to infection with many pathogens including 
Cytomegalovirus (CMV), Toxoplasma gondii and Listeria monocytogenes 19-21. CTBs and 
EVTs, on the other hand, are susceptible to some pathogens including Toxoplasma gondii 
and CMV 21,22. To enter the villus core and reach the fetal circulation, pathogens either have 
to cross the STB layer in floating villi or infect EVTs in the anchoring villi. Recently, how 
and when ZIKV can cross the placenta has been investigated in experimental studies and 
clinical observations.

FIRST TRIMESTER PLACENTAS SEEM MOST PERMISSIVE FOR ZIKV

Analysis of placentas of women with a suspected ZIKV infection showed that the relative 
level of ZIKV RNA was 25-fold higher in first trimester placentas compared to second 
and third trimester placentas 23. In placentas of women infected with ZIKV, using in situ 
hybridization (ISH), ZIKV was consistently identified in only the Hofbauer cells (HBC) 
which are the placental macrophages that are located in the chorionic villus core and 
not in CTBs or STBs 23,24. In addition, multiple in vitro studies that were performed with 
primary placental cells isolated from early and late pregnancy placental explants found 
that ZIKV replicates in CTBs isolated from first trimester placenta explants 25-28, whereas 
in CTBs isolated from term placenta explants, only low replication of ZIKV was observed 
27,29. It was also demonstrated that STBs obtained from term placentas were resistant for 
ZIKV, possibly due to production of type III interferons 30. These observations suggest that 
the placenta is more susceptible to ZIKV infection during the first trimester of pregnancy 
than during the second and third trimester of pregnancy. In contrast to the differential 
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sensitivity of CTBs and STBs from placentas in different stages of pregnancy, many of 
the above-mentioned studies found similar levels of replication of ZIKV in HBCs isolated 
from both early and full term placentas, suggesting that these cells can possibly serve as a 
replication reservoir for ZIKV once the virus has entered the chorionic villus core. 

RESULTS FROM COHORT STUDIES

In contrast to experimental studies that indicate (partial) resistance to ZIKV of the second 
and third trimester placenta, the results of clinical cohort studies show that ZIKV associated 
congenital abnormalities also occur in infants from mothers who had a ZIKV infection in 
the second or third trimester of pregnancy, albeit less frequently 10,31,32. Preliminary data 
from the US Zika Pregnancy Registry demonstrated that 8% of the infants from mothers 
who had laboratory confirmed ZIKV infection during the first trimester of pregnancy had 
birth abnormalities and 5% and 4% in the second and third trimester respectively 31. A 
case-control study from Rio de Janeiro in 2016 reported that 55% of infants from mothers 
who were ZIKV PCR positive during the first trimester of pregnancy had birth abnormalities 
compared to 52% and 29% during the second and third trimester 10. Finally, a cohort 
study performed in French territories in the Americas found that ZIKV related congenital 
abnormalities were present in 12.7% of the infants of women who had a PCR-confirmed, 
symptomatic ZIKV infection during the first trimester of pregnancy while this was 3.6% 
and 5.3%, respectively, for the second and third trimester 32. 

In conclusion, there seems to be a discrepancy between the results from experimental 
research, which indicates that ZIKV cannot efficiently replicate in the protective 
trophoblasts of the term placenta, and data from clinical cohort studies, that demonstrate 
that the risk of congenital abnormalities is still significant when a ZIKV infection occurs 
in the third trimester of pregnancy. One explanation for this discrepancy could be the 
presence of a co-factor that enhances the ability to infect placental cells, for instance, the 
presence of cross-reactive dengue antibodies. This is a factor that is not accounted for in 
experimental research but that is present in a large part of the population in the clinical 
cohort studies from the Americas. In the next paragraphs, we will discuss how dengue 
antibodies can potentially exert a detrimental effect in infections, either via ‘traditional’ 
ADE or through different mechanisms that make these antibodies a potential risk factor 
for ZIKV congenital abnormalities. 
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ANTIBODY DEPENDENT ENHANCEMENT (ADE) 

Flavivirus antibodies pose a challenge for serological diagnostic tests as they often bind 
not only to the virus a person was infected with but also to related flaviviruses. The 
presence of cross-reactive antibodies can also have a disease enhancing effect via the 
principle of ADE. ADE of a flavivirus infection was first described in 1960s when it was 
observed that severe DENV infection occurred mainly during secondary infections and 
in infants that had sub-neutralizing levels of maternal antibodies, i.e., below the level 
needed to protect against a primary DENV infection 33. It was hypothesized that antibodies 
resulting from infection with one DENV serotype might enhance disease in a subsequent 
infection with a different DENV serotype by a process called ADE 34. According to the ADE 
hypothesis, antibodies produced during primary DENV infection can bind to a different 
DENV serotype, but cannot neutralize it. These cross-reactive antibodies can facilitate 
the entry of the non-neutralized virus-antibody complexes (immune complexes), mainly 
via Fc gamma receptors (FcγR), into the mononuclear phagocytic cells (MPCs). Antibody-
mediated entry of virus in MPCs may result in either more infected cells (extrinsic ADE) 
or a more skewed Th2 response (intrinsic ADE) 35,36. Infected MPCs may then serve as a 
reservoir to facilitate the viruses to reach different tissues in the body resulting in more 
widespread infection, increased number of viral progeny and worsening of disease 34,37. 
Different epidemiological studies have provided evidence that the incidence of severe 
DENV disease is higher amongst first-time infected infants born to DENV-immune mothers 
and children who had developed a mild or asymptomatic dengue infection and became 
secondarily infected by a different DENV serotype 38,39.  

To test the hypothesis of ADE for DENV infections, a significant amount of experimental 
research has been performed 40-46. Most in vitro studies have repeatedly reported 
FcγR mediated enhancement of DENV infection in the presence of sub-neutralizing 
concentrations of cross-reacting antibodies against different DENV serotypes 40,43,47. Mouse 
and non-human primate models (NHPs) provided evidence for the potential clinical 
relevance of ADE for DENV. Mainly in mice models, these studies showed increased viral 
loads and poor disease outcomes during secondary DENV infection 42,44-48.

Recently, results from a longitudinal cohort study with more than 6000 children in 
Nicaragua confirmed that pre-existing DENV antibodies were directly associated with 
disease severity in a dose-dependent manner 16. Furthermore, in a follow-up study from 
phase III clinical trials for the live attenuated tetravalent dengue vaccine Dengvaxia® 
(CYD-TDV), it was observed that three years after administration of this vaccine, the risk 
of hospitalization for DENV was increased in children younger than nine years of age 49,50. 
One of the hypotheses for this observation is that vaccine related ADE of a subsequent 
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DENV infection causes the increase in hospitalization for DENV in the vaccinated group 
of children younger than nine years old 51-53. These observations provide evidence that 
pre-existing non-neutralizing, binding DENV antibodies are an important risk factor for the 
occurrence of severe DENV disease. As DENV and ZIKV are closely related, the observations 
to date raise a concern about the impact of pre-existing flavivirus immunity in determining 
the disease outcome for closely related and co-circulating flaviviruses, such as ZIKV.

EVIDENCE REQUIRED FOR ADE OF ZIKV 

Soon after the 2015-2016 ZIKV outbreak in the Americas, research was initiated to investigate 
whether ADE of a ZIKV infection could occur in presence of flavivirus reactive antibodies 
(notable antibodies to DENV) and whether this could explain the seemingly increased 
pathogenicity of ZIKV, as proposed in Figure 1. Most of the so far published results derive 
from experimental studies performed in myeloid cell lines or in animal models in which 
parameters such as mortality, viremia and pro-inflammatory cytokines are compared 
between flavivirus pre-immune and naïve animals upon infection with ZIKV. As stated by 
Scott Halstead, one of the scientists who first described the ADE hypothesis, evidence that 
a microbial disease is worsened by ADE should not only come from experimental research, 
in which in situ replication of the causative organism in myeloid cells is demonstrated, 
but also from epidemiological studies, as observations from animal experiments cannot 
always be extrapolated to the effects observed in infections in humans 54. In the next 
paragraphs, an overview of the results from epidemiological and experimental research 
that studied ADE in ZIKV will be given.

NEED FOR EPIDEMIOLOGICAL STUDIES 

Epidemiological studies investigating the occurrence of ADE of ZIKV infection are scarce 
and epidemiological evidence for the traditional signs of ADE, such as an increased viral 
load or aberrant immune response leading to more severe disease, is currently lacking for 
ZIKV. Two epidemiological studies have determined the clinical outcomes of ZIKV infection 
in DENV naïve and pre-immune patients 55,56. One of the studies did not find significant 
differences in cytokine profiles and ZIKV viremia in DENV naïve and pre-immune patients 
56. Likewise, the other study also did not report any association between abnormal birth 
outcomes and pre-existing DENV antibodies 55. However, both of these studies had a 
small sample size and therefore had low power for detecting differences in viral loads, 
cytokines, disease severity, and birth outcomes between the groups. For comparison, the 
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recent publication providing convincing evidence for DENV ADE at the population level 
was based on a cohort of more than 6000 individuals (15).

EXPERIMENTAL STUDIES: CONTRARY FINDINGS FROM IN VITRO 
AND IN VIVO STUDIES

In addition to epidemiological studies, several experimental studies using either pre-
immune sera/plasma or monoclonal antibodies have been conducted to investigate the 
enhancing role of flavivirus cross-reactive antibodies in ZIKV infection (Table 1).

In different in vitro studies, human DENV immune plasma and/or a panel of DENV specific 
human monoclonal antibodies (mAbs) were used to determine the cross-reactivity, as 
well as neutralizing- and infection enhancing properties of these antibodies against ZIKV 
infection 57-62. Similar to the results of in vitro studies with DENV, enhanced ZIKV titers were 
detected in the presence of both DENV pre-immune sera and DENV specific human mAbs 
by using Fcγreceptor bearing human monocytic cell lines.

Figure 1: Proposed mechanism of ADE of ZIKV infection mediated by cross-reactive anti-DENV antibodies. A) Primary 
ZIKV infection in naïve individuals, entry occurs via other receptors and leads to virus and cytokines production. B) Sec-
ondary ZIKV infection in ZIKV pre-immune individual, neutralization occurs effectively. C) ZIKV ADE (black antibodies; pre-
existing antibodies against primary infecting DENV) antibodies in immune sera can cross-react with ZIKV allowing entry of 
the virus-antibody complexes into mononuclear phagocytic cells via the Fc-receptor leading to higher viral load along with 
higher levels of pro- and/ or anti-inflammatory cytokines than cells infected in absence of antibodies. 
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However, unlike in vitro studies, there are contrary findings in in vivo studies about the role 
of pre-existing DENV antibodies in facilitating enhanced ZIKV pathogenesis 63-68. In most of 
the studies conducted so far, enhanced ZIKV pathology due to pre-existing DENV antibodies 
via ADE has not been observed, with only one exception 63. Bardina and colleagues have 
reported an in vivo enhancement of ZIKV infection in mice with increased morbidity and 
mortality in the presence of DENV and WNV human immune plasma 63. This study also 
suggested that pre-existing ZIKV cross reacting antibodies can be either protective or can 
enhance pathogenesis depending on the concentrations of these antibodies, in line with 
the observations from DENV research 63. A recent in vivo study using non-human primates 
(NHPs) described that a ZIKV infection, 2.8 years post-DENV infection, did not produce any 
sign of ADE because of insignificant differences in viremia duration between ZIKV infected 
naïve and DENV pre-immune NHPs 66, which is not in contrast with previous in vivo findings 
from DENV studies. The lack of clinical confirmation of the in vitro ADE results can be 
explained by multiple factors such as the in vivo model used, strain or serotype of primary 
infecting DENV, and secondary infecting ZIKV. Another issue that could explain this is the 
different characteristics of antibodies binding to FcγR between humans and mice, i.e, the 
distribution of IgG subclasses, and binding affinities of Fc to FcγR 69. Some studies suggest 
that binding affinities of human IgG-Fc to mouse FcγR is lower than to human FcγR, which 
would make the translation of ADE results obtained in the mouse model with human serum 
difficult and uncertain 70. However, more recent studies suggest that human IgG binds to 

Table 1: Overview of in vitro and in vivo studies investigating ADE in ZIKV infections

Study Pre-immune sera/plasma
mAbs
Cell line

In vitro In vivo 

ADE model ADE

Dejnirattisai et. al 59 DENV plasma mAbs U937 +

Swanstrom et. al 68 mAbs U937 - IFNAR–/–C57BL/6 mice -

Paul et. al 60 DENV sera mAbs K562 +

Priyamvada et. al 61 DENV sera mAbs U937 +

Stettler et. al 67 DENV mAbs K562 + AG129 mice -

Charles et. al 58 mAbs THP1 +

Bardina et. al 63 DENV & WNV plasma K562 + Stat2−/− C57BL/6 mice +

Casthana et. al 57 DENV serum mAbs K562 +

Slon Campos et. al 62 DENV vaccinated sera K562 +

Kam et. al 64 mAb K562 - IFNAR–/– mice -

Pantoja et. al 66 DENV sera K562 + Macaque -

Duehr et. al 72 TBEV sera K562 + Stat2−/− mice -

McCracken et. al 65 DENV, YFV sera U937, K562 + Macaque -

Abbreviations: TBEV; Tick-borne encephalitis virus, mAbs; monoclonal antibodies, IFNAR–/– ; Type I interferon receptor–
deficient mice, AG129 mice; Interferon α/β and γ receptor lacking mice, Stat2−/− ; signal transducer and activator of tran-
scription knock out mice.
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mouse FcγR with similar affinities as to human FcγR 71. Additionally, the duration between 
primary versus secondary infections, dose, and route of infection, titers, and biological 
properties of cross-reactive IgG antibodies, such as IgG subclasses and presumably Fc 
glycosylation of these antibodies, can influence the outcome of ADE studies.

Unlike for DENV, the infection of MPCs by ZIKV-immune com plexes has not been evaluated 
in vivo. Therefore, there is a need to determine whether the cell tropism of ZIKV infections 
differs between DENV naive and pre-immune individuals, and to assess the potential for 
disease enhancement through properly powered epidemiological studies.  

ENHANCEMENT OF DENV BY ZIKV ANTIBODIES

Where most studies focused on investigating the possibility of ZIKV ADE by DENV 
antibodies, ADE of DENV by pre-existing ZIKV antibodies could be clinically more relevant. 
This is because of severe disease complications that are associated with DENV ADE such 
as dengue hemorrhagic fever, dengue shock syndrome, and possibly also a worsened 
maternal and perinatal outcome when occurring during pregnancy 16,73-77. Two in vivo 
studies demonstrated more severe disease symptoms and mortality in DENV infected 
mice that were pre-treated with a ZIKV mAb or that had maternally acquired ZIKV 
antibodies, compared to mice without ZIKV antibodies (Figure 2) 67,78. In a study with 
rhesus macaques, it was observed that the macaques that were previously infected with 
ZIKV had a significantly higher DENV viral load and pro-inflammatory cytokine production 
upon DENV-2 infection compared to ZIKV naïve macaques 79. However, no signs of dengue 
hemorrhagic fever were observed in these macaques, thus only ADE of infection was 
observed without changes in disease severity 79. Overall, these studies indicate that prior 
ZIKV exposure might be a risk factor for DENV ADE. On the other hand, observations from 
arbovirus surveillance in Brazil suggest a decrease in DENV circulation after the ZIKV 
outbreak, possibly due to DENV cross-neutralization by ZIKV antibodies 80. Additionally, 
there are indications that these cross-neutralizing ZIKV antibodies can prevent DENV ADE 
81,82. However, for DENV it is demonstrated that the risk of severe disease depends on the 
titer of pre-existing DENV antibodies 16. Therefore, it is plausible that cross-neutralizing 
ZIKV antibodies can prevent DENV ADE while cross-reactive, binding ZIKV antibodies can 
enhance DENV infection, stressing the importance of measuring the balance between 
neutralizing and non-neutralizing antibodies in studies on pathogenesis 81. The possibility 
of DENV ADE by ZIKV antibodies is especially of importance in DENV naïve persons who 
live in DENV endemic areas and who have had a previous ZIKV infection. Furthermore, the 
possibility of ZIKV vaccine induced ADE of a DENV infection should be taken into account 
for the evaluation of a future ZIKV vaccine.
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THE ROLE OF CROSS-REACTIVE ANTIBODIES IN ZIKV ASSOCIATED 
CONGENITAL ABNORMALITIES

The literature discussed thus far focused on addressing the possibility of enhancement 
of ZIKV disease in an infected person with prior DENV exposure. However, a question is 
whether – rather than the “DENV’’ mechanism of ADE which focuses on cytokine production, 
viral load or mortality – the clinical presentation of ZIKV infection enhancement by cross-
reactive antibodies might be missed since ZIKV has a broader tissue tropism than DENV and 
can be detected in, amongst others, the placenta, the reproductive tract, the eyes and in 
brain tissue 17,18. Even though there are no reports of worsened ZIKV disease in individuals 
with prior DENV exposure, is it possible that cross-reactive flavivirus antibodies can still be 
a risk factor for the ZIKV associated congenital anomalies. 

Figure 2: Results from in vivo studies investigating the role of ZIKV antibodies in DENV infection and on DENV anti-
bodies in ZIKV infection. Left panel: In mice that had ZIKV antibodies, either maternally acquired or administered before 
DENV infection, an increased DENV viral load, cytokine production and increased mortality was observed. In macaques 
that were previously infected with ZIKV, an increased DENV viral load but no clinical symptoms or mortality was observed 
upon infection with DENV. Right panel: In some DENV pre-immune mice that were infected with ZIKV, an increased viral 
load and cytokine production but not mortality was observed. In DENV pre-immune macaques infected with ZIKV, no 
changes in viral load, cytokine production or mortality was observed in DENV.
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NEONATAL FC RECEPTOR- MEDIATED TRANSCYTOSIS ACROSS THE 
PLACENTA

From week 20-24 of pregnancy, when the placenta is fully developed, maternal IgG 
antibodies are actively transported across the placenta from mother to fetus through 
neonatal Fc-receptor (FcRn) mediated transcytosis in STBs 83-85. STBs internalize fluid 
containing maternal IgG at the apical surface, the Fc region of IgG can subsequently 
bind the FcRn in acidic endosomes after which IgG is released at the basolateral surface 
at neutral pH 86. The hypothesis that transcytosis of IgG-virion complexes across the 
placenta can occur has been confirmed in in vitro studies that demonstrated that IgG-
virion complexes of human immunodeficiency virus (HIV) and CMV can be transcytosed 
across FcRn bearing epithelial cells and that this process can be inhibited or completely 
blocked when the FcRn is blocked or knocked down 87,88. In an ex vivo study using placental 
explants, it was demonstrated that CMV could be transcytosed across the STB layer in the 
presence of both high- and low neutralizing antibodies 88. However, in the presence of 
high neutralizing antibodies CMV virions were captured by villus core macrophages and 
were unable to replicate, whereas in the presence of low neutralizing antibodies, viral 
replication was detected in CTB progenitors beneath an intact and uninfected STB layer 88.

If this FcRn mediated transcytosis is possible for ZIKV, Zika virions bound to maternal non-
neutralizing, cross-reactive flavivirus antibodies could still be infective when released at 
the fetal side of the chorionic villus, similar to what has been found for CMV-IgG complexes 
(Figure 3). Once in the chorionic villus, ZIKV will encounter, amongst others, CTBs and 
HBCs. Since ZIKV can readily replicate in the perivascular located HBCs, ZIKV could 
disseminate from HBCs to the fetal capillaries and enter the fetal circulation 27,29,89,90. A 
recent experimental study found indications that ZIKV can cross the trophoblast layer of 
the placenta through FcRn mediated transcytosis. In this study, second trimester placental 
explants were used to demonstrate that ZIKV infection of these explants was higher when 
ZIKV was pre-incubated with cross-reactive DENV mAbs, mainly IgG1 and IgG3 subclasses, 
compared to non-specific influenza mAbs 91. Blocking of the FcRn with a FcRn specific mAb, 
inhibited ZIKV replication by 16.5 fold 91. The finding that ZIKV can infect placental explants 
more efficiently in the presence of DENV antibodies was confirmed by another recent 
study 92. In this study, there was no enhancement of infection observed in the placental 
explants when ZIKV was pre-incubated with sera containing YFV or chikungunya virus 
antibodies but in presence of DENV antibodies there was a faster ZIKV replication and more 
virus production compared to absence of DENV antibodies 92. Furthermore, the clinical 
observation that in several placentas of ZIKV infected women, ZIKV is only detected in HBCs 
and not in the trophoblasts lining the chorionic villi is another indication that transplacental 
FcRn mediated transcytosis of ZIKV can occur in ZIKV infected pregnant women 23,24.
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Figure 3: Proposed mechanism of FcRn mediated transcytosis of a ZIKV-IgG complex in an chorionic villus. Illus-
trated is a chorionic villus that is anchored to the mucosal lining of the uterus (decidua). Through the circulation of the 
mother, ZIKV bound to maternal cross-reactive flavivirus IgG antibodies is present in the intervillous space. This IgG-virion 
complex can subsequently cross the syncytiotrophoblasts via neonatal Fc-receptor mediated transcytosis. When ZIKV is 
transcytosed across this trophoblast layer, it can infect the perivascular located Hofbauer cells after which viral progeny 
can cross the endothelial cell barrier, possibly with help of ZIKV NS1 protein, and reach the fetal circulation.
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CONCLUSION

The hypothesis that antibodies produced during a primary DENV infection may cause 
severe secondary DENV infection (through ADE) has been controversial for a long time. To 
date, the theory of ADE in DENV infection is more broadly accepted, mainly because a large 
epidemiological study provided clear evidence for enhanced risk of DENV complications in 
children with a specific range of pre-existing antibodies. Studies performed to determine 
ZIKV ADE so far have found evidence for ADE in vitro but compelling evidence in vivo is 
lacking, while ADE of a DENV infection in the presence of cross-reactive ZIKV antibodies 
is observed in several in vivo studies. Based on the current literature, there is not enough 
evidence to confirm or disprove definitively that the ADE observed in vitro plays an 
important role in ZIKV pathogenicity. It is unlikely that ADE of a ZIKV infection in humans 
would result in the same disease complications as seen in DENV, as current studies 
have not found any indications for this effect. However, there is a less well researched 
possibility that cross-reactive flavivirus antibodies can cause other detrimental effects in 
ZIKV infection, possibly by facilitating transplacental transmission through FcRn mediated 
transcytosis. Currently, properly designed clinical studies that find strong associations 
of cross-reactive flavivirus antibodies and congenital syndrome are missing. Therefore, 
large longitudinal cohort studies with pregnant women in flavivirus endemic areas are 
needed to assess the potential role of cross-reactive flavivirus antibodies in pathogenesis 
of fetal infection and disease when a ZIKV infection occurs during pregnancy. For these 
studies, serological discrimination of cross-reactive flavivirus antibodies will be crucial. 
Fundamental knowledge of the pathogenesis of this severe illness remains important, 
particularly in light of potential consequences for flavivirus vaccination.
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ABSTRACT

During the 2015-2016 outbreak of Zika virus (ZIKV) in the Americas, a previously unknown 
severe complication of ZIKV infection during pregnancy resulting in birth defects was 
reported. Since the ZIKV outbreak occurred in regions that were highly endemic for the 
related dengue virus (DENV), it was speculated that antibody-dependent enhancement 
(ADE) of a ZIKV infection, caused by the presence of cross-reactive DENV antibodies, could 
contribute to ZIKV disease severity. Emerging evidence indicates that while in vitro models 
can show ADE of ZIKV infection, ADE does not seem to contribute to congenital ZIKV 
disease severity in humans. However, the role of ADE of ZIKV infection during pregnancy 
and in vertical ZIKV transmission is not well studied. In this study, we hypothesized that 
pregnancy may affect the ability of myeloid cells to become infected with ZIKV, potentially 
through ADE.

We first systematically assessed which cell lines and primary cells can be used to study 
ZIKV ADE in vitro, and we compared the difference in outcomes of (ADE) infection 
experiments between these cells. Subsequently, we tested the hypothesis that pregnancy 
may affect the ability of myeloid cells to become infected through ADE, by performing 
ZIKV ADE assays with primary cells isolated from blood of pregnant women from different 
trimesters and from age-matched non-pregnant women.

We found that ADE of ZIKV infection can be induced in myeloid cell lines U937, THP-1 and 
K562 as well as in monocyte derived macrophages from healthy donors. There was no 
difference in permissiveness for ZIKV infection or ADE potential of ZIKV infection in primary 
cells of pregnant women compared to non-pregnant women. 

The results from these in vitro ZIKV ADE assays indicate that pregnancy does not alter the 
permissiveness of myeloid cells for ZIKV infection or ADE of ZIKV infection. 
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INTRODUCTION

Zika virus (ZIKV) is a mosquito-borne flavivirus that can infect humans, often resulting in an 
asymptomatic or self-limiting mild infection. However, a ZIKV infection during pregnancy 
can result in severe congenital birth defects such as microcephaly, arthrogryposis, and 
hypertonia 1,2. Furthermore, ZIKV infections can sporadically trigger Guillain-Barré 
syndrome 3-5. ZIKV is closely related to dengue virus (DENV) which also is a mosquito-borne 
flavivirus that can cause dengue hemorrhagic syndrome and dengue shock syndrome 6. 
The severe presentation of a DENV infection occurs more often during a secondary DENV 
infection with a different serotype due to antibody dependent enhancement (ADE) 7-9. ADE 
is a paradoxical phenomenon in which antibodies, that normally act against pathogens 
and aid the immune response, can actually worsen an infection 10. In the case of DENV, 
antibodies against one serotype of DENV that can cross-react with, but not cross-neutralize 
another DENV serotype can help the virus to enter phagocytic cells through Fcγ-receptor 
(FcγR) mediated uptake, after which the virus can replicate in these cells. This results in 
an increased number of infected cells (extrinsic ADE) and can also lead to increased virus 
production per infected cell due to a shift in immune response towards a more pro-viral 
state (intrinsic ADE) 11-13. Antigenic relatedness between DENV and ZIKV results in antibody 
cross-reactivity between these viruses 14,15. Because of antibody cross-reactivity and the 
occurrence of the 2015-2016 outbreak of ZIKV in DENV (hyper) endemic regions, ADE of 
ZIKV infection was suggested as a possible mechanism behind the increased observations 
of ZIKV related congenital complications during this outbreak 16. While there are indications 
from animal studies that ADE of ZIKV infection can increase the risk of transplacental ZIKV 
transmission, this has not been studied in detail for human pregnancies 17,18. 

Multiple experimental studies investigated whether cross reactive DENV antibodies can 
cause ADE of ZIKV infection in FcγR bearing cells and in animal models 19. Although in 
vitro ADE of ZIKV infection has been observed in many of these studies, this has not been 
observed in several animal models and in clinical studies 19-21. Therefore, it seems that the 
result from in vitro ADE studies poorly predict the occurrence of in vivo ADE of disease. 
Studying ADE in humans is challenging as it requires sufficiently powered standardized 
prospective cohorts which is difficult for an infection that is mostly associated with 
asymptomatic- or mild disease. Furthermore, the methodological differences in the in 
vitro ADE studies make it difficult to compare the results between these studies and the 
conflicting results might be in part attributed to the lack of standardization of in vitro ZIKV 
ADE assays. 

Therefore, to develop a standardized in vitro model to study ADE of ZIKV infection, we 
compare different cell lines and primary cell types and read-outs of in vitro ZIKV ADE 
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assays to assess permissiveness for- and immunological response to ZIKV infection with 
and without presence of cross-reactive antibodies. 

Because the most severe complications of a ZIKV infection can occur during pregnancy, 
and the surface FcγR expression on myeloid cells is progressively upregulated during 
pregnancy, we  then tested  if there is a difference permissiveness for ADE of ZIKV infection 
in myeloid cells from pregnant women compared to non-pregnant women 22. 

The results of this study can ultimately provide a comparative understanding of various in 
vitro models employed to study ADE of ZIKV infection and gain insight into the risks of ZIKV 
infections during pregnancy in women who were previously exposed to other flaviviruses.

METHODS

Human subjects
To assess the permissiveness of primary myeloid cells for ZIKV infection and ADE of ZIKV 
infection, buffy coats from three healthy blood donors were obtained from the blood bank 
of the Netherlands (Sanquin, the Netherlands). To investigate ADE in primary cells derived 
from pregnant women, whole blood was collected from pregnant women from different 
trimesters at the outpatient clinic of the department of Obstetrics and Gynaecology at 
Erasmus Medical Center, Rotterdam, the Netherlands, after written informed consent was 
obtained.

Exclusion criteria for participation were current or recent (<1 month) use of immune 
suppressive medication, a current or recent (<1 week) infection or vaccination and a 
known immunodeficiency. For the control group, aged-matched, non-pregnant women 
who had not been pregnant in the six months prior to study participation, were recruited. 
Exclusion criteria for the non-pregnant women were the same as for the pregnant women. 
Approval for this study was granted by the Medical Ethical Committee of Erasmus Medical 
Center (MEC-2021-0134). 

Cell lines 
Cell lines tested to study ADE were selected based on previous studies regarding ADE of ZIKV 
and DENV infection 23-27. K562 cells were obtained from ATCC (CCL-243) and were cultured in 
Iscove’s Modified Dulbecco’s Medium (IMDM; Lonza) supplemented with 10% fetal bovine 
serum (FBS, Sigma-Aldrich, US), 100U/ml penicillin and 100μg/ml streptomycin (Lonza) at 
37°C, 5% CO2. U937 and THP-1 cells (kindly provided by the department of Immunology of 
Erasmus Medical Center) were cultured in RPMI 1640 (Lonza) supplemented with 10% FBS, 
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100 U/ml penicillin and 100 μg/ml streptomycin at 37°C, 5% CO2. Vero cells (African green 
monkey kidney epithelial cells, ATCC CCL-81) were cultured in Dulbecco’s modified Eagle’s 
medium (DMEM, Lonza) with 10% FBS and 100U/ml penicillin and 100μg/ml streptomycin 
and 2mM glutamine. All cell lines were tested mycoplasma free. 

Primary human cells  
For isolation of peripheral blood mononuclear cells (PBMCs), blood was layered on Ficoll-
Paque PLUS density gradient media (GE Healthcare Life) and centrifuged for 20 minutes 
at 800 x g without brake. After centrifugation, the PBMC layer was isolated, washed three 
times with PBS and frozen at -135°C until further use. Monocytes were isolated from frozen 
PBMC’s using magnetic based CD14 positive selection according to the manufacturer’s 
instructions and the Pan Monocyte Isolation Kit (both Miltenyi Biotec). Purity of the 
monocytes, based on CD14 positivity was 87.6% as determined with flow-cytometry (Fig. 
S1). To differentiate monocytes into macrophages and dendritic cells, monocytes were 
plated at a density of 100,000 cells per well in 96 well plates in complete RPMI 1640 (Lonza) 
medium supplemented with 4200 IU/ml macrophage colony stimulating factor (M-CSF; 
R&D systems, US) for macrophages, and with 1000 IU/ml granulocyte macrophage colony 
stimulating factor (GM-CSF; R&D systems, US) and 500 IU/ml IL-4 for dendritic cells, for 
six days. For maturation of immature dendritic cells, lipopolysaccharide (Sigma-Aldrich) 
was added to the cells on day six for 48-hours in a concentration of 1µg/ml. Maturation 
of dendritic cells was confirmed by the observation that among the tested markers the 
expression of maturation markers, including CD80 and CD83 was upregulated in mature 
dendritic cells compared to immature dendritic cells (Figure S2), while the differences in 
expression of CD86 and PD-L1 were limited.

Virus and virus quantification
An Asian lineage ZIKV strain was used for all experiments (Suriname ZIKVNL00013, EVAg 
no. 011V-01621). The virus was grown in Vero cells and passage number three was used 
for the current study. Viral titers in supernatants, expressed as 50% tissue culture infective 
dose (TCID50) was determined by 10-fold dilution endpoint titration on Vero cells and 
calculated with the method of Kärber 28.

ZIKV infection 
For infection experiments, cells were seeded in 96-well plates at a density of 100,000 cells 
per well and infected with ZIKV at a multiplicity of infection (MOI) of 0.5, 1, 5 or 10 for 1 hour 
at 37°C, 5% CO2. After incubation, the supernatant was removed, and cells were washed 
three times. Cell supernatants were collected at day 0 and day 2 post infection. Supernatant 
was stored at −80°C until further use. Experiments were performed in triplicates.
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Antibody-dependent enhancement assay 
For ADE assays, ZIKV (MOI 0.5) was incubated with different concentrations of the 
humanized IgG1 pan-flavivirus antibody 4G2 (hu4G2, Native Antigen Company, UK) at 
37°C to form immune complexes. After an hour of incubation, the virus-antibody mixture 
was added to the cells in 96-well plates and incubated for one hour at 37°C, 5% CO2. 
Subsequently, cells were washed three times and supernatant was collected at day 2 post 
infection and frozen at -80°C until further use. For FcγR blocking experiments, cells were 
pre-incubated for one hour with 10μg/ml FcγRI, FcγRII and/or FcγRIII blocking antibodies 
(clones 10.1, 6C4 and 3G8 respectively, all eBioscience) at 37°C before infection with ZIKV 
or ZIKV+hu4G2.

Flow cytometry
In some ADE experiments, flow-cytometry was used as a read-out to determine the 
percentage of infected cells. For this, cells were collected at day two post infection and 
stained with live/dead stain prior to fixation and permeabilization using BD Cytofix/
Cytoperm (BD Biosciences, USA). Cells were blocked with 10% normal goat serum (NGS, 
Dako, Denmark) and total human Fc block (BD Biosciences). Intracellular staining for ZIKV 
E-protein was performed with a mouse 4G2 antibody (MAB10216, clone D1-4G2-4-15; 
Millipore, Germany) followed by an APC/Cy-7 conjugated goat anti-mouse IgG2a secondary 
antibody (Abcam, UK). Flow cytometry was performed with the FACS Lyric machine (BD 
Biosciences, USA). Data was analyzed using FlowJo 10.6.1, software (Ashland, OR, USA). 
All experiments were performed three times (biological replicates), and each experiment 
included duplicate (technical replicates) measurements from which the average was 
calculated and used for further analysis. To demonstrate that intracellular ZIKV-E staining 
represents productive infection and not just phagocytosis, some ZIKV infected cells were 
also stained with an anti-DENV NS3 antibody (E1D8, My Biosource, US) which has been 
shown to cross-react with ZIKV NS3 29.

Cytokine detection in supernatant
Cytokines were detected in the supernatant of infected cells using a 13-plex bead-based 
fluorescence assay according to the manufacturer’s instruction (LEGEND-plex Human 
Anti-Virus Response Panel, Biolegend). Briefly, beads conjugated with a specific antibody 
against cytokines were incubated with cell supernatant of either uninfected cells, ZIKV 
infected cells or ZIKV+hu4G2 infected cells. Subsequently, a detection antibody cocktail 
was added, and read-out of the assay was performed with flow cytometry (FACS lyric, BD 
Biosciences, USA). The cytokines that could be detected with this assay were IL-1β, IL-6, 
IL-8, IL-10, IL-12p70, IFN-α, IFN-β, IFN-λ1, IFN-λ2/3, IFN-γ, TNF-α, IP-10 and GM-CSF. Data 
was analyzed with LEGEND-plex data analysis software (Biolegend).
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Statistical analysis 
Statistical analyses were performed with GraphPad Prism 8. Significant differences 
between groups in the ADE assays were determined with either a student t-test or ANOVA 
with Dunnett’s post-hoc test or for non-normally distributed data a Mann-Whitney U test 
or Kruskall-Wallis tests, followed by Dunn’s post-hoc test. Correlations between viral 
titers and percentage of infected cells were determined with Spearman’s rank correlation 
coefficient. A p-value ≤0.05 was considered a statistically significant difference. 

RESULTS

Permissiveness for ZIKV infection
We first studied the permissiveness for ZIKV infection of cells that are commonly used for 
in vitro ZIKV ADE assays; the cell lines U937 14,16, K562 26,30 and THP-1 31,32 as well as primary 
monocytes 33, monocyte derived macrophages, monocyte derived immature dendritic 
cells (immature DCs) and monocyte derived mature dendritic cells (mature DCs) 34,35. Cells 
were infected with ZIKV at varying multiplicities of infection (MOI) for 48 hours after which 
viral titers were determined in supernatants.  Infection of U937 cells with ZIKV with an 
MOI of 0.5, 1 or 5 did not result in viral replication while infection with ZIKV at an MOI of 
10 resulted in low titers (147 TCID50/ml, Fig 1A). THP-1 cells and especially K562 cells were 
more permissive for ZIKV infection (peak titer 4.1x103 and 1.1x105 TCID50/ml, respectively, 
Figs 1B and 1C). For the primary cells, replication with low titers was observed in monocytes 
(peak titer 147 TCID50/ml, Fig 1D), while monocyte derived macrophages and immature 
DCs were permissive to ZIKV infection resulting in high ZIKV titers in supernatants (peak 
titers 3.2x105 and 6.8x105 TCID50/ml, respectively, Figs 1E and 1F). Mature DCs were less 
permissive than immature DCs and could only be infected with a high MOI of ZIKV (peak 
titer 6.8x103 TCID50/ml, Fig 1G). Vero cells were included as a reference since these cells 
are known to be highly permissive for ZIKV infection. As expected, peak viral titers in 
supernatants of infected Vero cells were high, regardless of the MOI of ZIKV (peak titer 
1.5x107 TCID50/ml, Fig 1H).

ADE of ZIKV infection in myeloid cell lines and primary myeloid cells
To determine the potential for ADE of ZIKV infection of the above-mentioned cell lines 
and primary cells, we subsequently performed ADE assays with these cells. Cells were 
infected with ZIKV alone or ZIKV that was pre-incubated with increasing concentrations 
of a humanized pan-flavivirus monoclonal antibody (hu4G2) at the lowest MOI (0.5) that 
was used in the permissiveness experiments in Fig 1. After 48-hours, two commonly used 
read-outs for ADE assays were used; virus titration of supernatants and flow cytometry 
analysis to determine the percentage of infected cells. 
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Pre-incubation of ZIKV with hu4G2 resulted in a concentration dependent increase 
of infectious titer and percentage of infected cells in all three tested cell lines (Fig 2). 

Figure 1. ZIKV infection of FcγR-bearing cell lines, primary myeloid cells and Vero cells.
Infection of FcγR-bearing cell lines (A,B,C) and primary cells (D,E,F,G) with ZIKV at different MOI’s for 48 hours. I: Vero cells, 
which are known to be highly permissive to ZIKV infection, were infected with different MOI�s of ZIKV for two days as a 
positive control. ZIKV titers were determined in supernatants. Bars represent median ZIKV titer ± interquartile range. DC; 
dendritic cells.
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Highest viral titers and percentage of infected cells were observed in K562 cells (9.7x105 
TCID50/ml and 29.6% infected cells) and lowest in U937 cells (5.0x104 TCID50/ml and 2.1% 
infected cells) after infection with ZIKV+1µg/ml hu4G2. For all cell lines, there was a strong 
correlation between the viral titers in supernatants and the percentage of infected cells 
(r=0.85 for U937, r=0.85 for THP-1 and r=0.82 for K562, P<0.0001 for all, Figs S3A-C). 

For the primary cells, ADE of ZIKV infection was not observed in monocytes nor in mature 
DCs, while for immature DCs, addition of hu4G2 even partially inhibited ZIKV infection 
(Figs 3C and 3G). We ruled out that CD14 positive selection of monocytes influences the 
permissiveness of these cells for ZIKV infection due to stimulation of CD14 by using a non-
CD14 based negative selection kit to isolate monocytes from PBMCs. The permissiveness 
for ZIKV infection was comparable between the negatively and positively isolated 

Figure 2. ADE of ZIKV infection in U937, THP-1 and K562 cells
The FcγR-bearing human cell lines U937, THP-1 and K562 were infected for 48 hours with ZIKV at an MOI of 0.5 with and 
without increasing concentrations of the pan-flavivirus humanized monoclonal antibody 4G2 (hu4G2). ZIKV titers were de-
termined in supernatants (A-C) and percentage of infected cells was determined with flow cytometry (D-F). Bars represent 
median titer ± IQR (A-C) and mean percentage of infected cells ± SEM (D-F).  Statistical significance was determined with the 
Kruskall-Wallis test with Dunn’s post hoc test or a one-way ANOVA with Dunnett’s post hoc test, comparing the conditions 
with hu4G2 to infection with only ZIKV. * P<0.05, ** P<0.01, *** P<0.001, ****P<0.0001.
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monocytes when infected with ZIKV at a MOI of 0.5, 1 and 5 and slightly increased when 
infected with an MOI of 10 (2315 vs 147 TCID50/ml P=0.002, Fig S6).

In monocyte derived macrophages, ADE of ZIKV infection was dependent on the 
concentration of hu4G2 as shown by increased in viral titers in supernatants and an 
increase in the percentage of infected cells (1.5x106 TCID50/ml and 15.3% infected cells with 
1µg/ml hu4G2, P<0.01, Figs 3B and 3F). Similar to the cell lines, a strong positive correlation 
was found in monocyte derived macrophages between the viral titers in supernatants and 
the percentage of infected cells (r=0.82, P<0.0001, Fig S3D). 

Collectively these results demonstrate that ADE of ZIKV infection can be observed in the 
myeloid cell lines U937, K562 and THP-1. For primary cells, ADE of ZIKV infection is only 
observed in monocyte derived macrophages. 

Fcγ receptors and ADE of ZIKV infection 
One of the main relevant differences between the cell lines used for ADE assays in this 
study is the expression of Fcγ-receptors (FcγRs). U937 and THP-1 cells express FcγRI and 
–II (CD64 and CD32) while K562 cells only express FcγRII (Fig S4) 36. For primary myeloid 

Figure 3. ADE of ZIKV infection in primary myeloid cells
FcγR-bearing human myeloid cells were infected for 48 hours with ZIKV at an MOI of 0.5 with and without increasing con-
centrations of the pan-flavivirus humanized monoclonal antibody 4G2 (hu4G2). Viral titers in supernatants were deter-
mined with titration (A-D) and percentage of infected cells was determined with flow cytometry (E-H). Bars represent me-
dian titer ± IQR (A-D) and mean percentage of infected cells ± SEM (E-H).  Statistical significance was determined with the 
Kruskall-Wallis test with Dunn’s post hoc test or a one-way ANOVA with Dunnett’s post hoc test, comparing the conditions 
with hu4G2 to infection with only ZIKV. * P<0.05, ** P<0.01. N=3 donors.
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cells, FcγRI and –II is expressed by monocytes, monocyte derived macrophages and can 
be induced in dendritic cells, while FcγRIII (CD16) is expressed by monocyte derived 
macrophages and dendritic cells and on intermediate- and non-classical monocytes 37-40. 
In the cells permissive for ADE of ZIKV infection, we tested which FcγRs were important for 
this ADE. Therefore, we performed ZIKV ADE assays with the highest tested concentration 
of hu4G2 (1 µg/ml) and pre-incubated the cells with monoclonal antibodies against FcγRI, 
FcγRII, FcγRIII or with a blocker of all Fc-receptors (total Fc Block) to block the interaction 
of hu4G2 with these FcγRs. 

ADE of ZIKV infection in U937 and THP-1 cells was mainly inhibited by blocking FcγRI and 
by adding total Human Fc Block and to a lesser extent by blocking FcγRII while blocking 
FcγRIII did not reduce viral titers or percentage of infected cells (Figs 4A, 4B, 4E and 4F). 
For K562, which only expresses FcγRII, ADE of ZIKV infection was significantly inhibited by 
blocking FcγRII but not by the other FcγR blockers (Fig 4 C&G). For macrophages, blocking 
FcγRI and FcγRII resulted in a slight, but not statistically significant, decrease in percentage 
of infected cells while adding total Fc Block did significantly reduce ADE of ZIKV infection 
in these cells (Fig 4 D&H). Collectively these data demonstrate that ADE of ZIKV infection, 
induced by a monoclonal antibody, can be inhibited by blocking FcγRI (except for K562) 
and to a lesser extent FcγRII.

Figure 4. FcγRI and FcγRII contribute to ADE of ZIKV infection in FcγR cell lines and primary cells.
FcγR-bearing human cell lines and myeloid cells that are permissive to ADE of ZIKV infection were pre-incubated with 
monoclonal antibodies against FcγRs or with Human BD Fc Block before adding ZIKV (MOI 0.5) that was pre-incubated 
with 1 µg/ml of the pan-flavivirus humanized monoclonal antibody 4G2 (hu4G2). Viral titers in supernatants were de-
termined with titration (A-D) and percentage of infected cells was determined with flow cytometry (E-H). Bars represent 
median titer ± IQR (A-D) and mean percentage of infected cells ± SEM (E-H). Statistical significance was determined with the 
Kruskall-Wallis test with Dunn�s post hoc test or a one-way ANOVA with Dunnett’s post hoc test, comparing the conditions 
with hu4G2 to infection with only ZIKV. * P<0.05, ** P<0.01, *** P<0.001, ****P<0.0001. N=3 donors for monocyte derived 
macrophages.
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Cytokine  quantification
ADE is believed to be one of the main mechanisms responsible for a cytokine storm that 
occurs during severe DENV infections, therefore we determined cytokine production of all 
cells during ADE of ZIKV infection 41.

Cytokines were determined in supernatants of cells that were permissive for ZIKV 
ADE, 48 hours after either mock infection, ZIKV infection or ADE of ZIKV infection. Only 
a limited number of cytokines could be detected in the supernatants of U937, K562 
and THP-1 cells and differences between cytokine concentrations of uninfected cells 
compared to cells infected with ZIKV or ZIKV+hu4G2 were small (Figs 5 A-C). For THP-1 
cells, IL-8 production of cells infected with ZIKV+4G2 was statistically significant higher 
compared to uninfected cells (average 43.7 vs. 35.7 pg/ml, P=0.007, Fig 5B) while for K562 
cells a decrease in IL-8 production was found during ADE of ZIKV infection compared to 
uninfected cells (426.4 vs 350.8 pg/ml, P=0.014, Fig 5C). IL-6 production was lower in K562 
infected with ZIKV+4G2 compared to uninfected K562 cells (24.2 vs. 28.8 pg/ml, P=0.005, 
Fig 5C). Compared to the cell lines, more cytokines could be detected in supernatants of 
monocyte derived macrophages (Fig 5D). In line with a previous observation, there was 
an increased production of IL-6 in monocyte derived macrophages during ADE of ZIKV 
infection compared to mock infection (13.6 vs. 3.1 pg/ml, P=0.003, Fig 5D) 35. Furthermore, 
production of IFN-β, IFN-λ1 and IP-10 was significantly increased during ADE of ZIKV 
infection compared to uninfected cells (10.1 vs. 1.3 pg/ml for IFN-β, 14.7 vs. 3.0 pg/ml for 
IFN-λ1 and 2889 vs. 19.8 pg/ml for IP-10, P<0.001, P<0.001 and P<0.0001, respectively, Fig 
5D). An increase in IL-10 production during ADE of infection, which is thought to play an 
important role in intrinsic ADE of DENV infections, was not observed in any of the cells.

ZIKV permissiveness in myeloid cells from pregnant women
Due to the potential detrimental effects of a ZIKV infection during pregnancy, we wanted 
to test whether FcγR bearing primary myeloid cells, collected during different trimesters 
of pregnancy, are more permissive for ZIKV infection and ADE of ZIKV infection compared 
to non-pregnant women. Therefore, we isolated PBMCs from 30 pregnant women during 
each of the three trimesters, as well as from 10 non-pregnant women. Based on the above 
presented results, we decided to use monocyte derived macrophages to test potential 
differences in permissiveness of (ADE of) ZIKV infection. Even though in monocytes of three 
healthy donors we only found low grade ZIKV infection and no ADE (Fig 1D and Figs 3A 
and 3E), we also infected monocytes of the pregnant and non-pregnant women with ZIKV 
because a higher susceptibility of monocytes for ZIKV infection has been observed during 
the first trimester of pregnancy 42. We decided to only use the viral titers in supernatants as 
a readout because with this readout, an increase in infected cells (extrinsic ADE as well as 
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an increase of viral production per infected cell (intrinsic ADE) can be detected which is not 
the case when determining the percentage of infected cells with flow cytometry.

No difference was found in permissiveness for ZIKV infection in monocytes or macrophages 
over the different trimester of pregnancy nor between pregnant women compared to non-
pregnant women (Figs 6A and 6B, S5). ADE of ZIKV infection was observed in monocytes 
and monocyte derived macrophages from pregnant women and non-pregnant women. 
There was no difference in peak ADE titers in supernatants of primary cells from pregnant 
women, independent of gestational age, compared to non-pregnant women (Figs 6A and 
6B). Furthermore, no difference was found in ZIKV permissiveness and ADE potential 
between monocytes and macrophages from women at different gestational ages at the 
time of sample collection (first-, second- or third trimester) (Figs 6C and 6D). 

Figure 5: Modest increase of cytokine concentrations in supernatants of FcγR-bearing cells during ADE of ZIKV infec-
tion.
A panel of 13 cytokines were determined in FcγR-bearing cells 48 hours after mock infection or infection with ZIKV or 
ZIKV that was pre-incubated with 1 µg/ml of the pan-flavivirus humanized monoclonal antibody 4G2 (hu4G2).  Only the 
cytokines that could be detected in the supernatants of the cells are illustrated in the graphs. Bars represent mean ± SEM, 
statistical significance was determined with a one-way ANOVA with Dunnett’s post hoc test, comparing uninfected cells 
with ZIKV infected and ZIKV+hu4G2 infected. *P<0.05, **P<0.01, ***P<0.001, ***P<0.0001.
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Collectively, these data demonstrate that no enhanced susceptibility of ZIKV infection and 
ADE of infection is present in monocytes and monocyte derived macrophages collected 
from pregnant women compared to non-pregnant women.

DISCUSSION

Here we found that the myeloid cell lines U937, K562 and THP-1, were all permissive for ADE 
of ZIKV infection as has been shown by others 31,43,44. The highest ZIKV titers were obtained 
in K562 cells, followed by THP-1 and U937 cells, the latter of which was non-permissive to 
ZIKV infection in the absence of cross-reactive antibodies. Blocking of FcγRI significantly 
reduced ADE of ZIKV infection in both U937 and THP-1 cells which, for U937 cells, is in line 

Figure 6. No differences in permissiveness for ZIKV infection and ADE of ZIKV infection in myeloid cells from preg-
nant women compared to non-pregnant women.
PBMC’s were isolated from whole blood from 30 pregnant women and 10 non-pregnant women and monocytes were 
isolated and part of those were differentiated into macrophages. Cells were subsequently infected for 48 hours with ZIKV 
at an MOI of 0.5 with and without 1 µg/ml pan-flavivirus humanized monoclonal antibody 4G2 (hu4G2) and viral titers in 
supernatants were determined by titration. Bars represent median titer ± IQR.  Statistical significance was determined with 
the Kruskall-Wallis test with Dunn’s post hoc test ** P<0.01, ****P<0.0001.
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with findings for DENV ADE 45,46. However, contrary to our observations, FcγRIIa has been 
reported to be the main FcγR responsible for ADE of DENV and ZIKV infections 33,40,47. In 
these previous studies, ADE of DENV or ZIKV infection was mainly induced by convalescent 
polyclonal sera while in this study, we only use a humanized IgG1 monoclonal antibody 
(hu4G2). A higher affinity of hu4G2 for FcγRI compared to FcγRII could possibly explain 
why ADE of ZIKV in these experiments mainly depend on FcγRI. 

To relate the findings from in vitro cell line models to potential primary cell targets, we 
evaluated the permissiveness for (ADE) of ZIKV infection in primary human myeloid cells 
which are generally considered to be more representative of the in vivo human situation 
compared to cell lines. Of the primary myeloid cells isolated from healthy blood donors, 
only monocyte derived macrophages and immature dendritic cells were highly permissive 
to ZIKV infection while ADE of ZIKV infection was only observed in monocyte derived 
macrophages. High permissiveness of monocyte derived macrophages for ZIKV infection 
and ADE of ZIKV infection has been previously observed 27. The high permissiveness of 
immature dendritic cells for ZIKV infection but not for ADE of ZIKV infection has been 
previously observed for both DENV and ZIKV and might be caused by high expression 
of the flavivirus entry cofactor DC-SIGN by these cells, which has shown to be inversely 
correlated to the rate of ADE of infection 33,48,49. In the monocyte derived macrophages, 
ADE of ZIKV infection seemed to be dependent on both FcγRI and FcγRII since blocking of 
these receptors individually resulted in a non-statistically significant reduction of ADE of 
infection while blocking all FcγRs with total Fc block did result in a significant reduction of 
ADE. The low permissiveness of monocytes for ZIKV infection that we found in this study 
is in contrast with results from other studies that showed that monocytes are the main 
targets of ZIKV infection in blood 29,33,42,50. One possible explanation for this can be that 
there is a variation in the tropism for monocytes between the different Asian lineage ZIKV 
isolates used in the previous studies and this study 51.

The main difference in cytokine production of the cell lines upon (ADE of) ZIKV infection 
was observed for IL-8, which was induced in THP-1 cells while reduced in K562 cells. IL-8 
is a chemoattractant for neutrophils which are important effector cells of the innate 
immune system. A reduction of IL-8 production during ADE of ZIKV infection could reflect 
a dampened innate antiviral immune response as is observed during ADE of ZIKV infection 
in fetal macrophages 52,53. The induction of IFN-β, IFNλ1 and IP-10 in monocyte derived 
macrophages during ZIKV ADE is in line with a pro-inflammatory immune response while 
an induction of IL-6 can indicate a T-helper cell 2 biased immune response as is seen 
during intrinsic ADE 52,54,55. However, as with the cell lines, we did not detect an increase in 
IL-10 production in monocyte derived macrophages during ADE of ZIKV infection, which 
has been suggested to be one of the hallmarks of intrinsic ADE for DENV and seems to 
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contribute to disease severity in severe DENV infections 11,12,55-57. It is possible that a 
non-increased IL-10 production during ADE of infection is specific for ZIKV as we and 
others have not observed increased IL-10 production during ADE of ZIKV infection in fetal 
macrophages and in primary human cells 53,58,59.

When combining the results regarding peak viral titer and percentage of infected cells 
during ADE of ZIKV infection, THP-1 and K562 cells resemble the monocyte derived 
macrophages better than U937 cells, while U937 cells resemble monocytes. Regarding 
FcγRs expression, monocyte derived macrophages are resembled by U937 and THP-1 cells 
but not by K562 cells since these only express FcγRII. In general, these data suggest that 
the THP-1 cell line resembles monocyte derived macrophages the best for ADE of ZIKV 
infection concerning titers and FcγRs responsible for ADE of ZIKV infection while primary 
monocytes are best resembled by U937 cells. Since ADE of ZIKV infection can be induced 
in all three the cells lines, all three of these cells can be used for in vitro screening of 
antibodies for ADE potential.

The similar ZIKV titers that we found in ZIKV infected monocytes from pregnant women 
and non-pregnant women is in line with a previous study by Foo et al. 42. One difference is, 
however, that in this previous study, a small increase in permissiveness for ZIKV infection 
was found in monocytes from pregnant women in the first trimester compared to non-
pregnant women based on ZIKV NS1 viral load, while this is not observed in the current 
study 42. This could possibly be explained by differences in the experimental set-up e.g., 
infection of whole blood vs. infection of PBMCs derived monocytes and the specific ZIKV 
isolate that was used. As with the monocytes, no differences were found in monocyte 
derived macrophages for ZIKV infection and ADE of ZIKV infection. These results indicate 
that monocytes and monocyte derived macrophages from pregnant women are not 
more permissive for ZIKV infection and ADE of ZIKV infection compared to non-pregnant 
women, independent of trimester. 

Though our findings are consistent and validated at various levels, there are limitations 
to this study. First, to avoid the variability among the tested in vitro models because 
of IgG subclasses, we only used humanized 4G2 as enhancing antibody and not e.g., 
polyclonal sera containing DENV antibodies. However, it is likely that there are differences 
in affinity for FcγRs between monoclonal hu4G2 and polyclonal serum consisting of 
multiple IgG subclasses that may also have an impact on the final outcome of ADE assay 
60. Furthermore, differences in glycosylation status of this monoclonal antibody compared 
to polyclonal sera are also likely to influences the affinity for different FcγRs 61,62. The exact 
role of interactions of immune complexes with different FcγRs on the outcome of ADE of 
infection and the role of glycosylation of these antibodies on this is an interesting topic 
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that should be studied in more detail. Furthermore, we only used one MOI (0.5) and one 
concentration of hu4G2 for all infection experiments to limit the number of variables. It 
could be that with a higher MOI or with a (even) higher concentration of hu4G2, ADE of 
ZIKV infection would be observed in e.g., monocytes and mature dendritic cells. However, 
it is not likely that these conditions will occur in vivo. Lastly, for the pregnant cohort due 
to limited sample availability, we have tested only PBMCs derived myeloid cells to validate 
ZIKV-ADE in in vitro culture system. This does not allow us to study the possible effects of 
changes in hormonal levels that occur during pregnancy on permissiveness for (ADE of) 
ZIKV infection which needs further validation in a well-defined cohort.

In conclusion we found that U937, THP-1 and K562 cell lines can be used for in vitro ADE 
assays for ZIKV as well as monocyte derived macrophages. Regarding permissiveness for 
ZIKV infection and ADE of ZIKV infection, THP-1 cells mimic the results that are obtained 
with monocyte derived macrophages while U937 cells mimic the results of monocytes. 
No increased permissiveness for ZIKV infection and ADE of ZIKV infection was found in 
primary myeloid cells from pregnant women compared to age-matched non-pregnant 
women. These data are in line with data from a study with pregnant non-human primates 
and indicate that during pregnancy, pre-existing DENV immunity is not likely to be a risk for 
a more severe ZIKV infection in the mother 63. A possible facilitating role of DENV immunity 
on the risk of transplacental ZIKV transmission is not ruled out based on the results of this 
study and is suggested in multiple experimental studies and should be studied in more 
detail in human studies 17,18,53,59,64.
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Figure S1: CD14+ expression of monocytes that were magnetically isolated from frozen PBMCs using anti- human 
CD14 microbeads. (A) Cells in negative flow through (blue) and positive selection (red) were labelled with CD14-PerCP.
Cy.5 and analyzed by flow cytometry. (B) The positive selection was also labelled with CD16- APC to characterize popula-
tion based on CD14-CD16 expression into classical (CD14+CD16−), intermediate (CD14+CD16+) and non-classical mono-
cytes (CD14dimCD16+). 

Figure S2: Characterization of dendritic cell surface expression markers using flow cytometry. A-D: Flow cytometry 
histograms represent levels of CD80, CD83, CD86 and PD-L1 in immature (red) and mature (blue) dendritic cells. The degree 
of maturation is represented by the expression of CD80 (A) and CD83 (B): immature DCs are largely negative (red) compare 
to mature DCs (blue).
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Figure S3: Strong correlation between viral titers in supernatants and percentage of infected cells U937 cells (A), THP-1 
cells (B), K562 cells (C) and monocyte-derived macrophages (D). Correlations were calculated using Spearman’s rank cor-
relation coefficient. 
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Figure S4: FcγR expression in U937, THP-1 and K562 cells. Cells are illustrated in the red graphs while isotype controls are 
illustrated in blue. CD16; FcγRIII, CD32; FcγRII, CD64; FcγRI

Figure S5: Paired ZIKV titers determined in supernatants of monocytes and macrophages from pregnant women (per 
trimester) and non-pregnant women infected with ZIKV and with ZIKV+hu4G2 to induce ADE of infection.
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Figure S6: Monocytes were isolated from PBMC’s with a CD14+ isolation kit (pos. selected) or with a pan monocyte isola-
tion kit in which monocytes are negatively selected (untouched, neg. selected). Isolated monocytes were subsequently 
infected with ZIKV at various MOI for 48 hours after which viral titers were determined in the supernatants. Bars represent 
median +- IQR. The Mann-Whitney U test was used to assess statistical significance. *P<0.05. 
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ABSTRACT

Zika virus (ZIKV) infection is typically characterized by a mild self-limiting disease 
presenting with fever, rash, myalgia and arthralgia and severe fetal complications during 
pregnancy such as microcephaly, subcortical calcifications and arthrogryposis. Virus-
induced arthralgia due to perturbed osteoblast function has been described for other 
arboviruses. In case of ZIKV infection, the role of osteoblasts in ZIKV pathogenesis and 
bone related pathology remains unknown. Here, we study the effect of ZIKV infection 
on osteoblast differentiation, maturation and function by quantifying activity and gene 
expression of key biomarkers, using human bone marrow-derived mesenchymal stromal 
cells (MSCs, osteoblast precursors). MSCs were induced to differentiate into osteoblasts 
and we found that osteoblasts were highly susceptible to ZIKV infection. While infection 
did not cause a cytopathic effect, a significant reduction of key osteogenic markers such 
as ALP, RUNX2, calcium contents and increased expression of IL6 in ZIKV-infected MSCs 
implicated a delay in osteoblast development and maturation, as compared to uninfected 
controls. In conclusion, we have developed and characterized a new in vitro model to study 
the role of bone development in ZIKV pathogenesis, which will help to identify possible 
new targets for developing therapeutic and preventive measures.
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INTRODUCTION

Zika virus (ZIKV) is an arthropod borne (arbo) virus and belongs to the family of Flaviviridae. 
Since its discovery in Uganda in 1947, ZIKV has invaded different territories around the 
world. In 2015, ZIKV was reported in Brazil resulting in an epidemic of unprecedented 
scale in the Americas and the Caribbean 1,2. Severe complications due to ZIKV infection 
are observed during pregnancy, including congenital abnormalities such as microcephaly 
and subcortical calcifications 3. In adults, acute symptomatic ZIKV infection is typically 
characterized by a self-limiting disease with fever, rash, conjunctivitis, myalgia and 
arthralgia/arthritis 4. Arthralgia is reported in over 70% of symptomatic ZIKV cases including 
persistent or recurrent arthralgia for more than 30 days 5,6.Virus-induced arthralgia has 
previously been reported following infection with the alphaviruses Ross River virus (RRV) 
and chikungunya virus (CHIKV) 7,8. Infection with RRV can perturb osteoblast function and 
trigger pathologic bone loss due to induction of interleukin-6 (IL6), and contributes to 
virus-induced arthritis 7. Osteoblasts are responsible for the deposition of bone matrix and 
mineralization of the bone matrix. However, osteoblast function may be altered due to 
infection as reported previously for other viruses such as hepatitis C virus (HCV), measles 
virus (MV) and human immunodeficiency virus (HIV) 9.  

ZIKV has been detected in synovial fluid of a patient with arthralgia 10,  and a recent study 
showed the susceptibility of an osteoblast-like cell line for ZIKV infection 11. Osteoblasts 
originate from mesenchymal stem cells (MSCs) and in a recent case of miscarriage 
associated with ZIKV infection, ZIKV displayed tropism for fetal MSC in the perichondrium12. 
However, it is not known if MSC- derived osteoblasts are susceptible to ZIKV infection, 
and whether infection of osteoblasts affects their function thereby contributing to ZIKV 
pathogenesis and ZIKV-associated osteoarticular complications. Therefore, in the current 
study, we determined the susceptibility of primary human MSC-derived osteoblasts to 
infection with ZIKV and its effect on differentiation, maturation and function of these cells. 

MATERIALS AND METHODS

Cell cultures
Human bone marrow-derived MSCs of two healthy donors (Donor 4266 and 3520, 33 
and 20 year old males, respectively) were purchased from Lonza (PT-2501). MSCs were 
differentiated into osteoblasts as described previously 13. Briefly, MSCs were cultured in 
αMEM medium (Gibco, Thermofisher) supplemented with 10% heat-inactivated fetal 
calf serum a (FCS, Sigma), 20 mM Hepes (Sigma), 100 U/mL penicillin (Lonza) and 100 
µg/mL streptomycin (Thermofisher) and 1.8 mM CaCl2 (Sigma) at 37˚C and 5% CO2 in a 
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humidified atmosphere. Medium on day 3 post-seeding was supplemented with 100 mM 
dexamethasone (dex) and 10 mM β-glycerophosphate (osteogenic medium) resulting in 
differentiation into mineralizing osteoblasts within 2-3 weeks 14. The media were refreshed 
twice per week. Vero cells (African green monkey kidney epithelial cells, ATCC CCL-81) 
were cultured in Dulbecco’s modified Eagle’s medium (DMEM, Lonza, the Netherlands) 
supplemented with 10% heat-inactivated fetal bovine serum (FBS, Greiner Bio-One, 
Austria), 2 mM L-glutamine (Lonza), 1% sodium bicarbonate (Lonza), 1% Hepes (Lonza), 
100 U/mL penicillin (Lonza) and 100 µg/mL streptomycin (Lonza) at 37˚C and 5% CO2 in a 
humidified atmosphere.

Virus
Zika virus Suriname ZIKVNL00013 (ZIKVAS-Sur16) was isolated from a patient in The 
Netherlands (EVAg no. 011V-01621) 12. This strain was previously shown to have a similar 
phenotype as the prototypic Asian lineage of ZIKV 15. The virus stock used in this study 
was grown in Vero cells and passage number 3 was used for the current study. Virus titers 
in the supernatants were determined by endpoint titrations on Vero cells as described 
previously 16. In some experiments, dengue virus (DEN 2 16681 strain) and chikungunya 
virus (CHIKV/IND/NL10/152) were included as controls. Briefly, tenfold serial dilution were 
inoculated onto a monolayer of Vero cells in a 96-wells plate (2x104 cells /well). Cytopathic 
effect (CPE) was used as read out and determined at 5 days post-infection (dpi), and 
virus titers were calculated as the 50% tissue culture infective dose (TCID50) using the 
Spearman-Kärber method 17. An initial 1:10 dilution of supernatant resulted in a detection 
limit of 101.5 TCID50/ ml. 

Replication kinetics of ZIKV
MSCs were seeded three days prior to infection (day= -3). Three days post-seeding (day=0), 
MSCs were stimulated into osteoblasts by adding osteogenic medium. After 6 hours of 
stimulation, osteoblast cultures were infected at a multiplicity of infection (moi) of 5 with 
ZIKV for 1 hour at 37°C in 5% CO2. The moi was based on titers determined on Vero cells. After 
incubation, the supernatant was removed and cells were washed three times with αMEM 
medium containing 10% heat-inactivated FCS followed by osteogenic medium and cells 
were refreshed twice weekly up to three weeks depending on the experiment. Uninfected 
controls were cultured in parallel. To determine the ZIKV infectious titers produced, cell 
supernatants were collected at different time points post infection. Supernatant was 
stored at -80°C until further use. Experiments were performed in triplicate with two 
different MSC donors.
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Immunofluorescence assay
Infected cells from the replication growth kinetics assay were fixed with 4% PFA at days 
4, 7, 11 and 17 post infection, permeabilized with 70% ethanol and stained using an 
immunofluorescence assay (IFA) as described previously 15. Briefly, cells were incubated with 
mouse monoclonal antibody anti-flavivirus group antigen (MAB10216) clone D1-4G2-4-15 
(Millipore, Germany) followed by staining with goat anti-mouse IgG conjugated with Alexa 
Fluor 488 (Life technologies, the Netherlands). After incubation, cells were mounted in 
ProLong® Diamond Antifade Mountant with DAPI (Life technologies, USA). Uninfected cells 
and ZIKV-infected cells stained with mouse isotype IgG2a antibody (Dako, Denmark) were 
used as negative controls. ZIKV-infected cells were identified by using a Zeiss LSM 700 
confocal laser scanning microscope fitted on an Axio observer Z1 inverted microscope (Zeiss, 
Breda, and the Netherlands). All images were processed using Zen 2010 software (Zeiss). 

Alkaline phosphatase, mineralization, and protein assays
Alkaline phosphatase (ALP) and calcium measurements were performed at different time points 
based on gene expression data as described previously14,18 . Briefly, ALP activity was determined 
by an enzymatic reaction, where the ALP-mediated conversion of para-nitrophenylphosphate 
(pNPP) (Sigma) to paranitrophenol (PNP) during 10 min at 37°C was measured at 405 nm. ALP 
results were adjusted for protein content of the cell lysates. For protein measurement, 200 µL 
of working reagent was added to 25 µL of cell lysate. The mixture was incubated for 30 min at 
37°C, cooled down to room temperature (RT) for 10 min, and absorbance was measured at 595 
nm. For calcium measurements, cell lysates were incubated overnight with 0.24 M HCl at 4°C. 
Calcium content was determined colorimetrically using a calcium assay reagent prepared by 
combining 1 M ethanolamine buffer (pH 10.6) with 0.35 mM O-cresolphthalein complex one in 
a ratio of 1:1. All measurements were performed using a Victor2 plate reader. 

Quantification of mRNA expression
RNA was extracted from ZIKV-infected and uninfected cells at different time points 
during osteoblast differentiation using TRIzol reagent (Thermo Fisher Scientific). RNA 
isolation, cDNA synthesis, and PCR reactions were performed as described previously 13. 
Oligonucleotide primer pairs were designed to be either on exon boundaries or spanning 
at least one intron (Table 1). Gene expression was corrected for the housekeeping gene 
glyceraldehyde 3-phosphate dehydrogenase (GAPDH). 

Statistical analysis
The statistical analyses were performed using GraphPad Prism 5.01 software. All results 
are expressed as means with standard error of the mean (S.E.M.). Mann Whitney U test was 
used for the comparison between two groups (infected versus un-infected). P value ≤ 0.05 
was considered significant. 
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RESULTS

ZIKV infects osteoblasts with high titers
In order to determine whether the osteoblasts are susceptible to infection with ZIKV, we 
infected osteoblast cultures with ZIKV at a moi of 5. The infected cultures did not show 
evidence for a cytopathic effect (CPE) due to ZIKV infection throughout the culture period 
(Supplementary Fig. 1). CHIKV infection resulted in extensive CPE within 4 days post-
infection and as such samples were not available for subsequent analyses. Similar to ZIKV, 
DENV infection did not result in CPE (supplementary Fig. 4). ZIKV infection of osteoblasts 
was confirmed by IFA at days 4, 7, 11 and 17 post-infection (Fig.1 and Supplementary 
Fig. 2). Interestingly, despite using a high moi, not all cells were infected with ZIKV and 
the level of ZIKV infection remained similar throughout the experiment. However, ZIKV 
infected differentiating osteoblasts and produced high infectious titers of up to 107 TCID50/
ml within 2 days post infection. No significant evidence of DENV infection was observed 
by IFA or virus titration (Supplementary Fig. 3-4). Virus growth kinetics and IFA during the 
differentiation period showed that osteoblast cultures were persistently infected with 
ZIKV and shedding of infectious virions was observed over the period of three weeks post-
infection for both donors (Figs. 1 a-c). 

ZIKV perturbs osteoblast differentiation and mineralization
The effect of ZIKV infection on the differentiation and maturation of osteoblasts was 
determined in infected cultures by quantifying the ALP activity and mineral content at 
different time points (Days 7, 11, 14, 18 and 21) post infection. These time points were 
selected as optimal time points for quantification of differentiation and maturation of 
MSC-derived osteoblasts, based on previous studies 14,18. In ZIKV-infected osteoblasts 
derived from 2 different MSC donors, ALP activity was significantly reduced at day 11 
post-infection compared to uninfected controls (Fig. 2a and b). Additionally, ZIKV infection 
significantly reduced osteoblast maturation in terms of mineral content in ZIKV-infected 
osteoblasts compared to uninfected controls at day 18 and 21 post-infection (Fig. 2c and 
d). 

Table 1. Primer sequences of the analyzed genes

Gene Forward primer (5’-3’) Reverse primer (5’-3’)

GAPDH CCGCATCTTCTTTTGCGTCG CCCAATACGACCAAATCCGTTG

ALP TAAAGCAGGTCTTGGGGTGC GGGTCTTTCTCTTTCTCTGGCA

RUNX2 GATTACAGACCCCAGGCAGG GGCTCAGGTAGGAGGGGTAA

IL6 AAAGAGGCACTGGCAGAAAA TTTCACCAGGCAAGTCTCCT

Abbreviations: GAPDH, Glyceraldehyde 3-phosphate dehydrogenase; ALP, Alkaline phosphate; RUX2, Runt-   related tran-
scription factor 2; IL6, Interleukin 6.
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Figure 1: Replication of ZIKV in primary osteoblasts. Culture supernatant was collected at different time points after 
infection of primary osteoblasts by ZIKV (moi= 5). a) Growth curve kinetics of ZIKV infection in osteoblasts from Donor 
4266 (closed circles) and Donor 3520 (open squares) during differentiation over the period of 3 weeks.  Error bars represent 
the standard error of mean (S.E.M). b) Representative immunofluorescent images of ZIKV-infected cells stained for ZIKV 
antigen (green) and nuclei (blue), and c) uninfected controls at day 4 post-infection. Magnification 200x.

Figure 2: Effect of ZIKV infection on osteoblast differentiation and maturation. Effect of ZIKV infection on osteoblast 
differentiation is measured by alkaline phosphatase (ALP) activity in cultures from a) Donor 4266 and b) Donor 3520, and 
effect on mineralization is measured as a concentration of calcium present in the cultures from c) Donor 4266 and d) Donor 
3520. Results are compared between ZIKV -infected (white bars) and uninfected controls (black bars) and ALP levels are 
normalized against total protein. Error bars represent the standard error of mean.*= p < 0.05.
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Figure 3: Gene expression levels of analysed genes after ZIKV infection. Gene expression of key transcription factors 
from ZIKV infected osteoblasts (white bars) versus uninfected controls (black bars) in (Left panel) Donor 4266 and (Right 
panel) Donor 3520. Gene expression was corrected for house keeping gene, GAPDH. Error bars represent the standard error 
of mean.* =p < 0.05.
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ZIKV affects osteoblast marker genes
To quantify the impact of ZIKV infection on the expression levels of key factors during 
ZIKV infection, which play an instrumental role in determining the osteoblasts phenotype, 
we quantified gene expression of ALP, Runt-related transcription factor 2 (RUNX2, a key 
transcription factor for osteoblast differentiation) and a classical inflammatory mediator 
interleukin 6 (IL6). A significant reduction of ALP (Fig. 3a and b) and RUNX2 expression 
(Fig. 3c and d) was observed in ZIKV-infected differentiating osteoblasts compared to 
uninfected controls (p value< 0.05) at day 7 post-infection. Interestingly, the levels of IL6 
were significantly increased in infected osteoblasts (Fig. 3e and f). 

DISCUSSION

The development of arthralgia/arthritis has been a hallmark clinical symptom in several 
arbovirus infections, including ZIKV, CHIKV and dengue viruses 9,19,20. While generally 
not considered as severe as in CHIKV infection, arthralgia/arthritis has been reported in 
over 70% of ZIKV cases 6. In this study we investigated the susceptibility of MSC-derived 
osteoblasts to ZIKV infection and the effects of this infection on the phenotype of 
osteoblasts.

ZIKV readily infects differentiating primary human osteoblasts and grows to high titers 
within 2 days post infection. These findings are in line with a recent report which confirms 
the susceptibility of a human osteoblast-like cell line (HOBIT) to ZIKV 11, as well as 
observations from other arthritogenic arboviruses such as CHIKV21. However, in contrast 
to previous studies we did not observe CPE in ZIKV-infected primary osteoblasts. This 
disparity may occur in part due to the differences in in vitro models, as primary osteoblasts 
derived from MSCs were used in the current study compared to an osteoblast-like cell 
line in the previous ZIKV study and bone fragment-derived osteoblasts used in the CHIKV 
study. Additionally, flavivirus replication has been shown to incompletely inhibit host cell 
macromolecular synthesis, which may result in non-cytopathic persistent infections 22-24. 
In the absence of CPE, ZIKV infection resulted in a persistent infection of osteoblasts for up 
to 3 weeks post infection, which suggests there may be viral persistence similar to CHIKV 21. 

Osteoblasts play an important role in bone remodeling, which is a tightly regulated process, 
requiring a balance in bone resorption and bone formation. Interestingly, persistent ZIKV 
infection had a direct effect on the differentiation, maturation and function of primary 
osteoblasts. Osteoblast differentiation comprises a highly coordinated sequence of events 
and is regulated by the activities of several key transcription factors. The key transcription 
regulator RUNX2 plays a central role by modulating the commitment of osteoprogenitors 
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and expression of major bone matrix genes by activating different pathways 25. Following 
osteoblast commitment, increased levels of ALP are considered as the marker of 
osteogenic differentiation as it is one of the first functional enzymes observed prior to 
the process of mineralization. Indeed, by reducing levels of the mineralization inhibitor 
pyrophosphate, ALP activity is critical for the mineralization process 26. Thus, our findings 
showing significantly reduced expressions of RUNX2 and ALP in persistently infected 
osteoblasts followed by diminished mineral depositions are of particular interest in view 
of ZIKV-induced alterations in the osteoblast phenotype.

 In addition to bone formation biomarkers, elevated levels of IL6 comparable to that 
described for other arthritogenic arboviruses were also observed following ZIKV infection. 
This key pro-inflammatory mediator plays a pivotal role in the pathophysiology of 
rheumatoid arthritis, where it has been associated with stimulating neutrophil migration, 
osteoclast maturation and pannus proliferation27. During alphavirus infection, IL6 has been 
shown to indirectly disturb the bone homeostasis by stimulating the induction of bone 
resorption mediators in osteoblast cultures, resulting in bone loss and joint inflammation 
7,21. Future studies will focus on identifying key biomarkers which will allow us to predict 
the osteoarticular complications and disease severity following ZIKV infection. 

In conclusion, these data clearly demonstrate that osteoblasts are susceptible to infection 
by ZIKV and that infection results in reduced differentiation and maturation of osteoblasts. 
The impaired function of osteoblasts can subsequently trigger an imbalance in bone 
homeostasis and induce bone-related disorders. These data warrant further studies to 
delineate the molecular mechanisms behind ZIKV pathogenesis in bone development in 
vitro and in vivo. 
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Supplementary figure 1: ZIKV infection in differentiating osteoblasts without CPE. Representative bright field images 
of  non-infected controls  and ZIKV infected osteoblasts at day 7 (a, b), 11 (c, d) and 17 (e, f) post infection. Magnification 
200x. 



96

Supplementary figure 2: Persistent ZIKV infection in differentiating osteoblasts. Representative immunofluorescent im-
ages of osteoblasts stained  for ZIKV antigen (green) and nuclei (blue). Non-infected osteoblast control and  ZIKV-infected 
osteoblasts at day 7 (a,  b),  11 (c, d)  and 17 (e, f)  post infection. Magnification 200x.
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Supplementary figure 3: DENV 2 infection of osetoblasts. Culture supernatant was collected at different time points after 
infection of primary osteoblasts by DENV 2 (moi= 5). Growth curve kinetics of DENV 2 infection in osteoblasts from Donor 
3520 (open squares) during differentiation over the period of 3 weeks.  Errors bar represent the standard error of mean 
(S.E.M).
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Supplementary figure 4: . Representative bright field and  immunofluorescent images of osteoblasts stained for DENV 2 
antigen (green) and nuclei (blue). DENV 2 -infected osteoblasts at day 7 (a-b), day 11 (c-d)  and day-17 (e-f) post infection.  
Magnification 200x.
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ABSTRACT

Bone-related complications are commonly reported following arbovirus infection. These 
arboviruses are known to disturb bone-remodeling and induce inflammatory bone loss 
via increased activity of bone resorbing osteoclasts (OCs). We previously showed that Zika 
virus (ZIKV) could disturb the function of bone forming osteoblasts, but the susceptibility 
of OCs to ZIKV infection is not known. Here, we investigated the effect of ZIKV infection on 
osteoclastogenesis and report that infection of pre- and early OCs with ZIKV significantly 
reduced the osteoclast formation and bone resorption. Interestingly, infection of pre-OCs 
with a low dose ZIKV infection in the presence of flavivirus cross-reacting antibodies 
recapitulated the phenotype observed with a high viral dose, suggesting a role for 
antibody-dependent enhancement in ZIKV-associated bone pathology. In conclusion, we 
have characterized a primary in vitro model to study the role of osteoclastogenesis in ZIKV 
pathogenesis, which will help to identify possible new targets for developing therapeutic 
and preventive measures.
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INTRODUCTION

Zika virus (ZIKV) is an arthropod-borne flavivirus and is primarily transmitted by a bite 
of Aedes mosquitoes. Since the initial discovery in Uganda in 1947, an outbreak of 
ZIKV disease on the Island of Yap (2007) and later in Polynesia (2013), highlighted the 
epidemic potential of ZIKV 1,2.  ZIKV gained attention worldwide after its emergence and 
rapid widespread distribution in the Americas and the Caribbean in 2015 3. In acute ZIKV 
infection, symptoms like fever, rash, conjunctivitis, myalgia, and arthralgia are commonly 
observed. Arthralgia has been reported in over 70% of symptomatic ZIKV cases, including 
arthralgia persisting for more than thirty days 4,5. ZIKV infection-associated complications 
were observed during pregnancy, called congenital ZIKV syndrome including microcephaly 
6, and were the reason to declare ZIKV a public health emergency of international concern 
(PHEIC) by the World Health Organization. ZIKV associated microcephaly is widely 
accepted as a neurodevelopment disorder. As a consequence, extensive pathogenesis 
studies, mainly using neuronal models, are performed to explore the neurological link 
between ZIKV infection and microcephaly. In various in vitro studies, it has been shown 
that ZIKV preferentially infects brain cells, in particular, human neural progenitor cells, 
which can rationalize the ability of ZIKV to impair the development of the fetal brain and 
subsequently cause microcephaly along with other neurodevelopmental abnormalities 
7-10.  However, the detection of ZIKV RNA in mesenchymal stromal cells (MSCs, precursors 
of bone forming cells) in the perichondrium of a fetus 11 also points to the potential 
effect of ZIKV infection on bone remodeling. This hypothesis was further reinforced by 
our previously reported study, where we demonstrated that ZIKV infection impaired 
osteoblast function 12.

Bone remodeling is a continuous process, which mainly depends on the concerted 
action of two key players of bone homeostasis, namely the bone forming osteoblasts 
(OBs) and the bone resorbing osteoclasts (OCs), both under the control of osteocytes 13. 
Bone remodeling is affected by several microorganisms including bacteria and viruses 
14. Viruses, particularly arthropod-borne viruses such as Chikungunya virus (CHIKV), 
Ross River virus (RRV), and Dengue virus (DENV), exert a negative impact on bone self-
repair mechanism by unbalancing bone homeostasis 15,16, resulting in joint pain. During 
CHIKV and RRV infections, the bone undergoes remodeling where osteoclast function is 
extensively activated due to an upregulation of pro-inflammatory cytokines (paracrine 
factors), thus favouring bone resorption and causing exacerbated bone loss 17,18. 

OCs are bone tissue-specific giant multinucleated cells that derive from the monocyte/
macrophage hematopoietic lineage. The formation of mature OCs is regulated by 
macrophage colony stimulating factor (M-CSF), and a key osteoclastogenic marker, 
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receptor activator nuclear factor kappa B ligand (RANKL). Mononucleated precursors (MPs) 
fuse to form terminally differentiated OCs 19,20. These MPs include both blood circulating 
monocytes and bone resident precursors. MPs are also reported as the main targets of 
replication for some viruses such as ZIKV 21. For arthropod-borne flaviviruses, particularly 
for dengue virus (DENV) and ZIKV, bone-related pathologies are frequently reported, but 
the direct effect of infection on osteoclasts has only been studied for DENV, where an 
increased osteoclast activity is reported due to DENV infection 22-24. 

Since Fcγ receptors are widely expressed on the surface of immune cells such as 
monocytes, macrophages, and OCs 25,26, in addition to direct infection, ZIKV can potentially 
infect OCs in the presence of cross-reactive antibodies and result in antibody dependent 
enhancement (ADE) 25. As the geographic range of ZIKV overlaps with that of DENV, ADE 
has been postulated to be one of the main risk factors for complications of ZIKV infection, 
such as microcephaly 27. 

Here, we aim to investigate the direct effects of ZIKV infection on osteoclastogenesis. We 
first determined the susceptibility of human peripheral blood mononuclear cells (PBMCs)-
derived osteoclast precursors to ZIKV infection. We also investigated the effect of infection 
on osteoclast maturation and resorption activity. Next, we evaluated the susceptibility 
status at different stages of differentiation of OCs, and the effect on osteoclastogenesis. 
Our findings demonstrate that OCs at different stages of differentiation are susceptible 
to ZIKV infection. However, the effect on the phenotype is more evident when infected 
at an early stage of differentiation, especially using either a high MOI or a low MOI in the 
presence of pan-flavivirus cross-reacting antibodies. 

MATERIALS AND METHODS

Cells 
Buffy coats were obtained from anonymous healthy donors (Sanquin) and PBMCs 
were isolated as described before 28. Briefly, buffy coats were diluted 1:1 in phosphate 
buffered saline (PBS). The diluted PBMCs are layered onto lymphoprep in a 2:1 ratio. After 
centrifugation, PBMCs were collected from the interphase and washed twice with PBS. 
The cells were frozen until further use. At the time of the experiment, cells were thawed, 
counted, and seeded at a density of 5x105 cells per/well in 96-well plates in α-MEM culture 
medium (Gibco, Thermo Fisher Scientific, Breda, The Netherlands) supplemented with 
100 units/ml penicillin, 100 μg/ml streptomycin (Thermo Fisher Scientific, Breda, The 
Netherlands), 250 ng/ml amphotericin B (Sigma, St. Louis, MO, USA), 1.8 mM CaCl2 (VWR 
International BV), and 15% (vol/vol) heat-inactivated fetal calf serum (FCS; Thermo Fisher 
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Scientific). Following seeding, cells were incubated for 4 h and then rinsed twice with PBS 
to remove non-adherent cells. Next, a culture medium was added containing 25 ng/ml 
human macrophage-colony stimulating factor (M-CSF; R&D Systems, Abingdon, UK). From 
day 3 onward, cells were cultured in the presence of both M-CSF and 30 ng/ml human 
receptor-activated NF-κB ligand (RANKL; PeproTech, London, UK) (fig. 1). Depending 
on the experiment, cells at different stages; pre- (day 3-post seeding), early (day 7-post 
seeding), and late (day 10post seeding), were selected for infection. Vero cells (African 
green monkey kidney epithelial cells, ATCC #CCL-81) were cultured in Dulbecco’s modified 
Eagle’s medium (DMEM, Lonza, the Netherlands) supplemented with 10% heat-inactivated 
fetal bovine serum (FBS, Greiner Bio-One, Austria), 2 mM L-glutamine (Lonza), 1% sodium 
bicarbonate (Lonza), 1% Hepes (Lonza), 100 U/mL penicillin (Lonza) and 100 µg/mL 
streptomycin (Lonza) at 37 °C and 5% CO2 in a humidified atmosphere.

Virus
Zika virus Suriname strain ZIKVNL00013 (Asian lineage) was isolated from a female patient 
in the Netherlands who travelled to Suriname (ZIKVAS-Sur16, [EVAg no. 011V-01621]). The 
virus stock was grown in Vero cells, and passage 3 was used for the current study (7).  11. 
Virus titers in the supernatants, with detection limit of 101.5 TCID50/ml, were determined as 
described previously 12.

Replication kinetics of ZIKV 
On day 3 post-seeding, mononuclear osteoclast precursors (pre-OCs) were infected with 
ZIKV at a multiplicity of infection (MOI) of 5 for an hour at 37°C in 5% CO2. After incubation, 
the supernatant was removed and cells were washed three times with αMEM medium 
containing 15% heat-inactivated FCS. The cells were cultured in αMEM as described 
above for 2-3 weeks. Uninfected controls were cultured in parallel. In addition to early-

Figure 1: Schematic overview of PBMCs derived osteoclast culture model. Four hours following seeding, cells were 
rinsed twice with PBS to remove non-adherent cells and treated with M-CSF. From day 3 onward, RANKL was supplement-
ed as well to induce osteoclastogenesis. On day 14 post seeding, TRAP staining was performed to determine the formation 
and differentiation of multinucleated OC. Around day 20, bone resorption assay was done to determine the resorptive 
activity of OCs. Created with BioRender.com
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stage infection, cultures were also infected at different stages of differentiation including 
early (day 7) and late differentiating (day 10) OCs using MOI of 5. Moreover, pre-and early 
differentiating OCs were also infected with different MOIs (0.1, 1, and 5). To determine the 
ZIKV infectious titers produced, cell supernatants were collected at different time points 
post infection, and the supernatant was stored at −80°C until further use. 

Antibody dependent enhancement assay (ADE)
On day 3 post-seeding, serially diluted humanized pan-flavivirus mAb (hu4G2, Native 
Antigen Company, UK) was incubated with ZIKV at MOI of 0.1 (ADE-0.1) for one hour at 37°C 
in the humidified atmosphere before adding them to cells. After an hour of incubation, 
virus-antibody immune complexes were added to the cells and incubated for one hour 
at 37°C. Subsequently, cells were washed three times with medium and were cultured in 
αMEM as described above for two days. The supernatant was harvested at day 2 post-
ADE and frozen at -80°C until further use. Later, virus titers were determined by endpoint 
titrations on Vero cells. In ADE assays, controls such as virus without antibody (MOI 0.1 & 
5) and mock infections were also included.

Immunofluorescence assay
Infected cells from the replication growth kinetics assay were fixed with 4% PFA at 
day 6 post-seeding, permeabilized with 70% ethanol, and stained using the mouse 
monoclonal antibody anti-flavivirus group antigen (MAB10216), clone D1–4G2-4-15 
(Millipore, Germany) followed by staining with goat anti-mouse IgG conjugated with Alexa 
Fluor 488 (Life technologies, the Netherlands) in an immunofluorescence assay (IFA) as 
described previously 12,29. For fusion markers, early infected and mock controls were fixed 
and permeabilized using 0.1% Triton X-100 at different time points. Immunofluorescent 
staining was performed using mouse anti- Nuclear Factor of Activated T-cells, 
Cytoplasmic 1 (NFATC1) antibody (Invitrogen, Thermo Fisher Scientific, USA) and rabbit 
anti- Transmembrane 7 Superfamily Member / Dendritic Cell-Specific Transmembrane 
Protein (TM7SF4/DC-STAMP) antibody (Abcam, Cambridge, UK) followed by staining 
with Alexa Fluor 555-conjugated goat anti-mouse IgG (Life technologies and Alexa Flour 
647-conjugated goat anti-rabbit (Life Technologies), respectively. The nuclei were labelled 
with DAPI (Invitrogen, Thermo Fisher Scientific, USA). Subcellular localization of NFATC1 
and TM7SF4 was observed using a Zeiss LSM 700 confocal laser scanning microscope 
fitted onto an Axio observer Z1 inverted microscope (Zeiss, Breda, and the Netherlands).

Adhesion Assay 
On day 10 post-seeding, an adhesion assay was performed with early infected OCs and 
mock-infected controls. The supernatant was removed and cells were washed twice with 
PBS. Then cells were incubated with accutase to detach the cells (Merck Live Science, 
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BV) for 10 min at 37°C. After incubation, cells were washed with PBS, adherent cells were 
fixed with 4% formalin, and nuclei were stained with DAPI (Invitrogen, Thermo Fisher 
Scientific, USA). Five images per well were taken and the surface area of adhered nuclei 
was quantified (Axiovert 200, Zeiss). All images were processed using Image J software 
(version 1.47).

TRAP staining
On day 14 post-seeding, cells were fixed with 10% formalin and stained, using a tartrate 
resistant acid phosphatase (TRAP) leucocyte kit (Sigma, St. Louis, MO, USA) as described 
previously 30. To limit the variation between wells, five images per well were taken, 
using an Axiovert 200 microscope (Zeiss). The number of OCs and nuclei per osteoclast 
were counted by Image J software (https://imagej.nih.gov/ij/). The fusion index (%) was 
calculated as the total number of nuclei in TRAP-positive multinucleated cells (>5) divided 
by the total number of nuclei counted*100.

Bone resorption assay
To assess the mineral resorption by OCs, pre-OCs were cultured on osteoassay surface 
plates (Corning, NY, USA) for 18-21 days and then von Kossa staining was performed 30. The 
supernatant was removed and cells were washed with water. After washing, wells were 
stained for 30 min with 5% silver nitrate (in bright daylight), incubated for one minute in 
5% sodium carbonate in 25% formalin, and finally for 2 min in 5% sodium thiosulphate. 
Pictures were obtained using an Axiovert 200 (Zeiss). Areas that have been resorbed by 
functional OCs appear as white pits, whereas the non-resorbed sliver-stained mineral is 
black. The percentages of the resorbed area by differentiated OCs were quantified using 
Image J software (version 1.47).

Phalloidin staining protocol
To analyze the effect of infection on actin rings, phalloidin staining was performed on 
different time points post-seeding (day 10, day 14, and day 18) based on the appearance of 
mature OCs in mock-infected controls. Infected and mock-infected cultures were washed 
with PBS and fixed with 10% formalin. The staining procedure was described previously 
31. Shortly, PBS + 0.1% Triton-X100 was added for 10 min, followed by PBS + 0.05% Tween 
and 1% BSA for 30 min. Cells were then incubated with rhodamine-conjugated phalloidin 
antibody (Thermo Fisher Scientific) for 1 hr at RT and washed with PBS + 0.05% Tween 
followed by DAPI staining. Staining of the cytoskeleton was visualized by using a Zeiss 
LSM 700 confocal laser scanning microscope fitted onto an Axio observer Z1 inverted 
microscope (Zeiss). All images were processed using Image J software (version 1.47).
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Quantitative real-time PCR analyses
The methods used for RNA extraction, cDNA synthesis, and RT-PCR have been described 
previously 32. Real-time qPCR was performed using the QuantStudio™ 7 Flex Real-Time 
PCR System (Applied Biosystems), and the results were analyzed using QuantStudio TM 
Real-Time PCR software v1.3 (Applied Biosystems). Data are presented as relative mRNA 
levels calculated by the formula: 2−Δ (Ct of gene of interest − Ct of housekeeping gene). All primer sequences 
used are summarized in Table 1.

Statistics 
The statistical analyses were performed using GraphPad Prism 5.01 software. All results 
are expressed as means with standard error of the mean (SEM). Unpaired t-test was 
used to compare infected versus un-infected conditions, p value ≤ 0.05. For comparison 
of multiple data sets, Kruskal–Wallis test (one-way ANOVA test, non-parametric) and 
Dunnett’s multiple comparison test was performed, p value ≤0.05.

RESULTS

Osteoclast precursors are susceptible to ZIKV infection
To determine the susceptibility of osteoclast precursors to ZIKV infection, we infected the 
pre-OCs with ZIKV at an MOI of 5. We determined replication kinetics for three weeks and 
found that pre-OCs were infected with ZIKV. Peak titers up to 106.5 TCID50/ml were observed 
on day 3 post-infection and shedding of virions dropped over the subsequent time period 
studied, but remained detectable (fig. 2A). Following infection, we did not observe any 
evidence of cytopathic effects (CPE) during the culture period (supplementary fig. 1), 
although altered morphology, such as stretched fibroblast-like cells, was observed. 
Infection of OCs was also confirmed by IFA (fig. 2B-C).

Table 1. Primer sequences of the analysed genes

Gene Forward primer (5’-3’) Reverse primer (5’-3’)

GAPDH CCGCATCTTCTTTTGCGTCG CCCAATACGACCAAATCCGTTG

ACP5 CTGCCTACCTGTGCGGCCAC CTCAGCACGTAGCCCACGCC

FOS CCAGCATGGGCTCGCCTGTC CGGCCAGGTCCGTGCAGAAG

CTSK TGCCCACACTTTGCTGCCGA GCAGCAGAACCTTGAGCCCCC

OSCAR CACTCCGTCTGTGGCCATTA CCAGGGGTCACAACTGTAGC

ATPV0D2 TTCTTGAGTTTGAGGCCGACA AGAGTTTGCCGAAGGTTGGA

Abbreviations: ACP5, Acid Phosphatase 5; FOS, Fos Proto-Oncogene GAPDH, Glyceraldehyde 3-phosphate dehydrogenase; 
OSCAR, human osteoclast-associated receptor; TRAP, Tartarate-resistant acid phosphatase. 
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ZIKV-infected pre-OC have reduced adhesion ability
The adhesion ability is crucial for effective bone resorption, therefore we investigated the 
adhesion of ZIKV-infected OCs and observed a significant decrease (>2 fold, p= 0.01) in the 
adhesion index of ZIKV-infected pre-OCs on day 7 post-infection (fig. 2D).

Figure 2: Replication of ZIKV in pre-OCs infected at day 3 post seeding. Culture supernatant was collected twice a week 
for the period of three weeks. A) Growth curve kinetics of ZIKV infection in pre-OCs after infection with 5 MOI. B) Repre-
sentative immunofluorescent images of uninfected controls and C) ZIKV-infected cells stained for ZIKV antigen (green) and 
nuclei (blue) on day 2 post-infection (dpi). Magnification 200x. D) On day 10 post cell culturing, adhesion index is calculated 
by measuring the area adhered by remaining nuclei after Accutase treatment. E) On day 14 post cell culturing, effect of 
infection on OC formation is measured by quantifying the number of nuclei in TRAP + cells, F) representative images of 
TRAP-stained mock infected controls and G) ZIKV infected pre-OCs. H) On day 14 post cell culturing fusion index is also 
measured by counting the total number of nuclei in TRAP-positive multinucleate cells (>5) divided by total number of nu-
clei counted*100 I) On day 21 post cell culturing, resorption function is assessed by quantifying the resorption pits, J) rep-
resentative images of von Kossa staining for mock infected controls and K) ZIKV infected pre-OCs. Results are compared 
between ZIKV infected (white bars) and mock infected controls (black bars). N= 3 for replication kinetics, N= 4 for adhesion 
assay, N=5 for TRAP assay and fusion index, N= 4 for resorption assay. Error bars represent SEM. * p<0.05
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Early ZIKV infection leads to reduced TRAP positive mature OC number 
and fusion index 
To identify the effect of early infection on OCs differentiation, we performed a TRAP assay 
on day 14 post-seeding and counted the number of nuclei in TRAP positive OCs. Cells with 
>5 nuclei were categorized as mature OCs. In early infected pre-OCs, there was a significant 
reduction (≈45 fold, p= 3x10-4) in the number of mature multinucleated OCs compared 
to mock-infected controls (fig. 2E-G). To measure fusion efficacy, we also determined 
the fusion index in ZIKV-infected pre-OCs versus mock-infected controls and observed a 
significant reduction (≈11 fold, p=0.03) in the fusion index in ZIKV-infected cultures (fig. 
2H).

ZIKV-infected pre-OC have reduced resorption 
To determine the resorption ability and functionality of ZIKV infected pre-OCs, we 
performed von Kossa stainings. The resorption function was significantly reduced (≈ 67-
fold, p= 0.02) in ZIKV-infected cultures compared to mock-infected controls (fig. 2I-K). 

ZIKV infection-induced effect on osteoclastogenesis is stage dependent 
To evaluate the susceptibility of osteoclasts at different stages during differentiation, 
the cells were differentiated to early and late differentiating OCs and infected with ZIKV. 
Similar to ZIKV infected pre-OCs (fig. 2A), we observed that OCs in early and late stages of 
differentiation were equally susceptible to infection. Peak titers and kinetics were similar 
across differentiation stages (fig. 3A-B). We subsequently investigated the effect of ZIKV 
infection on the differentiation and function of differentiating OCs (fig. 3C-F). Despite the 
similar susceptibility to infection, a reduction in differentiation (p=-4x10-4) and resorption 
(p=- 0.03) was only seen in ZIKV infected early-stage OCs (fig. 3C and 3E).  In day 10 infected 
OCs (late stage), contrary to ZIKV infected pre-and early stages of OCs (fig. 2D and 3C, 
respectively), we did not observe any difference in OCs formation between infected and 
control groups (fig. 3 D). Likewise, infection on day 10 post-seeding did not affect the 
resorption capacity (fig. 3F).
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Figure 3: Replication of ZIKV in OCs infected at different stages of differentiation. (A-C) Growth curve kinetics of ZIKV 
infection in (A) early differentiating (Inf_d7) and (B) late differentiating (Inf_d10) OCs after infection using MOI of 5. C-D) 
TRAP staining is performed on day 14 post cell culturing in ZIKV infected (C) early differentiating (Inf_d7), (D) late differ-
entiating (Inf_d10) OCs and mock infected controls. E-F) Von Kossa staining is performed on day 20 post cell culturing in 
(E) early differentiating OCs and (F) late differentiating OCs. Results are compared between ZIKV infected (white bars) and 
mock infected controls (black bars) for each infection time point. N= 3 for replication kinetics, N=5 for TRAP assay, N= 4 for 
resorption assay. Error bars represent SEM. * p<0.05.

ZIKV infection affects OCs in a dose-dependent manner
To understand the permissiveness and susceptibility to different viral doses, we infected 
pre- and early differentiating OCs with different MOI of ZIKV (0.1, 1 & 5). We selected pre-
and early differentiating OCs as we observed a significant effect on osteoclastogenesis 
with high MOI at these stages. Growth kinetics of viral replication was similar irrespective 
of the viral dose (fig. 4A-B). Interestingly, infection with a low MOI in pre-OCs showed 
a prolonged shedding of virions compared to infection with high MOI (fig. 4A and B, 
respectively). The phenotypic effect of ZIKV infection at different MOI was also evaluated. 
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While infection at low MOI resulted in a reduced number of OCs with 5 or more nuclei, we 
still observed OCs with 3-5 nuclei (fig. 4C-D), which indicates that infection at low MOI 
did not completely abolish the OC fusion compared to infection at high MOI. In addition, 
we observed a dose-dependent effect on the resorption capacity of ZIKV-infected pre-and 
early OCs showing a considerable reduction in mineral resorption at MOI of 5 (fig. 4E and 
D). Interestingly, in ZIKV-infected early differentiating OCs, infection with low MOI (0.1) did 
not affect the resorption ability of infected OCs compared to mock-infected controls (fig. 
4F). 

Figure 4: Dose dependent effect of ZIKV infection in pre and early differentiating OCs. (A-B) Growth curve kinetics of 
ZIKV infection in (A) pre OCs (Inf_d3) and (B) early differentiating (Inf_d7) using moi of 0.1, 1 and 5. C-D) At moi of 1 and 5, 
ZIKV infection significantly reduced the formation of multinucleated OCs in both (C) pre- and (D) early differentiating OCs 
compared to infection using low moi (0.1). E-F) At moi of 1 and 5, resorption function was also reduced in both (E) pre- and 
(F) early differentiating OCs compared to infection using low moi (0.1)  . N= 3 for replication kinetics, N=5 for TRAP assay, N= 
4 for resorption assay. Error bars represent SEM. * p<0.05 
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Antibody dependent enhancement (ADE) of ZIKV infection in osteoclast 
precursors
ZIKV can infect antigen presenting cells that possess Fcᵧ receptors through a process 
called ADE in which enhancement of infection due to flavivirus cross-reactive antibodies 
can occur. ADE at a low MOI with a related flavivirus, DENV, has previously been shown to 
mimic the effects of infection with high MOI in primary human macrophages 33. Since OCs 
are known to express these Fcᵧ receptors, we tested whether ADE at low ZIKV MOI (0.1) 
combined with flavivirus cross-reacting antibodies could mimic the effects seen at high 
ZIKV MOI alone. Intriguingly, while ZIKV infection of pre-OCs at a low MOI did not result in 
a reduction of bone resorption, infection with MOI 0.1 in the presence of ADE antibodies 
mimicked the effect of infection at high MOI without cross-reacting antibodies (fig. 5A). 
The effect of ZIKV infection enhancement was determined via standard TRAP assay and 
von Kossa staining. In conclusion, we discovered a significant reduction in the number of 
mature multinucleated OCs, which was recapitulated in terms of resorption ability (fig. 
5B-C).

Figures 5: Antibody-dependent enhancement (ADE) of ZIKV infection. ADE using low moi (0.1) in the presence of pan-
flavivirus cross reacting antibody in pre-OCs. A) Growth curve kinetics of ZIKV infection in pre-OCs with high moi (5), and 
low moi (0.1) with/without antibody. B) Infection at moi 0.1-ADE inhibited the formation of mature OCs identical to infec-
tion with moi of 5-without cross reacting antibody. C) Infection with ZIKV MOI of 0.1 in combination with ADE also inhibited 
the resorption function in ZIKV-infected pre-OCs similar to infection with high ZIKV moi (5) alone. N= 3 for replication kinet-
ics, N=5 for TRAP assay, N= 4 for resorption assay. Error bars represent SEM. * p<0.05.

Fusion proteins kinetics in ZIKV-infected OCs
Since the effect of ZIKV on OC differentiation and function was only observed at early 
stage of differentiation, we hypothesized that infection at early stage affected the fusion 
protein kinetics, which are responsible for cell fusion to form mature OCs. Therefore, to 
determine the expression and kinetics of fusion-related markers, we performed IFA for 
nuclear factor of activated T cells cytoplasmic 1 (NFATC1), transmembrane 7 superfamily, 
member 4 (TM7SF4; also known as dendritic cell-specific transmembrane protein; DC-
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STAMP) and ZIKV itself in ZIKV-versus mock-infected (fig. 6A-D). We detected expression 
of both differentiation and fusigenic markers in infected and control cultures at different 
time points (fig. 6A-D). During late differentiation (day 14) the nuclear translocation of 
NFATC1 was prominent in mock-infected controls with multinucleated cells whereas in 
infected cultures NFATC1 expression is observed in cytoplasmic (fig. 6E-F). To determine 
the pattern of kinetics over the culture period, we also performed semi-quantitative 
analysis by measuring the mean fluorescent intensity of both markers using Image J 
software. Interestingly, in ZIKV-infected cultures at day 6 and 10 post-seeding, we found 
a reduction in the mean fluorescent intensity (MFI) for NFATC1 expression compared to 
mock-infected controls (p= 0.02) (supplementary fig. 2A). In the case of TM7SF4, similar 
to NFATC1, we observed differences in expression kinetics at day 6 and 10 post seeding 
(supplementary fig. 2B).

Figure 6: Immunofluorescence staining of ZIKV infected pre-OCs for NFATC1 and TM7SF4/DC-STAMP. Pre-OCS were 
infected with ZIKV (moi=5) on day 3 post seeding. At the indicated time post cell culturing, ZIKV infected and mock in-
fected cells were fixed, permeabilized and stained for ZIKV (green), NFACT1 (red), TM7SF4/ DC-STAMP (grey) and nuclei 
(DAPI, blue) for selected time points day 6 (A-B), day 10 (C-D) and day 14 (E-F) post seeding. The composite images are 
assembled based on the adjacent individual staining.

ZIKV-infected pre-OCs display destabilized actin organization and actin 
ring structure
To investigate the effect of infection on actin organization and ring formation which is 
essential for resorption function, we performed rhodamine-conjugated phalloidin staining 
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in ZIKV infected and mock-infected pre-OCs for selected time points (fig. 7). Intriguingly, at 
day 10 post-seeding, infected cultures revealed disrupted actin organization compared to 
mock-infected controls (fig. 7A-B). At later time points on day 14 and 18 post-seeding, the 
infected cultures appeared to have fewer actin rings compared to controls, which is in line 
with results from the TRAP staining on day 14 (fig. 7C-F). Moreover, infected pre-OCs had 
more discontinuous actin rings compared to controls. 

Figure 7: Immunofluorescence staining of ZIKV infected pre-OCs actin dynamics. Pre-OCS were infected with ZIKV 
(moi=5) on day 3 post cell culturing. At the indicated time post cell culturing, ZIKV infected and mock infected cells were 
fixed, permeabilized and stained for actin with rhodamine-conjugated phalloidin (red) and nuclei (DAPI, blue) for selected 
time points such as day  10 (A-B), day 14 (C-D) and day 18 (E-F) post cell culturing. The arrows in the images indicate the 
actin organization in cytoplasm in the mononucleated OCs in (A) mock- and (B) ZIKV infected pre-OCs. D, F) Arrows indi-
cate the breaks in the actin rings towards the periphery of ZIKV infected pre-OCs. 
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Gene expression profile of key differentiation markers
To evaluate the effect of infection on expression levels of OC differentiation markers, qPCR 
was performed on multiple time points during differentiation. Although ZIKV infection 
affected the differentiation of pre-OCs, the gene expression profile of key differentiation 
markers failed to show significant differences between mock- and ZIKV-infected cells 
(supplementary fig. 3).

DISCUSSION

In the current study, we demonstrate that ZIKV can infect and replicate in human 
osteoclasts, which can result in a reduction of osteoclastogenesis and bone resorption. In 
addition, we observed that this effect is dependent on the OC differentiation stage and a 
high virus dose. 

Except for DENV, there are limited studies on the direct effect of flaviviruses infection 
on OC susceptibility and differentiation 34. Here we show that ZIKV infection induced 
morphological changes in infected pre-OCs. On day 3 post-infection, we observed 
elongated fibroblast-like cells in ZIKV-infected pre-OCs, which persisted over the culture 
period. These elongated cells resemble the M2 phenotype of macrophages 35, and 
Asian lineage ZIKV infection is shown to mediate M2-skewed immunosuppression in 
ZIKV-infected symptomatic patients 36. Biophysical cues in the local microenvironment, 
such as microbial products, damaged cells, and activated  lymphocytes, can regulate 
the polarization and induce phenotypic changes in monocyte-derived macrophages 37. 
ZIKV-induced morphological changes might have significantly inhibited the formation 
of multinucleated mature OCs in infected cultures. The observed osteoclast phenotype 
following ZIKV infection is distinct from that described for other arboviruses, such as 
CHIKV and RRV, where no morphological changes were reported 38,39.

 In the case of RRV and CHIKV infections, in vivo studies have demonstrated increased 
osteoclastogenesis by the indirect effect of infection 38-41. These viruses mainly target bone 
forming osteoblasts for replication, which subsequently trigger osteoclastogenesis via 
upregulation of paracrine factors 40. RRV, CHIKV, and DENV infected patients are known 
to develop rheumatic disorders, including inflammation of musculoskeletal tissue that 
is mainly caused by activation of osteoclast-facilitated bone resorption and suppression 
of osteoblasts-mediated bone formation collectively resulting in bone loss 23,24,38,42. 
However, in the current study, we observed a direct effect of ZIKV infection on pre-OCs 
and concomitantly reduced osteoclastogenesis. Direct infection of osteoclasts had also 
been studied for human immunodeficiency virus (HIV), but unlike ZIKV infection, HIV 
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infection led to increased OC formation 43,44. HIV infection induced the formation of larger 
OCs and enhanced the mRNA expression of OCs markers, such as TRAP, cathepsin K, and 
the calcitonin receptor [CTR] 43. 

We hypothesized that reduced osteoclast function due to ZIKV infection could be one 
possible mechanism for ZIKV-associated microcephaly. While ZIKV-induced microcephaly 
is shown to be primarily caused by reduced neuronal development 45,46, secondary 
microcephaly as a result of craniosynostosis has been reported as well 47-49. Craniosynostosis 
may be the consequence of imbalances during skull development by the increased bone 
formation and reduced bone resorption. Defects in OC activity with excessive deposition 
of immature bone are known to mechanistically underlie a genetically determined bone 
disease called osteopetrosis, which can subsequently result in microcephaly 50. Therefore, 
to understand the various skeletal aspects of ZIKV pathogenesis, the role of osteoclasts in 
ZIKV infection requires further investigation.

Currently, we report on a differentiation-dependent effect of ZIKV infection on 
osteoclastogenesis. ZIKV infection at day 10 post-seeding did not influence the formation 
of mature OCs while infection at early stage of differentiation had shown a pronounced 
inhibitory effect on osteoclastogenesis. This temporal effect of infection is also observed 
in a previously reported study for an an-aerobic bacterium, where haemoglobin receptor 
protein (HbR) of Porphyromonas gingivalis has an inhibitory effect on OC formation and 
activity during the first 24 h of culture 51. The temporal inhibitory effect could be due to the 
influence on RANKL-mediated differentiation markers or specific targets of pre-OCs, which 
play a crucial role in the early stages of OC differentiation.

In addition to having direct effects on osteoclast formation and activity, ZIKV may employ 
ADE mechanisms to infect OCs. ADE is mainly mediated by Fcᵧ receptors, which are 
distributed on OCs, therefore enabling ADE to serve as an added mechanism for enhanced 
ZIKV pathogenesis combined with cross-reacting flavivirus antibodies. As ZIKV and DENV 
geographically overlap around the globe, the risk associated with flavivirus background 
immunity cannot be ignored. In the current study, we observed that ZIKV infection at 
low MOI (0.1) did not affect the function of OCs at an early stage of differentiation, but 
in combination with DENV-derived cross-reacting antibodies it mimicked the effect on 
osteoclastogenesis as seen with a high ZIKV MOI (5). Similar findings have previously been 
reported for DENV in primary human macrophages, where low MOI in combination with 
ADE mimicked the infection with high MOI in elevating the fusion activity of DENV 33, thus 
providing a benefit for infection efficiency. This suggests a potential risk for enhanced ZIKV 
infection in OCs (bone tissue macrophages), particularly in flavivirus endemic areas, and 
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may explain, in part, why ZIKV infection has been associated with bone pathologies in 
these flavivirus endemic areas.

In symptomatic ZIKV infection, arthralgia or rheumatic complaints were frequently 
reported during the ZIKV epidemic 4,5, but fewer efforts have been put forward to explore 
the underlying factors behind ZIKV-induced arthralgia. For other arthritogenic viruses, 
such as RRV and CHIKV, inflammatory bone loss due to increased osteoclast activity is 
the leading cause of disturbed bone remodeling 13. To maintain bone homeostasis (bone 
remodeling), the balanced activity of osteoblasts and osteoclast is essential, and a 
disturbing function of either cell type can induce bone-related pathologies 52. In the case 
of ZIKV infection, we have previously shown that early ZIKV infection perturbs the function 
of bone-forming osteoblasts, which are very essential in determining the pathogenesis of 
the rheumatic disease. Therefore, to extend the role of osteoclasts and understand the 
pathogenesis of ZIKV induced rheumatic disorder, it will be essential to study osteoblast-
osteoclast interaction in primary co-culture models.

ZIKV-infected OCs exhibited impeded OC formation with a concomitant reduction of 
the fusion index. OC multinucleation results from the cell– cell fusion of mononuclear 
osteoclasts and is the most important characteristic of OCs, which involves a sequence of 
events 53. RANK and RANKL are key regulatory molecules for the formation and activation 
of OCs. Transcription factors such as NF-κB, c-FOS, and NFATC1 are downstream factors of 
RANKL-mediated activated pathways, being essential for osteoclast differentiation and in 
turn regulating OC fusion mainly via TM7SF4/DC-STAMP 54,55. Based on the significance of 
fusion proteins in osteoclast formation, we hypothesized that a reduced fusion index and 
inhibition of OC formation might be due to the inhibition of NFATC1 activation (i.e. nuclear 
translocation), which in turn could affect DC-STAMP expression. Indeed, we observed 
that nuclear translocation of NFATC1 in ZIKV-infected pre-OCs was inhibited compared 
to mock-infected controls. However, this is contrary to previous findings for DENV, where 
infection-mediated NFATC1 translocation is reported in DENV-infected OCs 34. We showed 
a reduction in MFI of NFATC1 in ZIKV-infected pre-OCs, mainly during early time points of 
differentiation, which might be essential in determining the overall phenotype of infected 
cultures. To better understand the interplay of differentiation and fusion factors following 
ZIKV infection, future studies are warranted.

In addition to fusion, the adhesion property of OCs is also very important to eventually 
perform its resorption activity 56. In this study, we demonstrated a reduction in the 
adhesion ability of ZIKV-infected OCs compared to those of mock-infected controls. For 
resorption function, the tight adhesion of OCs is indispensable. Actin organization is 
critical for the overall binding of the OCs and the establishment of the sealing zone to allow 
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for the resorption of both organic and inorganic bone substances. In general, activation 
of integrin receptor complexes induces the re-organization of the actin cytoskeleton 
57,58. In the current study, ZIKV infected pre-OCs exhibited an altered actin organization 
compared to controls, which most likely influences the actin ring formation in later stages 
as exemplified by a notable reduction of the number of actin rings but also more frequent 
discontinuation of the rings, which implicates disturbed resorption activity. A previously 
published study described similar findings that disrupted actin dynamics inhibited overall 
osteoclastogenesis 59, but in the case of arboviruses, to our knowledge, ZIKV is the first 
arbovirus described to cause the actin ring disturbance in osteoclasts.

In the current study, there are a few potential limitations. Firstly, we have performed 
experiments mainly by deriving PBMCs from one donor. Although there is a possibility 
of having subtle differences between PBMC donors, our reinforcing observations using 
multiple assays demonstrates the consistent inhibitory effect of ZIKV infection by 
following high moi and low moi-ADE. Secondly, our current model is an isolated culture 
system which is very useful to screen for direct effects of ZIKV infection on the osteoclast 
phenotype, but ultimately these findings need further validation in in vivo models. Thirdly, 
the phenotypic effects observed are not supported by the gene expression profiles, which 
can be partly explained due to choice of time point, having to deal with a heterogeneous 
cell population and concomitant expression of key markers. Investigating these markers 
and their interactions at the protein level will be the focus of our future studies.

In conclusion, we have developed and characterized a new primary in vitro model to study 
the role of osteoclastogenesis in ZIKV pathogenesis. Using this model, we showed that ZIKV 
infection perturbs osteoclast differentiation and function, and hypothesized an alternative 
mechanism by which ZIKV can induce bone pathology, resulting in microcephaly. This 
model will help to identify novel skeletal targets to develop therapeutic and preventive 
measures against ZIKV. 
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Supplementary figure 2. Intracellular mean fluorescent intensity (MFI) values of NFATC1 and TM7SF4 of ZIKV infected 
(MOI 5) and mock-infected OCs. Results are compared between ZIKV infected (white bars) and mock infected controls 
(black bars). Error bars represent SEM. * p<0.05 

Supplementary figure 1: Bright field images of mock and ZIKV infected cells at day 5 post cell culturing.  
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Supplementary figure3: mRNA expression kinetics of key osteoclast differentiation markers. Gene expression levels of 
differentiation transcription factors from ZIKV infected osteoclasts (white bars) versus mock infected controls. Error bars 
represent the S.E
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Zika Virus: Where Is the Treatment?
In the 21st century, we have seen the (re-)emergence of several RNA viruses causing severe 
infections in humans, like SARS and MERS coronavirus, and more recently Ebola virus and 
Zika virus (ZIKV). A problem with (re-)emerging virus infections is the lack of available 
medical countermeasures, including antiviral treatment. Therefore, the development of 
broadly acting antiviral compounds, as well as screening of existing drugs for potential 
repurposing are explored as ways to fast-track the drug development pipeline for emerging 
viral diseases. Here, we briefly discuss the available information on potential antiviral 
treatment of ZIKV infection, as well as specific challenges regarding use of antivirals.

Zika virus is a positive-sense single-stranded RNA arbovirus that belongs to the genus 
Flavivirus of the family Flaviviridae. Based on nucleotide sequences, ZIKV can be further 
divided into an African lineage and an Asian lineage. The main vector for ZIKV transmission 
are Aedes mosquitoes. The first isolation of ZIKV was made in 1947 from serum of a febrile 
rhesus monkey in the Zika forest of Uganda. During the 20th century, sporadic human cases 
of ZIKV infection were reported in Africa caused by the African lineage, and in Asia caused 
by Asian lineage. The epidemiology of ZIKV changed dramatically in the last decade, when 
major outbreaks of the Asian lineage of ZIKV were reported on the Island of Yap in 2007 
and in French Polynesia in 2013. Subsequently, the Asian lineage of ZIKV spread to the 
Americas in 2015. 

The current outbreak of ZIKV shows new modes of transmission with mother-to-fetus 
transmission and sexual transmission. Furthermore, infectious ZIKV has been detected in 
breast milk, and there are concerns of ZIKV transmission by blood products obtained from 
asymptomatic viremic persons or by organ transplantation.

While postnatally acquired ZIKV infections are asymptomatic or associated with mild 
symptoms, the recent outbreaks brought two severe complications to light: a Guillain-
Barre-like syndrome (GBS), associated with paralysis, and microcephaly and other neuro-
developmental problems in infants born to women infected with ZIKV during pregnancy. 
The rate of complications has been estimated to be around 1/4000 cases for the GBS-like 
syndrome, and may be considerably higher for the teratogenic effects, although much 
remains unknown about the precise extent of the possible sequelae in fetuses and infants. 
A significant contributing factor to this knowledge gap is that up to 80% of Zika virus 
infections may be asymptomatic, and these ‘silently’ infected women with potentially 
affected fetuses and babies may go unnoticed.

There are currently no drugs approved for treatment, but several nucleoside analogue 
drugs have some antiviral activity in cell cultures such as 2’-C-methylated nucleosides 
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like 7-deaza-2’-C-methyladenosine (7DMA) and 2’-C-methylcytidine (2CMC), and ribavirin, 
favipiravir, and T-1105 (Figure 1). In addition, 7DMA shows modest anti-ZIKV activity in 
mice. Ribavirin and favipiravir are already approved for use as antiviral drugs in humans 
for other indications, but showed less in vitro antiviral effect against ZIKV than 7DMA. 
7DMA and 2CMC were initially developed for the treatment of hepatitis C virus (HCV) 
which is distantly related to ZIKV, and studies have shown that these compounds have 
activity against other flaviviruses much more closely related to ZIKV like dengue virus 
(DENV). Of interest, other anti-HCV nucleoside analogues like the approved sofosbuvir 
and mericitabine (in clinical trials) also showed in vitro activity against DENV. GS-5734 
and BCX4430 are two very broad spectrum anti-RNA virus nucleoside analogues that are 
currently in phase 1 and 2 clinical trials. According to the manufacturer, BCX4430 reduced 

mortality in ZIKV-infected mice, but this data has yet to be published.

The above shows that there is some evidence for the use of broad spectrum antiviral drugs 
against ZIKV, in particular broad spectrum nucleoside analogues, but the level of evidence 
thus far is insufficient for licensed clinical applications. Also, a major challenge is how and 
when such antiviral treatment would be applied, if available. The drug should be active in 
cells of the nervous system, it should cross the blood-brain-barrier and the placenta, and 

Figure 1. Replication mechanism of ZIKV and potential antiviral targets. Targets shown in the figure are known antiviral 
targets for other flaviviruses and hepatitis C virus.
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should be safe for pregnant women, their fetuses, and infants, which are by no means trivial 
concerns. For example, the unfavorable toxicity profile of ribavirin including teratogenicity 
limits its use to treat ZIKV infections in pregnant women. In addition, a lesson learned from 
treating other RNA viruses is that monotherapy can cause the rapid emergence of resistant 
viruses, stressing the need for development of drugs with different modes of action to 
reduce the likelihood of selecting out resistant strains.

Given the time needed to develop and approve new antiviral drugs, clinicians are 
currently left empty handed in terms of targeted antiviral treatment for ZIKV infection. A 
major lesson from this outbreak and previous (re-)emerging RNA virus outbreaks is that 
we need safe, broad spectrum antiviral drugs that can be tested rapidly in phase III clinical 
trials during outbreaks to gain the time needed for the development of other control and 
prevention measures, particularly vaccines.
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ABSTRACT

The recent epidemic of Zika virus (ZIKV) in the Americas and its association with fetal and 
neurological complications has shown the need to develop a treatment. Repurposing 
of drugs that are already FDA approved or in clinical development may shorten drug 
development timelines in case of emerging viral diseases like ZIKV. Initial studies have 
shown conflicting results when testing sofosbuvir developed for treatment of infections 
with another Flaviviridae virus, hepatitis C virus. We hypothesized that the conflicting 
results could be explained by differences in intracellular processing of the compound. 
We assessed the antiviral activity of sofosbuvir and mericitabine against ZIKV using Vero, 
A549, and Huh7 cells and measured the level of the active sofosbuvir metabolite by mass 
spectrometry. Mericitabine did not show activity, while sofosbuvir inhibited ZIKV with 
an IC50 of ~4 µM, but only in Huh7 cells. This correlated with differences in intracellular 
concentration of the active triphosphate metabolite of sofosbuvir, GS-461203 or 007-TP, 
which was 11 – 342 times higher in Huh7 cells compared to Vero and A549 cells. These 
results show that a careful selection of cell system for repurposing trials of prodrugs is 
needed for evaluation of antiviral activity. Furthermore, the intracellular levels of 007-TP 
in tissues and cell types that support ZIKV replication in vivo should be determined to 
further investigate the potential of sofosbuvir as anti-ZIKV compound. 

Zika virus (ZIKV) is an arthropod-borne flavivirus and belongs to the family of Flaviviridae. 
It has gained global attention due to the recent emergence in the Americas, and the newly 
observed association with fetal and neurological complications 1. Given this widespread 
emergence and the concern about neurological complications, ways to reduce the impact 
of infection are urgently needed. However, neither vaccines nor drugs are available, 
and their development requires a lengthy process before being available for use 2. The 
repurposing of drugs, which are already FDA-approved or in clinical development, may 
shorten drug development timelines in case of emerging viral diseases like ZIKV 3. For 
ZIKV, large libraries of FDA-approved drugs have been screened, including direct-acting 
antivirals of hepatitis C virus (HCV) which also belongs to the Flaviviridae family 4-7. 
Conflicting results were recently reported on the antiviral activity of the anti-HCV drug 
sofosbuvir when testing its effect on ZIKV replication: no anti-ZIKV activity was reported 
using Vero cells while others reported activity using Huh7, BHK-21, SH-Sy5y cells and 
neuronal stem cells 6,8,9. Though in vitro susceptibility testing of drugs against emerging 
viruses may seem straightforward, it should be carried out with certain considerations. Cell 
culture systems should be chosen with detailed knowledge about the pharmacodynamics 
and pharmacokinetic properties of the drugs along with information of active components 
and target cells. We hypothesized that these conflicting results could be explained by 
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differences in the intracellular concentration of the active triphosphate form of sofosbuvir, 
GS-461203 or 007-TP, which were not provided in the publications. 

We studied the antiviral activity of the anti-HCV compounds sofosbuvir and mericitabine 
against ZIKV, because it was previously shown that these two compounds inhibited 
replication of the closely related dengue virus using Huh7 cells 10. The inhibitory activities 
of sofosbuvir and mericitabine against two ZIKV strains belonging to the Asian lineage (H/
PF/2013 [ZIKVAS-FP13] and ZIKVNL00013 [ZIKVAS-Sur16]) 7 were tested using A549 cells (human 
pneumocyte type II carcinoma cells), Vero cells (African green monkey kidney epithelial 
cells) and Huh7 cells (human hepatocellular carcinoma cells). Virus isolates are available 
through the European virus archive with EVAg accession numbers 001V-EVA1545 and 011V-
01621, respectively (https://www.european-virus-archive.com). Huh7 cells were included 
in view of the dengue virus studies (10), Vero cells because they are routinely used for 
ZIKV isolation, and A549 cells because these cells strongly expresses carboxylesterase 1 
(CES1) which is needed for activation of sofosbuvir 11,12. We measured the intracellular 
concentration of 007-TP to further investigate the cell-line dependent antiviral activity of 
sofosbuvir against ZIKV. 

Cell viability assays (Cell Titer 96® Aqueous One Solution Reagent, Promega) with sofosbuvir 
and mericitabine showed 50% cell cytotoxicity concentrations (CC50) of > 100 µM for both 
drugs. Anti-ZIKV activity was tested by plaque reduction assay (PRA). In PRA, all three cell 
lines were challenged with ~ 0.001 MOI of ZIKV and incubated with 0.09 µM – 50 µM (2-fold 
serial dilutions) of sofosbuvir and mericitabine for 3 days (37 °C, 5% CO2). After 3 days of 
incubation, plaques were visualized with True Blue staining using mouse monoclonal 
antibody to ZIKV NS1 protein (Aalto Bio Reagents, USA) as primary antibody and HRP-
labeled goat anti-mouse antibody as secondary antibody. Mericitabine did not show any 
inhibition of ZIKV (IC50 > 50 µM). Sofosbuvir inhibited ZIKVAS-FP13 and ZIKVAS-Sur16 replication 
in Huh7 cells with IC50 values around 4 µM, but not in Vero and A549 cells (Table 1). To 
validate the findings from the plaque reduction assays, we analyzed the dose-dependent 
inhibition of ZIKV replication by both drugs using cytopathic effect (CPE) reduction 
assays and virus yield reduction assays. Using a multiplicity of infection of 0.1, we again 
observed an IC50 of about 4 µM using the Huh7 cells, while no inhibition was observed 
with Vero cells. Supernatants from CPE reduction assay were titrated to quantify the new 
progeny virus titers, showing that ZIKV replication was inhibited ≥ 95% by 25 µM and 50 µM 
sofosbuvir using Huh7 cells, while no reduction in infectious titers was observed in Vero 
cells. To further understand the cell-line dependent inhibition of ZIKV by sofosbuvir, the 
active triphosphate form, 007-TP, was measured in all the three cell lines. Each cell line was 
treated with 5 µM and 50 µM of sofosbuvir and incubated for 48 hrs (37 °C, 5% CO2).  After 
2 days of incubation, supernatants were removed and cell lysates were prepared for mass 
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spectrometric analysis as described previously 13. Intracellular 007-TP concentrations 
were 11x and 158x lower in A549 and Vero, respectively, than in Huh7 cells when incubated 
with 5 µM sofosbuvir (see Table 2). The intracellular concentrations were 25x and 342x 
lower in A549 and Vero, respectively, compared to Huh7 cells when incubated with 50 µM 
sofosbuvir. 

Sofosbuvir is a phosphoramidate nucleotide analogue and the metabolic pathway 
involves hydrolysis of the carboxyl ester moiety by cathepsin A (CatA) or carboxylesterase 
1 (CES1) and phosphoramidate cleavage by histidine triad nucleotide-binding 
protein 1 (HINT1) followed by phosphorylation by uridine monophosphate-cytidine 
monophosphate kinase (UMP-CMP kinase) and nucleoside diphosphate kinase (NDPK) 
to its active metabolite 007-TP, a uridine-triphosphate analogue which inhibits the viral 
RNA dependent RNA polymerase (RdRp) 14 15. Mericitabine, a nucleoside analogue, also 
inhibits the viral RdRp, but other enzymes are involved in the metabolism to the active 
triphosphate form 16. Bluemling et al. reported the inhibition of dengue virus, a virus 
closely related to ZIKV, by mericitabine and sofosbuvir using Huh7 cells, but this is still 
unpublished work 10. Mericitabine inhibits hepatitis C virus in Huh7 using a virus replicon 
system (17). This implies that the active triphosphate forms of both drugs are formed in 

Table 1: Summary of in vitro assays and IC 50 values  

Cell systems VERO Huh7 A549

ZIKV strains ZIKVAS-FP13 ZIKVAS-Sur16 ZIKVAS-FP13 ZIKVAS-Sur16 ZIKVAS-FP13 ZIKVAS-Sur16

Antivirals SB MB SB MB SB MB SB MB SB MB SB MB

CC50 (µM) >100 >100 >100 >100 >100 >100 >100 >100 >100 >100 >100 >100

PRA (IC50 µM) >50 >50 >50 >50 3.9 >50 4.0 >50 >50 >50 >50 >50

CPE (IC50 µM) >50 >50 >50 >50 4.0 >50 4.1 >50 -- -- -- --

Note: In the cell viability assay, cell lines were incubated for three days with sofosbuvir and mericitabine. In PRA, all three 
cell lines were challenged with ~0.001 MOI of ZIKVAS-FP13and ZIKVAS-Sur16 and incubated with different concentrations 
of sofosbuvir and mericitabine for 3 days using 1.6% carboxyl methyl cellulose (CMC) overlay. After 3 days of incubation 
the overlay was aspirated and cells were fixed with formalin for immuno-histochemical staining to visualize the plaques. 
In CPE reduction assay cells, cells were infected with 0.1 moi of ZIKVAS-FP13and ZIKVAS-Sur16 and after three days cells 
were scored for CPE using a scale from 0 to 4 (0 meaning no CPE and 4 meaning 75%-100% CPE). For the virus yield reduc-
tion assay (see text), supernatants from the CPE reduction assay were titrated and incubated for 5 days to quantify new 
progeny virus titers using CPE as read-out. For all experiments medium with 10% FBS was used. PRA = Plaque Reduction 
assay. SB = Sofosbuvir. MB = Mericitabine

Table 2: Measurement of intracellular active metabolite 007-TP by LC-MS/MS

Sofosbuvir Conc. (µM) 007-TP (PMOL/10^6 Cells)

Huh-7 cells A549 cells Vero cells

5  416 (SD=13.5) 36.20 (SD=0.95) 2.63 (SD=0.05)

50 5174 (SD=158) 204 (SD=7.90) 15.11(SD=0.28)

Note: For all experiments medium with 10% FBS was used.
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Huh7 cells, although these measurements were not included in these studies. We did not 
observe any inhibition of ZIKV by mericitabine using Huh7 cells, which suggests that the 
RdRp of ZIKV is not inhibited by the active triphosphate form of mericitabine. In contrast, 
sofosbuvir did inhibit the replication of ZIKV in Huh7 cells but not in Vero cells and A549 
cells, which correlated with the intracellular concentration of 007-TP. One explanation 
for the difference in intracellular concentration could be that activation of sofosbuvir 
by cellular enzymes in A549 cells and Vero cells is less efficient than in Huh7 due to the 
absence of CES1 activity 11. However, CES1 enzymes are thought to be present in the A549 
cell line, which nevertheless metabolized sofosbuvir less well. However, the expression of 
other enzymes that are involved in the metabolic activation of sofosbuvir may be lower in 
A549 cells and Vero cells compared to Huh7 cells. Currently there is no data available on 
the comparative expression profiles of these enzymes in Huh7, A549 and Vero. Another 
possible explanation may be the overexpression of drug efflux pumps, such as the 
multi-drug resistance ABC-transporter, which might have cleared sofosbuvir and/or its 
metabolites from Vero and A549 cell lines 17,18. However, the role of drug efflux pumps still 
need further investigation as other nucleoside analogues like NITD008 exhibit antiviral 
activity against DENV and ZIKV in A549 and Vero cells (20, 21).

Our data shows that selection of cell lines to screen prodrugs for activity against ZIKV 
can strongly affect the final outcome, and may give false negative results in compound 
screening studies 6. The average plasma Cmax in humans using a single dose of 1200 mg 
sofosbuvir is nearly equivalent to the IC50 of 4 µM that we found in the Huh7 liver cell 
line 19. Thus, using this dosage, sufficiently high plasma concentrations of sofosbuvir 
may be reached to inhibit ZIKV in humans. It should however be noted that sofosbuvir 
has been developed for treatment of a hepatotropic virus, and is designed to facilitate 
the intracellular penetration in liver tissue, whereas there is lack of data on the uptake 
and intracellular activation of sofosbuvir in other tissues. For this, understanding the 
cell tropism of (early) ZIKV infection is important in order to select cell lines relevant 
for drug repurposing screening. Bullard et al. reported an anti-ZIKV EC50 of 1 - 5 µM for 
sofosbuvir using Huh7 cells and an EC50 of 32 µM using neuronal stem cells 9. The higher 
EC50 of sofosbuvir in neuronal stem cells may reflect the lower CES1 activity in brain tissue 
compared to liver tissue (23). Thus, to further investigate the potential of sofosbuvir as 
anti-ZIKV compound, intracellular concentrations of the active metabolite 007-TP in cell 
types and tissues known to support ZIKV replication in vivo should be taken into account. 
Since measuring 007-TP levels in various tissues is technically challenging, measuring 
expression levels of enzymes involved in the metabolic activation of sofosbuvir in these 
cell types and tissues may be a good alternative. Furthermore, given the high uptake 
of sofosbuvir in liver tissue, further pursuing the activity of sofosbuvir against other 
flaviviruses, in particular those with liver tropism like yellow fever virus, is warranted.
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ZIKA VIRUS FROM OBSCURITY TO EMERGENCE 

Historically, arboviruses did not gain global attention due to their low morbidity and 
mortality which ultimately led to a limited understanding of the pathogenesis of arbovirus 
infection. In the last decade, ZIKV, an arbovirus, emerged globally from a status of non-
existence to an epidemic-causing virus 1. This emergence of ZIKV, combined with the 
resurgence and co-existence of other arboviruses, has accelerated a wake-up call for 
governments to step forward for enhanced research in mosquito-transmitted diseases and 
underscore the need to understand the pathogenesis of arboviruses. ZIKV is a mosquito-
borne arbovirus, and it has emerged as a global public health threat due to the compelling 
evidence linking ZIKV infection with congenital abnormalities 2. ZIKV has diverse tissue 
tropism, and its co-existence with closely related DENV further complicates the overall 
situation at the population level, particularly, in the endemic regions with the risk of having 
cross-reacting antibodies against both viruses 3. Thereby, understanding the pathogenesis 
is essential to identify the role of host and viral factors behind the multifaceted ZIKV 
pathogenesis. Basic research by employing in vitro models will help gain knowledge 
about the overall spectrum of ZIKV biology. The derived knowledge will ultimately help 
to develop therapeutic and preventive measures to fight against ZIKV infection. In this 
thesis, we performed studies to determine ZIKV pathogenesis and ZIKV-ADE by employing 
various novel in vitro primary human cell and cell line models. In addition, we determined 
and compared the efficacy of antivirals against ZIKV in different cell lines.

ZIKA AND ADE (CHAPTERS 2 AND 3)

For decades, ZIKV is known to circulate in Africa and Asia, but recently major complications 
of a ZIKV infection became apparent from obscurity. For DENV infection, antibody-
dependent enhancement of DENV infection is an underlying mechanism for severe 
disease complications because of heterogeneous population immunity to different DENV 
serotypes. As ZIKV co-circulates with antigenically related DENV, ADE is speculated to be a 
reason for the seemingly increased pathogenicity of ZIKV and observed complications in 
neonates and adults. Though ADE is widely accepted for DENV infection, this hypothesis is 
still controversial for ZIKV infection and conclusive evidence for the clinical importance of 
this principle in a ZIKV infection is lacking. 

In chapter 2, we have provided an overview of various in vivo and in vitro studies conducted 
to investigate ZIKV-ADE. We also highlighted the differences and disparities among in vitro 
studies and reinforced the need of establishing a standardized approach to evaluate ADE 
of ZIKV infection in biologically relevant models. In chapter 3, we tried to compare the 
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ADE potential of ZIKV infection in different myeloid cell lines and primary cells by using 
a standard protocol. Subsequently, we used this approach to study the potential effect 
of pregnancy on the susceptibility to ADE because of congenital complications observed 
during ZIKV infection.

Cell line models to study ZIKV-ADE
In chapter 3, we tested myeloid cell lines including U937, K562, and THP-1, which were 
tested in previous studies regarding ZIKV and DENV-ADE. In these Fc receptor-bearing 
cell lines, our findings for the permissiveness of ZIKV infection and ADE were in line with 
the previously reported studies 4-6. Primary human myeloid cells are indeed considered a 
biological representative of in vivo human situations. Therefore, to relate the findings from 
cell line models to potential primary cell targets, we also determined the permissiveness 
for (ADE) of ZIKV infection in primary human myeloid cells. We observed that only 
monocyte-derived macrophages and immature dendritic cells were highly permissive to 
ZIKV infection, and only monocyte-derived macrophages showed ZIKV-ADE. For primary 
macrophages, our findings are in line with the previous observation 7. We also found low 
permissiveness of monocytes for ZIKV infection which is contrary to previous findings 8-11, 
though this could be explained by the differences in the study design i.e., a different Asian 
lineage ZIKV isolates used in the previous studies 12. This warrants further studies focusing 
on comparing the outcome of ZIKV-ADE by using different ZIKV lineages and isolates as 
well. 

Primary cell models to study ZIKV-ADE
To determine the coherence between cell lines and primary cells tested for ZIKV-ADE, we 
combined the results regarding peak viral titer and the percentage of infected cells. This 
indicated that for ZIKV-ADE, THP-1 and K562 cells resembled the primary macrophages, 
while U937 cells resembled monocytes. In terms of readouts for the ADE assay, we 
observed a strong correlation between the percentage of infected cells and viral titers in 
supernatants of infected cells, thereby both the readouts could be used to determine ZIKV-
ADE for in vitro ADE assays. However, viral titers in supernatants can provide an estimate 
of viral production increments per infected cell (intrinsic ADE). Therefore, virus titration of 
supernatants is preferable to determine the percentage of infected cells as a read-out of 
in vitro ADE assays.

Pregnancy cohort – ZIKV-ADE
In this study, we also aimed to test ZIKV permissiveness and ADE in primary cells that 
were derived from pregnant women. To date, there is no evidence of ZIKV-ADE in pregnant 
women. In previous studies 10, permissiveness for ZIKV infection was only reported in 
monocytes derived from previously infected women, which is in line with the current 
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study. Contrary to the current finding, Foo et al., (2017) reported a small increase in 
permissiveness for ZIKV infection in monocytes from pregnant women in the first 
trimester based on ZIKV NS1 viral load 10, which could be explained by differences in the 
experimental set-up, including infection of PBMC-derived monocytes vs. whole blood and 
the specific ZIKV isolate used for infection experiments. During pregnancy, alterations 
in FcγR expression on monocytes can occur, such as an increased expression of FcγRI 
and an increase in FcγRIII expressing monocytes 13. Therefore, to determine the effect of 
pregnancy on ZIKV-ADE, we evaluated ZIKV-ADE in myeloid cells derived from pregnant 
women and found no differences between pregnant vs. non-pregnant women. Likewise, 
we also did not observe differences between monocyte-derived macrophages for ZIKV 
infection and ZIKV-ADE. 

We tested ZIKV-ADE in a small cohort with a limited genetic background diversity but based 
on these findings we could not exclude the possibility of ZIKV-ADE. In these studies, the 
donor background can have an additive effect in masking the real effect of heterogeneous 
flavivirus immunity. Therefore, longitudinal epidemiological data, particularly from ZIKV-
DENV endemic areas, is needed to draw a conclusive link between ZIKV-ADE on the one 
hand and observed congenital complications on the other. 

In conclusion, we did not find differences in ZIKV-ADE in primary myeloid cells from 
pregnant compared to age-matched non-pregnant women, which is in line with a 
previously reported in vivo study including pregnant non-human primates 14. There 
is a possibility that ZIKV-ADE in humans would not cause severe complications as 
observed in the case of DENV-ADE, and pre-existing DENV immunity could still regulate 
ZIKV infection by facilitating trans-placental ZIKV transmission. A possible role of DENV 
immunity in mediating ZIKV infection of the placenta and subsequent congenital disease 
outcome cannot be ruled out based on this preliminary study and needs further in-depth 
investigation. These studies along with host transcriptome profiling are vital to providing 
a basic understanding of the pathogenesis of severe diseases.

ZIKV TROPISM AND PATHOGENESIS (CHAPTERS 4, 5, AND 6)

In general, investigations on the host response to infection provide a deeper understanding 
of the pathogenesis of virus infection 15. In the case of ZIKV infection, where a variety of 
cells are permissive to ZIKV 16, comprehensive characterization of the host cell response 
is important to discover the molecular pathways involved in ZIKV pathophysiology. 
Besides, congenital complications in neonates, the osteoarticular complications in adults, 
like joint pain (arthralgia) and persistent arthralgia, were frequently reported following 
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symptomatic ZIKV infections 17-19. These bone-related complaints are known for other 
arboviruses as well, such as DENV, CHIKV, and RRV, and these viruses can infect bone cell 
types that subsequently cause bone impairment by disturbing the balanced function of 
bone-forming osteoblasts and bone-resorbing osteoclasts. Osteoblasts and osteoclasts 
play an essential role in bone remodeling 20-22, and alteration of either function can induce 
bone anomalies. Although ZIKV can infect cranial neural crest cells (CNCCs, cells involved 
in craniofacial development) and mesenchymal stromal cells (MSCs, precursors of bone-
forming cells) 23, the possible link between ZIKV infection and bone disease outcome is not 
investigated. In chapters 4-6, we have established primary in vitro models related to bone 
cell types to study the role of ZIKV pathogenesis in bone pathologies.

ZIKV infection and bone metabolism

Early-stage infection of MSCs reduced the differentiation
In chapter 4, we investigated the susceptibility of early differentiating MSCs to ZIKV 
infection. Our study was based on the previous findings where ZIKV tropism of MSCs 
was reported in the perichondrium of the fetus in ZIKV-infected pregnant women 23. In 
another study, ZIKV infection of an osteoblast-like cell line (HOBIT) was reported 24, but the 
perspective of ZIKV association with bone pathology was not pursued. Osteoblasts are the 
key cell types that are responsible for the deposition of bone matrix and mineralization 
thereof 25. Other arboviruses, including CHIKV and RRV, can also infect osteoblasts and affect 
bone remodeling via induction of paracrine factors which induces osteoclastogenesis and 
subsequently results in inflammatory bone loss 21. In the case of ZIKV, pathogenesis studies 
regarding the role of bone cell types in ZIKV pathogenesis are lacking. In chapter 4, we 
reported infection and replication of ZIKV in MSCs derived from early staged osteoblasts. 
In this study, we observed that direct infection of ZIKV perturbed the function of early 
differentiating osteoblasts as shown by the reduced differentiation and mineralization 
compared to mock-infected controls. Osteoblast differentiation is a tightly regulated 
process and differentiation is monitored by a diverse set of factors including transcription 
factors, growth hormones, and signaling pathways 26. Among transcription factors, RUNX2/
cbfa1 is the master transcription factor for early differentiating osteoblasts that controls 
the expression of other regulatory factors/proteins during osteogenesis 27. Early-stage 
ZIKV infection causes the downregulation of RUNX2 followed by reduced mineralization. 
The downregulation of RUNX2 explains the observed reduction in differentiation because 
RUNX2 ultimately regulates the proliferation and commitment of osteoblast progenitors 
to the osteoblast lineage 28. This observation is further supported by a previously reported 
in vivo study where Runx2 knock-out mice exhibit abnormal bone formation and absence 
of osteoblasts 29,30. 
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The activity of RUNX2 is regulated at various levels such as during posttranslational 
modification, including acetylation, phosphorylation, and ubiquitination 26. 
Phosphorylation has a strong influence on functional interactions of RUNX2 with other 
proteins regulating osteoblast differentiation. The knowledge of these interacting proteins 
is increasing but is not sufficient to discover new regulatory pathways controlling osteoblast 
differentiation. There is a possibility that the gene products of various transcription factors 
are negatively regulating osteoblast differentiation, and early-stage ZIKV infection may 
have triggered a negative upstream regulator of RUNX2 27,31-33.

The alteration in osteoblast differentiation and function plays a crucial role in the 
pathophysiology of several rheumatic diseases, including rheumatoid arthritis, 
spondyloarthritis, osteoarthritis, and osteoporosis. The pathogenic mechanisms involved 
in disturbing the osteoblast function are important to discover as these can explain the 
impaired bone formation in pathogenic conditions 34.

Late-stage infection of MSCs and increased osteogenesis
Osteoblast differentiation is characterized by different phases, including proliferation, 
differentiation, matrix maturation, and mineralization, and each stage is represented by 
characteristic molecular markers31. MSCs during their differentiation towards mature 
osteoblasts can have variable sensitivity to surrounding stimuli as indicated by a previous 
study 35. Thus, to understand the effects of ZIKV infection on later stages of MSCs during 
differentiation, in chapter 5, we extended our knowledge from our previous demonstration 
of early-stage ZIKV infection and reported that ZIKV could also infect MSCs at later stages 
of osteoblast lineage progression. Unlike our previous finding with early-stage infection 
in chapter 4, here we reported that ZIKV infection accelerated osteogenesis in later-stage 
committed MSCs, which was shown by the elevated ALP activity and calcium deposition. 
The increased osteogenesis is knowingly linked with the developmental disorder called 
craniosynostosis, which involves premature fusion of cranial sutures36. Craniosynostosis 
involves abnormal mineralization and premature fusion of cranial suture(s) and can be 
causative of microcephaly37. In the case of ZIKV infection, microcephaly is commonly 
believed as a neurological disorder17,38, while our results from late-stage infected MSCs 
suggest an alternative mechanism underlying ZIKV-induced microcephaly. Likely, ZIKV 
may perhaps promote premature fusion of cranial sutures due to increased osteogenesis, 
which could result in microcephaly, and that is supported by the observation of very small 
or closed fontanelles in 25% of neonates born from ZIKV cases39, and by affecting CNCC’s 
which are required for craniofacial development40,41.
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Transcriptomic profiling of MSCs infected at early-stage differentiation: IFN-
mediated response
To gain further knowledge about the mechanism underlying the phenotypic changes 
observed in early and late-stage infected MSCs, in chapter 5, we performed host 
transcriptomic analysis for ZIKV infection at both time points. For ZIKV-infected early-stage 
MSCs, we mainly found an enrichment of genes linked to immune-related responses, which 
could explain the reduced differentiation in ZIKV-infected early-stage MSCs, as interferon 
(IFN)-mediated immune response could affect early stages of differentiation of MSCs 
and lineage-commitment towards the osteoblast phenotype42,43. Early-stage exposure to 
interferon β affects extracellular matrix formation and reduces mineralization, while later 
during differentiation the committed osteoblasts become insensitive to IFN exposure35. 
Furthermore, increased IFN activity is also known to cause interferonopathies which are 
genetic disorders and cause various syndromes with characteristic bone defects44-46. Thus, 
we propose that it is more likely the intrinsic susceptibility of MSCs to ZIKV, together with 
the robust expression of the AXL receptor, may have triggered an interferon response that 
may suffice to produce bone abnormalities. The role of AXL-mediated immune activation 
in ZIKV pathogenesis is evaluated in various human tissues and cell types, including 
endothelial cells, Sertoli cells, glioblastoma cell lines, and so on47-49. Hence, it is important 
to discover the role of AXL-mediated pathways in ZIKV pathogenesis.

Dysregulation of type-I IFN-based feedback mechanisms can also disturb osteoblast 
differentiation and bone formation. The role of IFN Stimulated Genes (ISGs) and their 
upstream regulators in bone remodeling are well documented50. In the case of CHIKV 
infection, an up-regulation of type-I IFN and inflammatory cytokine profiles are associated 
with arthritis that resultantly imbalances bone remodeling and causes excessive bone 
loss51-54. This indicates that regulators of osteoimmunology can play a dominant role in 
overall bone remodeling, and there is a need to determine the role of these regulators in 
arbovirus pathogenesis. Another aspect to consider is the identification of predisposing 
factors that can worsen bone pathologies during arbovirus infections. For example, 
Chen et al. have demonstrated that alphavirus-induced arthritis resembles canonical 
reactive arthritis, which is explained by increased RRV infection and replication among 
individuals with pre-existing osteoarthritis (OA) 55. These findings indicate that OA can be 
a predisposing risk factor for alphavirus-induced bone pathophysiology. Thus, there is 
also a need to identify these predisposing factors that can subsequently affect disease 
outcomes during ZIKV infection. 

Cell cycle-related genes in ZIKV-infected late-stage MSCs
Apart from IFN-based related genes, ZIKV infection in late-stage MSCs indicated the 
alteration in cell cycle progression as shown by the downregulation of differentially 
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expressed genes (DEGs) that support DNA synthesis during mitosis. In various studies 
using in vitro and in vivo models, the degradation of microtubule activity is associated with 
increased osteogenesis mainly due to an upregulation of bone morphogenetic protein 2 
(BMP2) transcription56,57. In addition, we found downregulation of genes related to DNA 
synthesis and upregulation of BMP-related genes, which explained that the arrest of 
cell proliferation might have stimulated osteogenesis following ZIKV infection of mature 
osteoblasts. In vivo studies with the targeted inhibition of genes related to microtubule 
activity, which are differentially expressed in late-stage infected MSCs, can provide 
further information about the molecular targets involved in increased osteogenesis. The 
differentiation of osteoblasts comprises sequential differentiation and maturation stages, 
which are regulated by time-based expression of cell cycle and phenotype-related genes, 
and among them, cyclin-dependent kinases (CDKs) are critically significant regulators. 
CDKs facilitate the phosphorylation of regulatory factors that determine the transitions 
between sequential phases of the cell cycle during osteoblast differentiation58,59.

Our expression analysis of MSCs infected at a later stage reveals that these cells exhibit 
a mixed down-regulation of kinase-related genes and their cognate inhibitors including 
CDK1, CDKN3, and CDKN2C. Changes in the expression of these genes play role in cell-
cycle regulation, interestingly, CDKs also play vital roles in antiviral responses60. Previous 
studies have reported that pharmacological inhibitors of CCDKs can affect the replication 
of the virus61,62, thus, proposing the critical role of CDKs in facilitating viral infections. DNA 
and RNA viruses may potentially change CDKs that subsequently facilitate the virus in 
regulating the host cell cycle to produce a favorable environment to support replication 
by derailing the cell-cycle checkpoints 62,63. Further studies are warranted to understand 
the particular effect of ZIKV infection on CDKs and subsequent osteogenesis. 

In conclusion, in chapters 4-5, we reported the stage-dependent biological effects of ZIKV 
infection on the early and late stages of MSCs, which are precursors of bone-forming cells. 
The stage-specific pathways are highlighted by host transcriptomic profiling and further 
studies are warranted to identify the role of these pathways in osteoblast differentiation 
by knockouts/knockdown studies. In the case of arthritogenic arboviruses, such as CHIKV, 
the disruption of bone remodeling and pro-inflammatory factors including RANKL-OPG 
and IL-6, are linked with the virus-induced arthralgia which induces the recruitment of 
osteoclasts and resultantly triggers arthritis. In the case of ZIKV infection, additional in 
vivo studies are essential in identifying key biomarkers regarding the disturbing bone 
homeostasis, such as the altered levels of bone formation or remodeling markers, elevated 
levels of pro-inflammatory cytokines, and IFN-related genes, which will allow predicting 
the potential osteoarticular complications following ZIKV infection. 
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The other key player in bone remodeling is the bone-resorbing osteoclast, which in the 
case of arthritogenic arboviruses, is known to disrupt bone metabolism. Arthritogenic 
arboviruses, including CHIKV and RRV, are known to dysregulate bone remodeling 
by indirectly tilting the balance towards increased osteoclast activity, thus causing 
inflammatory bone loss. Among flaviviruses, to date, studies have been limited to the 
role of osteoclasts in DENV pathogenesis22. Although bone-related complaints are also 
frequently reported in ZIKV infection, the role of osteoclasts concerning ZIKV pathogenesis 
is not addressed yet. 

Role of osteoclasts in ZIKV pathogenesis
In chapters 4 and 5, though we have focused mainly on bone-forming osteoblasts, 
craniosynostosis may be caused by an imbalanced skull development due to increased 
bone formation and reduced bone resorption. Flawed OC activity with disproportionate 
deposition of immature bone is known to cause a genetically determined bone disease 
called osteopetrosis, which can also subsequently result in microcephaly64. Therefore, 
to delineate the diverse skeletal aspects of ZIKV pathogenesis, the role of osteoclasts in 
ZIKV infection needs further validation. In chapter 6, we established a primary in vitro 
model of human PBMC-derived osteoclasts to study their role in ZIKV pathogenesis. In 
this study, we reported that PBMC-derived osteoclasts were susceptible to ZIKV infection 
using different virus doses. We found that susceptibility remained persistent throughout 
culture, regardless of their differentiation status, and validated the inhibitory effect of ZIKV 
infection on osteoclastogenesis peculiarly using high moi and low moi-ADE. Infection of 
early-stage osteoclast with high moi induced morphological changes and affected the 
adhesion, fusion, and resorption activity. 

Osteoclasts are bone tissue-specific giant multinucleated cells and their formation 
from precursors to mature OCs is regulated by cytokines including M-CSF, and the 
key regulatory marker, RANKL. Mononucleated precursors fuse to form multinuclear, 
terminally differentiated, and active OCs and require the interaction of a massive number 
of molecular factors that are critical to/for the differentiation steps toward functionally 
active osteoclasts65,66. In chapter 6, we observed the temporal effect of ZIKV infection on 
fusion and resorption function with an evident inhibitory effect during the early stages 
of osteoclasts. This finding is in line with the previously reported study for an anaerobic 
bacterium, where an inhibitory effect of culture supernatant protein on RANKL-mediated 
osteoclastogenesis was reported only during the first 24h of culture67. During the early 
stages of infection, ZIKV may directly influence or stimulate a negative regulator of RANKL-
mediated differentiation or specific targets of pre-OCs that play a crucial role in the early 
stages of OC differentiation. 
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In chapter 6, we also showed that ZIKV-infected OCs exhibited significantly reduced fusion 
and impeded OC formation. RANK and RANKL are key regulatory molecules that control 
transcription factors, such as NF-κB, c-FOS, and NFATC1 which are vital for osteoclast 
differentiation and in turn modulate OC fusion mainly via TM7SF4/DC-STAMP 68,69. In the 
case of DENV, direct infection of osteoclasts induced the nuclear translocalization of NFATC1 
which ultimately stimulated the fusion activity22. Contrary to the previous finding in the 
case of DENV infection, we observed that nuclear translocation of NFATC1 in ZIKV-infected 
pre-OCs was inhibited compared to mock-infected controls. But to better understand the 
interplay of differentiation and fusion factors following ZIKV infection, future studies are 
warranted to quantify the protein expression at a cellular level. This will help us to identify 
the critical factors for the pathogenesis of ZIKV infection and osteoclastogenesis.  

For resorption function, the tight adhesion of OCs is essential and is regulated by actin ring 
organization surrounding the resorption pit. A previously published study reported that 
disruption of actin dynamics inhibited overall resorption 70. Actin structure is critical for 
the overall binding and bone-resorbing activity of the OCs to bone surfaces71. In chapter 6, 
ZIKV-infected pre-OCs caused an altered actin organization compared to controls, which 
most likely influenced the actin ring formation in later stages as exemplified by a notable 
reduction of the number of actin rings but also more frequent discontinuation of the rings.

As mentioned before, the dynamics of the actin cytoskeleton are linked with the function 
of mineral resorption72. In OCs, stimulation through the M-CSF receptor and integrin 
αβ3 regulates a network of actin cytoskeletal kinetics73,74. Specifically, the non-receptor 
tyrosine kinase (Src) is the central hub of this signaling network. Mechanistically, activation 
of Src occurs via direct binding to the cytoplasmic domain of integrin αβ3 75. In general, 
Src activation is crucial in regulating the activity of downstream transcription factors 
that subsequently monitors the formation of the podosome belt76, which is required for 
OCs resorption.  The critical role of Src was determined in mice, where Src deficiency 
exhibited severe osteopetrosis, a bone disorder characterized by impaired osteoclastic 
bone resorption77. Src-deficient osteoclasts cannot form the sealing zone (SZ) 78,79, which 
in turn causes impaired bone resorption80. To understand the underlying mechanism of 
ZIKV-induced inhibited osteoclastogenesis, the influence on Src activation status needs 
to be warranted. 

In conclusion, we have developed and characterized a new primary in vitro model to study 
the role of osteoclastogenesis in ZIKV pathogenesis. Using PBMCs derived osteoclast 
model, we showed that ZIKV infection perturbs osteoclast differentiation and function, 
and hypothesized an alternative mechanism of craniosynostosis by which ZIKV can induce 
bone pathology, resulting in microcephaly. The loss of osteoclast activity could result in 
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disorders of increased bone mass due to a reduction in bone resorption 81 and hence could 
lead to skeletal disorders, including craniosynostosis. Another pivotal aspect addressed 
in chapter 6 is the potential occurrence of ZIKV-ADE in Fc gamma receptor-bearing 
osteoclasts. This finding indicates that osteoclasts, the bone tissue-specific macrophages, 
not only function as a potential target for tropism but also identify it as an additional 
receptive mechanism for ZIKV-ADE. Nevertheless, there is a need for epidemiological 
studies or in vivo data to identify the key biomarkers of impaired osteoclast function that 
may explain bone-related complaints during flavivirus infections. The employment of 
additional diagnostic analysis, including assessment of bone mineral density, should also 
be considered to have an overview of bone mass and to identify, if any, the impaired bone 
mass. Overall, these in vitro studies have the potential to assist therapeutic and biomarker 
development that will help to curtail ZIKV infection.

ZIKV-PREVENTION AND TREATMENT (CHAPTERS 7 AND 8)

Drug repurposing
So far, there is no vaccine or drug available to prevent and treat ZIKV infection. In chapter 
7, although we provided some data for the use of broad-spectrum antiviral drugs against 
ZIKV, especially nucleoside analogs, the level of evidence thus far is insufficient to license 
any of them for clinical applications. An important concern about the application of ZIKV 
treatment is the target group i.e., pregnant women. The potential drug must cross the 
blood-brain- barrier and placenta, should be safe for pregnant women, and should not 
have teratogenic effects on the fetus. To speed up the clinical development and to quickly 
find an effective broad-spectrum drug against emerging viruses like ZIKV, drug repurposing 
seems to be a logical and ideal approach to start with. Drug re-purposing involves testing 
a drug that is already FDA approved or in clinical development which ultimately shortens 
the drug development timelines. For example, sofosbuvir and mericitabine are tested for 
other flaviviruses, including hepatitis C and DENV, which can also be effective against ZIKV 
infection82-84. An important aspect regarding the evaluation of the antiviral efficacy of any 
drug is the selection of a screening model to test the effectiveness of the selected drug. The 
choice of screening model is crucial because some drugs need intracellular processing in 
the host cell to be available in the active form and to execute their antiviral activity, which 
otherwise will lead to false reporting of drug activity85. 

Screening models for Drug testing
In chapter 8, we evaluated the antiviral activity of sofosbuvir and mericitabine against 
ZIKV infection using various human cell lines including A549 cells (human pneumocyte 
type II carcinoma cells), Vero cells (African green monkey kidney epithelial cells), and 
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Huh7 cells (human hepatocellular carcinoma cells). Huh7 cells were included based on 
a previous study that had used dengue virus and hepatitis C virus86,87, Vero cells because 
they are routinely used for ZIKV isolation, and A549 cells because these cells strongly 
express carboxylesterase 1 (CES1), which is needed for activation of sofosbuvir88,89. 
Sofosbuvir and mericitabine are prodrugs which means these are molecules with little-
to-no pharmacological activity and require in vivo enzymatic chemical conversion to an 
active form 90. 

Different studies, using various cell lines, tested the antiviral activity of sofosbuvir against 
ZIKV but these studies showed conflicting results 86. Sofosbuvir did not inhibit the virus 
replication in Vero cell lines, while other studies reported its efficacy against ZIKV infection 
in Huh7, BHK-21, SH-Sy5y, and neural stem cells 91,92. These discordant findings highlight 
the need for precaution while selecting a screening model to evaluate the efficacy of 
the drugs in question. In chapter 8, we reported that the conflicting results could be 
explained by the variation in the concentration of the active form of the drug that requires 
intracellular processing. Sofosbuvir and mericitabine are nucleotide and nucleoside 
analogs that require particular host cell machinery involving a sequence of enzymes with 
some differences between the drugs 93-96. These drugs inhibit the viral RNA-dependent 
RNA polymerases (RdRp), which make nucleoside analogs a preferable choice due to their 
specific mode of action while not affecting the host targets. Indeed, the understanding 
of the pharma-dynamic and kinetics of drugs are essential factors to consider before the 
selection of drugs along with the information about their target cells.

Sofosbuvir and mericitabine showed anti-DENV activity in the Huh-7 cells as reported in the 
previous studies 83,87, but in the current study, we found the anti-ZIKV activity of sofosbuvir 
and in the Huh7 cell line only. This could be explained by the inherent differences between 
the drugs and the active triphosphate form of mericitabine being ineffective to inhibit ZIKV 
RdRp96,97. We measured the intracellular concentration of sofosbuvir (007-TP), as it was the 
only drug that inhibited ZIKV replication, and found that Vero and A549 did not convert it 
into active form as effectively as seen in the case of Huh7 cells. This could be explained 
by the presence and extent of esterase activity in the selected cell lines. To date, there 
is no data available comparing the expression of enzymatic profiles in Huh7, A549, and 
Vero cells. In addition to enzymatic machinery, the activity of drug efflux pumps, including 
multi-drug resistance ABC-transporter, might also play a role in pumping out the drug or 
its metabolites98, but their role with sofosbuvir needs further validation because another 
nucleoside analog, NITD008, has shown anti-ZIKV and anti-DENV activity in the same cell 
lines 99,100. The proteomic analysis of various membrane proteins and their role in virus 
entry can provide an understanding of the variability observed between these viruses and 
the drugs used in in vitro models. 
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Challenges
In addition to the selection of the screening model, there are various other factors to 
consider regarding the application of the selected drug. This includes tropism of the 
drug, with proven anti-ZIKV activity, to different tissues that are shown to be infected 
with ZIKV, such as MSCs and osteoclasts, and the dosage required to completely inhibit 
the viral replication. For example, the EC50 of sofosbuvir in neuronal stem cells is 6-fold 
higher than in Huh7 cells 101, which can be explained by the fact that liver cells have a 
high expression of CES1 activity compared to brain tissue. Thereby, further research 
measuring the intracellular levels of 007-TP in tissues and cell types, which support ZIKV 
replication in vivo, should be performed to identify the potential of sofosbuvir as an 
anti-ZIKV compound. Given the timeframe needed to develop and approve new antiviral 
drugs, currently, there is no targeted antiviral treatment for ZIKV infection. Based on ZIKV 
and previous (re-)emerging RNA virus outbreaks, the basic lesson learned is that we need 
safe, broad-spectrum antiviral drugs that could be tested rapidly in phase III clinical trials 
during outbreaks. 

ZIKV INFECTION: CONCLUDING REMARKS 

The emergence of ZIKV infection raised global concern when increased cases of congenital 
complications, primarily microcephaly (MC), were reported in pregnant women. The 
rise in MC cases triggered a lot of questions and speculations regarding the mechanisms 
underlying the pathology of MC.

The knowledge regarding ZIKV pathogenesis is mainly derived from previous experience 
with other arbo/flaviviruses, mainly DENV. Like the known exacerbation of disease 
severity during DENV infection, ADE was postulated as one of the mechanisms underlying 
ZIKV-induced complications. Though the complications occurred in pregnant women, the 
epidemiological data regarding ZIKV-ADE is still missing. In the current thesis, we studied 
the impact of pregnancy on ADE in a standardized approach and reported no enhancement 
of infection in primary cells derived from pregnant women. Our study is a pilot step to 
validate the impact of pregnancy on ZIKV ADE and is not sufficient to nullify the existence 
of ZIKV-ADE in pregnancy. A longitudinal cohort study like the one published for DENV 
in the Nicaragua cohort set a good example to infer a causal relationship between DENV 
and ADE 102. Similar long term prospective study setups are needed in various arbovirus 
endemic regions to establish whether ADE for ZIKV and other flaviviruses exists or not. 

This also applies to studies of pathogenesis: while the pathogenesis of ZIKV microcephaly 
as a neurodevelopmental disorder has been established relatively fast, other potential 
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mechanisms causing microcephaly or developmental disorders were not pursued and 
considered. Nevertheless, several examples of emerging diseases have demonstrated 
alternative mechanisms that may be secondary but nonetheless important. Examples are 
the reinfections observed for the Ebola virus through persistence in immune privileged 
sites, and the rare but serious neurological complication of SARS COV 2 infection. In 
this thesis, we have partly addressed the role of bone cell types in ZIKV pathogenesis 
and have reported that ZIKV infection can disturb the function of bone-related cells, 
including bone forming osteoblasts and bone resorbing osteoclasts, which are crucial 
for regulating bone remodeling. The biomarkers of disturbed bone remodeling during 
ZIKV infection were identified and could be employed to diagnose virus-induced bone 
anomalies. The disturbed bone remodeling is linked to pathological bone abnormalities 
including arthritis/arthralgia, interferonopathies, and microcephaly. Studies have found 
premature closure of fontanel in up to 25% of infants, a sign that also is typical of a form of 
microcephaly linked to bone development dysfunction. If confirmed, the early diagnosis 
of craniosynostosis by identifying biomarkers of impaired bone remodeling in a subset 
of children could help to treat impaired skull development based on stem cell functional 
alterations to mitigate osteogenesis, a less invasive than surgical correction. 

 Although, the ZIKV Asian (ZIKVAS) lineage is widely studied and associated with congenital 
complications, the teratogenic potential of the ZIKV African lineage (ZIKVAF) has also been 
shown 103. The recent detection of ZIKVAF in mosquitoes and NHPs already points out the 
likelihood of an ongoing sylvatic cycle in Brazil104. In these circumstances, the chances of 
spillover to urban and semi-urban regions are high. Nevertheless, vigilant surveillance 
studies and improved serodiagnostics are pre-requisite to predict the risk of ZIKV resurge. 

The ZIKV epidemic particularly influenced countries with limited resources for early 
diagnosis and a lack of potential intervention measures, thus causing grave ramifications 
at various levels involving medical, economic, and ethical aspects. Continued vigilance 
is warranted regarding the emerging arboviruses as ZIKV is undoubtedly not the last 
arbovirus that has emerged.
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SUMMARY

Historically, the emergence and re-emergence of arthropod-borne viruses have caused 
significant mortality and morbidity worldwide. Zika virus (ZIKV) is a mosquito-borne 
flavivirus responsible for human diseases causing diverse symptoms. Most ZIKV infections 
are asymptomatic or cause mild influenza-like symptoms including fever, rash, and 
arthralgia/ arthritis, but severe complications in adults, including Guillain-Barre syndrome, 
and in neonates such as microcephaly are also reported. Despite growing knowledge and 
understanding about ZIKV pathogenesis, less is known about virus and host factors which 
otherwise will help to understand the biology of ZIKV infection. Pathogenesis studies are 
essential to decipher the interplay between host cells and virus and to identify disease 
biomarkers and targets for therapeutics and preventive measures. In the current thesis, 
we have developed and characterized various in vitro models based on human cell types 
to study ZIKV pathogenesis. 

ZIKV co-circulates with the antigenically related dengue virus (DENV), thus, antibody-
dependent enhancement (ADE) of ZIKV infection can potentially occur due to pre-existing 
DENV immunity and can – in theory- worsen the disease pathology. Unlike for DENV, it 
is still unclear if ADE can be a cause of ZIKV-associated congenital complications. So far, 
ZIKV-ADE has not been studied in the pregnant women cohorts, but it is hypothesized that 
the presence of cross-reacting antibodies in pregnant women can lead to complications 
in newborns. In this thesis, we did not find any pregnancy-related impact or differences 
among the trimesters on ZIKV infection in the presence of flavivirus cross-reacting 
antibodies. Nonetheless, we could not completely rule out the possibility of ZIKV-ADE 
because our studies focused on a small cohort from ZIKV non-endemic areas. Therefore, 
to determine or rule out the risk of ZIKV-ADE, longitudinal cohort-based studies, primarily 
from flavivirus endemic areas are essential. 

ZIKV disease tropism and pathogenesis are diverse compared to that of other flaviviruses. 
In the case of ZIKV infection, joint related complaints were frequently reported in adults. 
Intriguingly, the ZIKV tropism of bone precursor cells (MSCs) indicated the potential 
involvement of bone cell types in ZIKV pathogenesis, which is not addressed well until 
now. To study the effect of ZIKV infection on the bone cell types, we have established 
novel in vitro models including cultures of bone-forming osteoblasts and bone-resorbing 
osteoclasts. We reported ZIKV infection and replication in both cell types. We found 
affected functions of both bone-related cell types that are crucial to maintaining bone 
metabolism. A disturbed osteoblast or osteoclast function could affect bone remodeling 
and lead to skeletal-related diseases like arthralgia and microcephaly. These studies are 
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vital in identifying several bone formation or remodeling markers that can be used to 
predict the ZIKV-induced bone pathologies.

Apart from studying disease pathogenesis, in vitro models are critical to screening and 
reporting the antiviral efficacy of drugs as some drugs need host cell enzymes for conversion 
into the active form. In this thesis, we have shown the variation in drug activation among 
different cell line models and highlighted the importance of drug screening models.  

Overall, we emphasized the importance of biologically relevant in vitro models to study 
the host-virus interactions during ZIKV infection. These models are critical in identifying 
markers of disease pathogenesis which helps to develop therapeutic and preventive 
measures.
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SAMENVATTING

In het verleden heeft het (opnieuw) opduiken van arbovirussen, overgebracht door 
geleedpotigen (arthropods), geleid tot significante mortaliteit en morbiditeit. Zika 
virus (ZIKV) is een door muggen overdraagbaar flavivirus, verantwoordelijk voor ziekte 
in de mens uitend in verschillende symptomen. De meeste ZIKV infecties verlopen 
asymptomatisch of kunnen milde griepachtige symptomen veroorzaken zoals koorts, 
uitslag en artralgie/artritis, maar ook ernstige complicaties in volwassenen, zoals het 
Guillain-Barré syndroom. In neonaten zijn complicaties zoals microcefalie bekend. 
Ondanks de groeiende kennis over de ZIKV pathogenese, is er minder bekend over het 
virus in combinatie met factoren van de gastheer, die normaal gesproken bijdragen 
aan het beter begrijpen van de biologische processen tijdens een ZIKV infectie. Studies 
naar de pathogenese zijn essentieel om de interactie tussen gastheercellen en virus in 
kaart te brengen en om biologische ziekte markers en doelwitten voor medicijnen en 
preventieve maatregelen te identificeren. In de huidige thesis, hebben we verscheidene 
in vitro modellen ontwikkeld en gekarakteriseerd gebaseerd op humane celtypen om ZIKV 
pathogenese te bestuderen. 

ZIKV komt in dezelfde gebieden voor als het antigeen-verwante dengue virus (DENV), 
waardoor, antilichaamafhankelijke versterking (ADE) van ZIKV infectie potentieel 
kan gebeuren door eerder verworven DENV immuniteit en dit kan – in theorie – het 
ziekteverloop verergeren. In tegenstelling tot DENV, is het nog steeds onduidelijk of ADE 
een oorzaak kan zijn voor ZIKV-geassocieerde aangeboren complicaties. Tot dusver is 
ZIKV-ADE niet bestudeerd in cohorten van zwangere vrouwen, maar de hypothese bestaat 
dat de aanwezigheid van kruisreagerende antilichamen in zwangere vrouwen kan leiden 
tot complicaties in neonaten. In deze thesis, vonden we geen zwangerschap-gerelateerde 
impact of verschillen tussen de trimesters tijdens ZIKV infectie in de aanwezigheid van 
flavivirus kruisreagerende antilichamen. Echter, kunnen we niet geheel de mogelijkheid 
op ZIKV-ADE uitsluiten, daar onze studies zich focusten op een klein cohort uit niet-
endemische ZIKV gebieden. Om het risico van ZIKV-ADE te bepalen of uit te sluiten, 
zijn longitudinale cohort studies essentieel, primair gefocust op patiënten uit flavivirus 
endemische gebieden. 

ZIKV tropisme en pathogenese zijn divers vergeleken met dat van andere flavivirussen. In 
het geval van ZIKV infectie, zijn gewrichtsklachten vaak gerapporteerd bij volwassenen. 
Het is interessant dat het ZIKV tropisme in bot voorlopercellen (MSCs) een indicatie is voor 
potentiële betrokkenheid van botceltypen tijdens ZIKV pathogenese, hetgeen tot nu toe 
niet genoeg is bestudeerd. Om het effect van ZIKV infectie op botceltypen te onderzoeken, 
hebben we nieuwe in vitro modellen opgezet met celkweken van botvormende osteoblasten 
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en botresorberende osteoclasten. We rapporteerden ZIKV infectie en replicatie in beide 
celtypen. We vonden aangetaste functies van beide botceltypen die cruciaal zijn voor het 
onderhouden van botmetabolisme. Een aangetaste osteoblast of osteoclast functie zou de 
botopbouw kunnen aanpassen en leiden tot skelet-gerelateerde ziekten zoals artralgie en 
microcefalie. Deze studies zijn vitaal voor het identificeren van markers voor botformatie 
of –opbouw die gebruikt kunnen worden voor het voorspellen van ZIKV-geïnduceerde 
botpathologie.

Naast het bestuderen van de pathogenese, zijn in vitro modellen cruciaal voor het screenen 
en beschrijven van antivirale werkzaamheid van medicijnen, daar sommige medicijnen 
gastheerenzymen nodig hebben voor hun activatie. In deze thesis, hebben we de variatie 
van medicijn activatie aangetoond bij verschillende cellijn modellen en hebben het belang 
van medicijn screeningsmodellen aangetoond. 

Al met al, benadrukten we het belang van biologisch relevante in vitro modellen om de 
interacties tussen gastheer en virus te bestuderen tijdens ZIKV infectie. Deze modellen zijn 
cruciaal voor het identificeren van markers voor pathogenese, hetgeen bijdraagt aan het 
ontwikkelen van therapeutische en preventieve maatregelen. 
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