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A B S T R A C T

Details of the “Trojan Horse” mechanism by which Zika virus (ZIKV) crosses the blood-brain barrier (BBB)
remain unclear. However, the migration of ZIKV-infected monocytes to the brain is thought to be dependent on
both pattern-recognition and chemokine receptors. In this study, we investigated whether the migration of ZIKV-
infected MonoMac-1 (MM-1) cells through the BBB is dependent on chemokine receptor 7 (CCR7) and receptor
for advanced glycation end (RAGE); we also determined whether high mobility group box protein 1 (HMGB1)
could facilitate the permeabilization of endothelial cells. We demonstrated that ZIKV infects MM-1 cells, leading
to milieu accumulation of HMGB1. Our results suggest that HMGB1 is involved in the dysregulation of primary
human brain microvascular endothelial cell junction markers. Our results also indicate that the migration of
ZIKV-infected monocytes is dependent on chemokine ligand 19 (CCL19), the natural ligand of CCR7, in con-
ditions recapitulating inflammation. RAGE-dependent migration of ZIKV-infected cells declined during trans-
migration assays in the presence of RAGE receptor antagonist FPS-ZM1. Understanding the molecular role of
monocyte trafficking during ZIKV infections could facilitate the development of new therapeutic strategies to
prevent the deleterious consequences of ZIKV neuroinfection.

1. Introduction

Several viruses of the Flavivirus genus are capable of invading the
central nervous system (CNS) and are regarded as neurotropic viruses
(Neal, 2014) that cause inflammation (Ludlow et al., 2016). Among
these, the Zika virus (ZIKV), which is transmitted by Aedes spp. mos-
quitoes (Dick et al., 1952), is associated with microcephaly and con-
genital infection (Schuler-Faccini et al., 2016). Monocytes are closely
associated with ZIKV transmission and pathogenesis (Foo et al., 2017;
Michlmayr et al., 2017), and the percentage of infected CD14+ CD16+

monocytes increases during ZIKV infection (Foo et al., 2017; Michlmayr
et al., 2017; Kam et al., 2017). After replicating in cells and regional
lymph nodes located near sites where infected mosquitoes have bitten a
host, ZIKV can spread to other organs and tissues, including the CNS,
skeletal muscle, myocardium, and placenta (Dick et al., 1952). To infect
the fetal brain, the virus must cross both the placental barrier and the
fetal blood-brain barrier (BBB) (Delorme-Axford et al., 2014; Tabata
et al., 2016). One mechanism for crossing the BBB involves direct

infection of endothelial cells and subsequent crossing of the membrane
by virus particles (Weksler et al., 2013; Liu et al., 2016; Papa et al.,
2017). In addition, the virus can be transported through the CNS by
infected leukocytes via a neuroinvasion mechanism known as “Trojan
Horse” (Miner and Diamond, 2016).

The nuclear high mobility group box protein 1 (HMGB1), a danger-
associated molecular pattern (DAMP) molecule, is secreted by activated
macrophages, mature dendritic cells (DCs), natural killer cells, kerati-
nocytes, and other cells in response to cellular damage, infections, and
inflammatory stress (West et al., 2004; Zeh and Lotze, 2005; Park et al.,
2006; Stros, 2010). Although the exact role of HMGB1 during viral
infections is not clear, infections with influenza, human im-
munodeficiency virus type-1 (HIV), and herpes simplex type-2 (HSV-2)
have been associated with the release of extracellular HMGB1 (Nowak
et al., 2007; Ito et al., 2011; Borde et al., 2011). During Flavivirus in-
fections, the passive release of HMGB1 into the extracellular environ-
ment has been observed. For West Nile virus (WNV) infections, an ac-
cumulation of HMGB1 has been shown to cause inflammation that not
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only contributes to a pathogenic state but also to encephalitis (Chu and
Ng, 2003). Similarly, high circulating levels of HMGB1 have been found
within the first few days after onset of symptoms in Dengue virus
(DENV) infection (Allonso et al., 2012). Moreover, the release of
HMGB1 during DENV infection of peripheral blood mononuclear cells
(PBMCs) induces vascular permeability into umbilical cord vein en-
dothelial cells (Ong et al., 2012).

Extracellular HMGB1 binds to pattern-recognition receptors, in-
cluding Toll-like receptors (TLRs) and the receptor for advanced gly-
cation end products (RAGE), and induces inflammatory responses
(Bonaldi et al., 2003; Park et al., 2004; Dumitriu et al., 2005; Lotze and
Tracey, 2005; Yu et al., 2006; Bamboat et al., 2010; Vande Walle et al.,
2011). HMGB1 promotes monocyte recruitment by activating the
RAGE/nuclear factor (NF)-κB signaling pathway (Vogel et al., 2016).
Further, RAGE is involved in cell migration, and DAMP molecules such
as amyloid beta peptide can bind to RAGE and induce monocyte mi-
gration across human brain microvascular endothelial cell (HBMEC)
layers (Yan et al., 1996). RAGE has been implicated in the pathogenesis
of various neurodegenerative diseases, such as amyotrophic lateral
sclerosis, Alzheimer, Parkinson, and Huntington disease (Schmidt et al.,
2001; Brenn et al., 2011; Anzilotti et al., 2012; Teismann, 2012). In
adult tissues, RAGE is expressed in endothelial cells, monocytes, mi-
croglia, and neurons. RAGE expression is upregulated upon interaction
with HMGB1 protein, which induces monocytes to produce TNF-α, IL-
1β, IL-6, and IL-8 (Yan et al., 1996; Andersson et al., 2000).

The chemokine receptor CCR7 plays an essential role in the mi-
gratory behavior of monocytes. CCR7 is expressed in DCs (Saeki et al.,
1999), T and B cells (Warnock et al., 2000), and monocytes (Coté et al.,
2009). Its natural ligands, CCL19 and CCL21, are essential for cellular
migration: CCL19 is known to be constitutively expressed in the CNS
(McGavern and Kang, 2011) and upregulated during inflammation,
infection, and cancer (Columba-Cabezas et al., 2003; Krumbholz et al.,
2007). Using an in vitro human BBB model with HBMECs and primary
human neuronal astrocytes (NHAs), our group demonstrated that TLR4
activation increased the CCR7-dependent transmigration of monocytes
through the BBB (Paradis et al., 2016a,b).

To understand whether ZIKV-infected monocytes act as a Trojan
Horse to transport the virus through the BBB, we studied the effects of
HMGB1, RAGE, and CCR7 on the transmigration of infected monocytes
through the BBB. We demonstrate that ZIKV infects MonoMac-1 (MM-
1) cells that lead to the accumulation of HMGB1 in the milieu. Reverse
transcription‑quantitative polymerase chain reaction and immuno-
fluorescence analyses were performed to assess the expression of
junction markers such as zonula occludens-1 (ZO-1), occludin, and
vascular endothelial (VE)-cadherin. Our results suggest that the pre-
sence of HMGB1 after ZIKV infection of monocytes might be involved in
the endothelial activation of RAGE, resulting in dysregulation of
HBMEC tight junctions. Our results also indicate that the migration of
ZIKV-infected monocytes is dependent on CCL19, the natural ligand of
CCR7, in conditions mimicking inflammation. The RAGE-dependent
migration of ZIKV-infected cells was shown to decrease when the RAGE
receptor antagonist, FPS-ZM1, was added prior to the transmigration
assays. Understanding how monocytes migrate during Flavivirus infec-
tions could facilitate the development of new therapeutic strategies to
prevent the deleterious consequences of such neuroinfections.

2. Materials and methods

2.1. Reagents

Lipopolysaccharide (LPS) from Escherichia coli 026:B6 was pur-
chased from Sigma-Aldrich (Saint Louis, MO, USA). The chemokines
CCL19 and CCL2 were purchased from R&D Systems (Minneapolis, MN,
USA). ZIKV VR1838 was purchased from the American Type Culture
Collection (ATCC) (Manassas, VA, USA).

2.2. Cell culture

Acute peripheral monoblastic leukemia-derived MM-1 cells
(ACC252) (German Collection of Microorganisms and Cell Cultures,
Braunschweig, Germany) were cultured in RPMI 1640 medium (Sigma-
Aldrich) supplemented with 10% heat-inactivated fetal bovine serum
(FBS), non-essential amino acids (NEAAs), 1mM sodium pyruvate, 100
IU penicillin G, and 100 μg/mL streptomycin (all supplements were
obtained from Wisent, St-Bruno, QC, Canada). The in vitro BBB model
uses primary cultures of both HBMECs (ACBRI-376) and NHAs (ACBRI-
371), both obtained from the Applied Cell Biology Research Institute
(ACBRI) (Kirkland, WA, USA). HBMECs were cultured in CS-C complete
serum-free medium (ABCRI, CSF-4Z0-500), and NHAs were cultured
using a Complete Classic Medium Kit with Serum and CultureBoost
(ABCRI, C4Z0-500). Antibiotic (BAC-OFF; ABCRI, 4Z0-643) was added
to both media. Both primary cell lines were also cultured with attach-
ment factors (ABCRI, 4Z0-210) and the Passage Reagent Group (ABCRI,
4Z0-800). Vero cells, an African monkey kidney cell line (ATCC CCL-
81) were cultured and maintained in Eagle’s minimum essential
medium (Sigma-Aldrich) supplemented with 2% heat-inactivated FBS,
NEAAs, 100 IU penicillin G, and 100 μg/mL streptomycin (Wisent).

2.3. Tissue culture infectious dose 50 (TCID50)

Vero cells were distributed in a 24-well plate and incubated at 37 °C
until reaching a confluent monolayer of in each well. A suspension of
ZIKV was diluted serially 10-fold, and an aliquot of each dilution was
added to the plate (wells without virus served as a control). The plates
were incubated at 37 °C for 48 h and observed for 7 days, at which time
the number of positive and negative wells was recorded. TCID50/mL
refer to the number of virus particles per milliliter capable of producing
cytopathic effects in 50% of inoculated cells. The results were calcu-
lated according to the Reed & Muench method (Reed and Muench,
1938).

2.4. Real-time PCR

Total RNA was extracted from MM-1 cells or HBMECs using a
RNeasy Plus Mini kit (Qiagen, Valencia, CA, USA), and reverse tran-
scription was performed using a Sensiscript Reverse Transcriptase kit
(Qiagen). The primers utilized for real-time PCR assays were as follows:
RAGE, 5′-GAGGAGGAGCGTGCAGAACT-3′ forward, 5′-CCTCAAGGCC
CTCCAGTACTACT-3′ reverse; HMGB1, 5′-CTCAGAGAGGTGGAAGACC
ATGT-3′ forward, 5′-GGGATGTAGGTT TTCATTTCTCTTTC-3′ reverse;
CCR7, 5′-GTGGTGGCTCTCCTTGTCAT-3′ forward, 5′-TGTGGTGTTGTC
TCCGATGT-3′ reverse; CCR2, 5′-TGACAGGCACAGATGAATGG-3′ for-
ward, 5′-ATCATCTCCTGGCTGAATGC-3′ reverse; TNFα 5′-GGCAGTCA
GATCATCTTCTC-3′ forward, 5′-CTGGTTATCTCTCAGCTCCA-3′ re-
verse; IL-10, 5′-TGGAGGACTTTAAGGGTTAC3′ forward, 5′-GATGTCT
GGGTCTTGGTTCT-3′ reverse; IL-1β, 5′-GGGCCTCAAGGAAAAGAATC
-3′ forward, 5′-TTCTGCTTGAGAGGTGCTGA-3′ reverse; GAPDH,
5′-GAAGGTGAAGGTCGGAGT-3′ forward, 5′-GAAGATGGTGATGGGAT
TTC-3′ reverse; occludin, 5′-GCAAAGTGAATGACAAGCGG-3′ forward,
5′-CACAGGCGAAGTTAATGGAAG-3′ reverse; zonula occludens (ZO-1),
5′-TGCTGAGTCCTTTGGTGATG-3′ forward, 5′-AATTTGGATCTCCGGG
AAGAC-3′ reverse; and β-actin, 5′- CTAACTTGCGCAGAAAACAAGAT-3′
forward, 5′- TTCCTGTAACAACGCATCTCATA-3′ reverse. GAPDH or β-
actin mRNA levels in all samples were used to normalize the mRNA
content. PCR was performed using a CFX Connect real-time PCR
Detection System (Bio-Rad, Mississauga, ON, Canada) with specific
primers and SYBR Green (Applied Biosystems, Carlsbad, CA, USA)
fluorescence detection reagents. The cycling protocol consisted of
10min at 95 °C, followed by 40 cycles of 15 s at 95 °C and 60 s at 60 °C.
Preliminary experiments were performed to ensure the linearity of the
PCR results. The fold-increase in the expression of specific target
mRNAs compared to normal controls was calculated according to the
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2−(ΔΔCt) method.

2.5. Quantification of viral load

Quantification of ZIKV load in Vero or MM-1 cells was performed
according to the RT-PCR/TaqMan technique adapted from Bayer et al.
(2016). First, viral RNA was extracted using a QIAamp Viral RNA kit
(Qiagen) according to the manufacturer's instructions. TaqMan Fast
Virus 1-Step master mix reagent (Thermo Scientific) was used for RT-
PCR, which was carried out using a CFX Connect Real-Time PCR De-
tection System (Bio-Rad). The primers and probes used were as follows:
ZIKV, forward 5′CCGCTGCCCAACACAAG3′, reverse 5′CCACTAACGTT
CTTTTGCAGACAT3′ and FAM–AGCCTACCTTGACAAGCAGTCAGACA
CTCAA-MGB. The number of viral copies in the samples was estimated
based on a standard curve prepared with known inoculum dilutions.

2.6. Chemotaxis assay

Chemotaxis was assessed by monitoring the migration of cells
through a polycarbonate filter with 5-μm pore size in 96-well Trans-
well chambers (Millipore, Nepean, ON, Canada). The lower chamber
contained 30 ng/mL of chemokine CCL2 or 300 ng/mL of chemokine
CCL19 or medium alone as a control (to assess spontaneous migration).
The upper chamber was loaded with MM-1 cells that had been infected
8 h earlier with ZIKV VR1838 [multiplicity of infection (MOI) of 0.5],
cells that had been activated 8 h earlier with 0.1 μg/mL LPS, cells that
had been both infected with ZIKV and activated with LPS 8 h earlier, or
cells that were left unstimulated. The chambers were incubated for 4 h
at 37 °C. Cells (in a 150-μL aliquot) that migrated to the bottom
chamber were counted using a BD Accuri C6 flow cytometer (BD Accuri
cytometers, Belgium) by acquiring events for a fixed time of 60 s using
Accuri-C6 Plus software, version 1.0.23.1 (BD Biosciences).
Spontaneous migration was subtracted to calculate specific migration.
The percentage of migrated cells was calculated as follows: the number
of cells that migrated in response to medium only was subtracted from
the number of cells that migrated in response to medium supplemented
with CCL2 or CCL19, and this number was reported according to the
total input of cells. The data were reported as fold-increase. Each ex-
periment was performed in triplicate and repeated a minimum of three
times. LPS-activated cells were used as the positive control, whereas
medium alone was the negative control for spontaneous migration, as
described by Paradis et al. (2016a).

2.7. Model of chemotaxis through the BBB

Experiments employing the BBB model were performed as pre-
viously described by Paradis et al. (2016b). Six days after the initiation
of BBB formation, the transendothelial electrical resistance (TEER) was
measured using an ohm meter (EVOM; World Precision Instruments,
Sarasota, FL, USA). For HBMECs combined with NHAs, the highest
TEER was 180 ± 10 Ωcm2), and the lowest TEER was 150 ± 30 Ω
cm2. To prevent the presence of astrocytes in the lower chamber of the
wells that might not have fully adhered to the external side of the
membrane, we transferred each insert into a new plate. For safety
purposes and to avoid viral contamination of our equipment, we mea-
sured the TEER prior to the assays. On the other hand, unstimulated
MM-1 cells or cells treated with N-benzyl-4-chloro-N-cyclohex-
ylbenzamide (FPS-ZM1, a RAGE inhibitor) did not significantly alter the
TEER values (data not shown). The lower chamber contained 300 ng/
mL of the chemokine CCL19 or Complete Classic Medium with serum
alone as a control (to assess spontaneous migration), and the upper
chamber contained MM-1 cells either stimulated with LPS (0.1 μg/mL),
cells infected with ZIKV (MOI 0.5), or cells infected and LPS-activated
simultaneously or left unstimulated. For migration inhibition assays,
FPS-ZM1 was added (directly to ZIKV-infected cells or in the upper
chamber of HBMEC cultures) at a concentration of 1, 10, or 100 nM and

incubated for 2 h prior to the transmigration assay in a 24-well plate,
which was incubated for 4 h at 37 °C. After incubation, cells that mi-
grated to the bottom chamber (in a 150-μL aliquot) were washed twice
in PBS+3% BSA and counted using a BD Accuri C6 flow cytometer by
acquiring events for a fixed time of 60 s using Accuri-C6 Plus software.
To ensure that the barrier was sufficiently tight to allow only minimal
cell migration, the TEER of all inserts was measured prior to all assays;
each experiment was performed in triplicate and repeated at least three
times.

2.8. Analysis of supernatant HMGB1 using an enzyme immunoassay

MM-1 cells were infected with ZIKV, activated with LPS (0.1 μg/
mL), or infected and activated at the same time. After 2, 8, or 24 h, the
cell supernatants were collected. HMGB1 protein in the supernatant of
MM-1 cells was determined using an enzyme-linked immunosorbent
assay (ELISA), according to the manufacturer’s instructions (Chondrex,
Redmond, WA, USA).

2.9. Assessment of apoptosis using annexin V and propidium iodide staining

Apoptosis of ZIKV-infected MM-1 cells was analyzed using an FITC
Annexin V Apoptosis Detection Kit I (BD Biosciences, USA), according
to the manufacturer’s protocol. An initial ZIKV dilution of 10−2 from
the stock were used for the assays with cells at a density of 1×106, and
the cells were cultured for 24 h. Cells treated with normal culture
medium or cells in which apoptosis was induced with DMSO were used
as controls. The cells were analyzed by flow cytometry (BD Accure C6).

2.10. Immunofluorescence analysis of cells

HBMECs (2× 105/mL) were seeded into glass-well cell culture
chambers (Sarstedt, Nümbrecht, Germany) and cultured until reaching
90% confluence. After 4 h of co-culture with MM-1 cells, the cells were
stained by immunofluorescence. Briefly, cells were fixed using 4%
paraformaldehyde (Sigma-Aldrich) in PBS for 10min at room tem-
perature. Permeabilization was performed using 0.1% Triton X-100 in
PBS. After permeabilization, the cells were blocked with 5% FBS
(Sigma-Aldrich), and the cell monolayer was incubated overnight with
primary antibody against VE-cadherin (AF938) (R&D Systems, AF938)
or RAGE (ab54741) (Abcam, Inc., Cambridge, UK). After washing, the
corresponding secondary antibody NorthernLights™ 557–conjugated
anti-goat IgG (NL001) or NorthernLights™ anti-mouse IgG-NL493 (R&D
Systems) was added. For MM-1 staining, after ZIKV infection or treat-
ment with 0.1 μg/mL LPS (TLR4), the cells were harvested, and anti-
Flavivirus group antigen antibody (D1-4G2-4-15 [4G2]; R&D Systems),
RAGE (ab54741) or HMGB1 (ab77302) (Abcam) were applied before
the secondary antibody NorthernLights NL493 (R&D Systems). Nuclei
were labeled with DAPI (1 μg/mL) (R&D Systems) in PBS. For controls,
the primary antibody was omitted before the addition of the secondary
antibody. Finally, the slides were mounted, and images were captured
by confocal microscopy using an UPLAN SApo 40×/0.95 objective
(Olympus FV3000; Olympus Corp., Tokyo, Japan) and Fluoview soft-
ware (Olympus, Tokyo, Japan). The mean fluorescence intensity (MFI)
of stained areas of the images was calculated using FIJI software
(Madison, WI, USA) and Cellprofiler version 3.0.0 (Whitehead Institute
and MIT, Cambridge, MA, USA).

2.11. Statistical analysis

All results were calculated as the mean ± SEM of independent
experiments. Data were analyzed using GraphPad Prism6 by one-way
ANOVA with Dunnett’s correction for multiple comparisons.
Differences were considered significant at the following P values:
*< 0.05, **<0.01, and ***< 0.001.
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3. Results

3.1. ZIKV infection of MM-1 cells

ZIKV (VIR1838) was produced in Vero cells (ATCC CCL-81) and
quantified by the RT-PCR/TaqMan technique. We then determined
whether ZIKV was capable of infecting MM-1 cells, a human monocyte
line used to study monocyte function in vitro (Steube et al., 1997). In-
fections were established and titrated to determine the intracellular
viral load after 24 h (Fig. 1A). At an MOI of 0.5 and at 24-h post in-
fection, viral E protein was detected in the cytoplasm, clearly demon-
strating viral infection of MM-1 cells (Fig. 1B). Unstimulated cells were
used as a negative control; for the positive control, we used Vero cells
(ATCC CCL-81) previously infected with ZIKV (VIR1838) (Fig. 1B). An
annexin V/propidium iodide assay was performed to determine whe-
ther viral genetic material or viral E protein affected apoptosis during
the early phase of infection. Experiments revealed no significant
changes in apoptosis at 24 h after infection (Fig. 1C, D). These results
demonstrate for the first time the capacity of MM-1 cells to be infected
by ZIKV without the induction of apoptosis.

3.2. ZIKV infection induces HMGB1 release from MM-1 cells

LPS is recognized as an inducer of neuroinflammation and neuro-
toxicity, and is used to study neurological disorders (Abreu et al., 2018;
Olajide et al., 2013; Gao et al., 2002; Hu et al., 2012; Kempuraj et al.,
2017). Since neuroviruses are associated with inflammation, we used
LPS in combination with ZIKV infection to study the transmigration of
MM-1 through the BBB. First, we established whether HMGB1 pro-
duction was modulated by ZIKV infection, as demonstrated for WNV
and DENV (Chu and Ng, 2003; Allonso et al., 2012). We found that

treatment of MM-1 cells with LPS, combined with ZIKV infection, re-
sulted in the majority of HMGB1 being retained in the nucleus com-
pared with other treatments (Fig. 2A, B). No differences were observed
in the levels of HMGB1 in the cytoplasm after 8 h (Fig. 2A, C). Reduced
HMGB1 mRNA expression was observed under all activation conditions
compared with unstimulated MM-1 cells (Fig. 2D). Increased levels of
HMGB1 were observed in the supernatant of LPS-treated and ZIKV-in-
fected cells (Fig. 2E). We also found that MM-1 cells activated by LPS
combined with ZIKV infection secreted more HMGB1 than did MM-1
cells treated with 0.1 μg/mL LPS after 8 h (Fig. 2E). After 24 h, LPS-
treated MM-1 cells secreted increased levels of HMGB1 into the su-
pernatant in comparison with all other conditions (Fig. 2F). These re-
sults demonstrate that extracellular levels of HMBG1 might be regu-
lated by ZIKV infection.

3.3. ZIKV-infected MM-1 cells dysregulate tight junction markers upon
contact with HBMECs

To determine whether ZIKV-infected MM-1 cells adversely affect
HBMEC integrity, we evaluated various membrane junction markers.
Eight hours after ZIKV infection (MOI of 0.5), MM-1 cells were co-
cultivated for 4 h with a monolayer of HBMECs seeded in a culture
chamber. We found that the MFI of the VE-cadherin protein declined in
HBMECs that were in contact with ZIKV-infected MM-1 cells compared
with monolayers of HBMECs co-cultivated with untreated LPS-treated
MM-1 cells (Fig. 3A, B). Real-time PCR was used to evaluate the mRNA
expression levels of junction marker in HBMECs co-cultured with MM-1
cells or HBMECs cultured alone. Expression of the VE-cadherin gene
was downregulated in HBMECs that had previously been in contact
with ZIKV-infected MM-1 cells compared with HBMECs that had been
in contact with LPS-treated MM-1 cells (Fig. 3C). ZIKV infection or LPS

Fig. 1. ZIKV infection and the stimulation of apoptosis. MM-1 cells were infected with ZIKV for 24 h (MOI of 0.5). To detect ZIKV, RNA was extracted from the cells,
and the viral load was determined by real-time PCR. An initial dilution of 10−2 from the stock was used for the assays (A). To identify ZIKV inside the cells, primary
antibodies against anti-glycoprotein E (Flavivirus) and secondary antibody conjugated with Alexa Fluor-488 (green) were used. DAPI (blue) was utilized for the
visualization of the cell nucleus (40×). Unstimulated cells were used as the negative control, and Vero cells previously infected with ZIKV were used as the positive
control. (B). An annexin V/propidium iodide assay was performed to determine the viability of the cells (C, D). At least three independent experiments were
performed. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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treatment of MM-1 cells during co-culture significantly reduced the
expression of the occludin gene in HBMECs compared with HBMECs
cultured alone (Fig. 3D). We also determined that ZO expression was
downregulated under all co-culture conditions (Fig. 3E). Collectively,
these results suggest that ZIKV-infected cells release HMGB1 and dys-
regulate the expression of tight junction markers, affecting the integrity
of HBMECs.

3.4. CCR7 expression in MM-1 cells increases in response to ZIKV infection

Knowing that CCR7 expression tightly regulates monocytes trans-
migration through the BBB, we characterized the effects of increasing
times of ZIKV (MOI of 0.5) exposure (2, 8, and 24 h) on CCR7 tran-
scription in MM-1 cells. Results showed that CCR7 mRNA expression
was significantly increased after 8 h compared with uninfected cells
(Fig. 4A). In contrast, the expression of CCR2, which has also been
implicated in monocyte chemotaxis, was decreased after 8 h (Fig. 4B).
These results demonstrate that ZIKV-mediated changes in the expres-
sion of CCR7, TNF-α, IL-10, and IL1-β are time dependent (Fig. 4A,
C–E). Experiments were repeated in the context of LPS-induced in-
flammation. Treatment of MM-1 cells with 0.1 μg/mL LPS in combi-
nation with ZIKV infection (MOI of 0.5) also significantly upregulated
CCR7 and IL1-β transcription, whereas there was no change in the le-
vels of TNF-α mRNA (Fig. 5A, C, E). Moreover, CCR2 expression was
downregulated under all stimulatory conditions, and IL-10 expression
was higher after LPS treatment combined with ZIKV infection compared

to infection alone (Fig. 5A, B, D).

3.5. LPS activation facilitates the “Trojan Horse” migration of MM-1 cells
through the BBB via CCR7 maintenance

We next evaluated whether increased production of CCR7 mRNA
during ZIKV infection correlates with the migration of MM-1 cells. MM-
1 cells were infected with ZIKV for 8 h before assaying their migration
through polycarbonate filters after 4 h. The results of the chemotaxis
assay showed that ZIKV infection enhances the migration of MM-1 cells
in response to CCL19, the natural ligand of CCR7 (Fig. 6). In contrast,
infection with ZIKV for 8 h had no effect on the migration of MM-1 cells
in response to the natural ligand of CCR2, CCL2 (Fig. 6). This assay was
performed to determine whether the migration of the cells is affected by
the presence of an endothelial barrier.

Although the migration of ZIKV-infected MM-1 cells was demon-
strated in response to CCL19 using polycarbonate filters, migration in
response to CCL19 using the BBB model was observed only when the
cells were also activated by LPS (Fig. 7). Collectively, our chemotaxis
assay results show that the migration of MM-1 cells infected with ZIKV
in the BBB transmigration model is dependent on the presence of in-
flammation.

Fig. 2. MM-1 cells release HMGB1 during ZIKV infection without affecting levels in the cell nucleus/cytoplasm. MM-1 cells were infected with ZIKV (MOI of 0.5) and
then treated or not with 0.1 μg/mL LPS for 8 h. Cells were then fixed with 4% paraformaldehyde. Primary antibodies against HMGB1 and NorthernLights NL493-
conjugated secondary antibodies (green) were used. DAPI (blue) was utilized for the visualization of the cell nucleus (40×) (A). The MFI of the cells was measured in
at least 10 different locations on each slide, and the results are presented for cell nuclei (B) and the cytoplasm (C). The cells were also harvested for an analysis of
HMGB1 production by real-time PCR (D). Culture supernatants were analyzed by ELISA after 8 h (E) or 24 h (F). Data represent the mean ± SEM from three
independent experiments. (*) Compared to unstimulated conditions, *P < 0.05, **P < 0.01, ##P < 0.01, ***P < 0.001 by one-way ANOVA. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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3.6. ZIKV infection induces RAGE following contact between HBMECs and
ZIKV-infected MM-1 cells

HMGB1 is known to interact with high affinity with RAGE, which
affects cell proliferation, growth, and migration (Taguchi et al., 2000;
Palumbo et al., 2004; Vogel et al., 2016). Knowing that viral infections
have been shown to modulate RAGE expression (van Zoelen et al.,
2009; Nosaka et al., 2015; Zhu et al., 2016), we investigated whether
LPS (0.1 μg/mL) stimulation in the presence or absence of ZIKV infec-
tion (MOI of 0.5) affected RAGE expression. To address this question,
we treated and/or infected MM-1 cells and co-cultivated them with
HBMECs. In immunofluorescence protein analyses, RAGE MFI was
higher in HBMECs when ZIKV-infected MM-1 cells had been in contact
with the endothelial cell layer for 4 h (Fig. 8A, C). Increased RAGE
protein levels were observed when HBMECs were co-cultivated with
MM-1 cells activated with LPS and infected with ZIKV. Expression of
RAGE mRNA was also increased under these conditions (Fig. 8A, C, E).
Increased RAGE protein levels were observed only in the cytoplasm of
MM-1 cells infected with ZIKV (MOI of 0.5) (Fig. 8B, D). These results
demonstrated that the presence of LPS during ZIKV infection of MM-1
cells affects RAGE protein levels and mRNA expression.

3.7. Blockade of RAGE reduces the migration of ZIKV-infected MM-1 cells
through the BBB and controlled CCR7-induced migration

FPS-ZM1 is a designed molecule that blocks ligands from binding to
RAGE; it is non-toxic and readily crosses the BBB (Deane et al., 2012).
We next addressed the potential capacity of FPS-ZM1 to inhibit MM-1
ZIKV “Trojan Horse” transmigration by controlling RAGE expression.
FPS-ZM1 (1, 10, 100 nM) was added to cell cultures for 2 h prior to the
transmigration assay, either directly to ZIKV-infected cells (Fig. 9, white
bars) or HBMECs in culture (Fig. 9, black bars). We observed a sub-
stantial decrease in the migration of MM-1 ZIKV-infected cells and
ZIKV-infected/LPS-stimulated cells when FPS-ZM1 was added to cul-
tures (Fig. 9). Moreover, the highest dose of FPS-ZM1 examined
(100 nM) was associated with greater inhibition of CCR7/CCL19 mi-
gration dependence in LPS-activated/ZIKV-infected cells (Fig. 9). Taken
together, these results suggest that the extracellular release of HMGB1
during ZIKV infection is required for RAGE to upregulate CCR7 and
increase the ability of monocytes to migrate through the BBB.

4. Discussion

Flaviviruses infect the human CNS and cause a variety of neurologic
conditions, such as encephalitis, meningitis, meningoencephalitis, and
paraplegia (Dick et al., 1952; Schuler-Faccini et al., 2016). Although all
flaviviruses are known to cause neurologic sequelae in adults, only

Fig. 3. ZIKV-infected MM-1 cells alter VE-cadherin protein and mRNA expression, and disrupt junctions between HBMECs. MM-1 cells were infected with ZIKV (MOI
of 0.5), treated with 0.1 μg/mL LPS (TLR4), or infected and activated simultaneously for 8 h. HBMECs (2× 105/mL) were seeded into a glass-well cell culture
chamber. Upon reaching confluence, HBMECs were cultured with MM-1 cells for 4 h. Cells were then fixed with 4% paraformaldehyde. Primary antibodies against
VE-cadherin and NorthernLights 557-conjugated (red) secondary antibodies were used. DAPI (blue) was utilized for the visualization of the cell nucleus (40×) (A).
MFI was measured in at least 10 different locations in each chamber (B). All cells were harvested and analyzed for the production of VE-cadherin (C), occludin (D),
and ZO (E). Data represent the mean ± SEM from three independent experiments. (∗) Compared to HBMECs alone, *P < 0.05, **P < 0.01, ***P < 0.001,
#P < 0.05 by one-way ANOVA. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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ZIKV has been shown to cause congenital neurologic disease in humans
(Dick et al., 1952). Monocytes have been linked with the transmission
and pathogenesis of ZIKV (Foo et al., 2017; Michlmayr et al., 2017; Kam
et al., 2017). The migration of monocytes occurs during inflammation
in the CNS. The dysregulation of migration during infection suggests
these cells have effector functions that could result in a range of neu-
rologic side effects. As such, determining how ZIKV-infected monocytes
are recruited to the CNS as “Trojan Horse” cells is of critical im-
portance. In this study, we developed for the first time an outline model
of CCR7 and RAGE control during transmigration of ZIKV-infected
monocytes through the BBB. We demonstrated that MM-1 cells are
useful representatives of monocytes during ZIKV infection. Although we

utilized a dose above the TCID50/mL determined in 4-day assays using
Vero cells (data not shown), our results showed that a 10−2 dilution
was not associated with an increase in apoptosis, perhaps because MM-
1 cells are non-adherent and we used at a least a 24-h course of in-
fection. Viral load and Flavivirus E protein were monitored during the
assays in order to ensure that cell integrity was maintained during BBB
transmigration.

Our group previously showed that TLR4 activation by LPS mod-
ulates CCR7 mRNA expression and increases monocyte transmigration
through the BBB (Paradis et al., 2016a). Our results in the present study
also showed that ZIKV infection increases CCR7 gene expression, with a
peak after 8 h of exposure. The mRNA expression of other markers, such

Fig. 4. ZIKV (ATCC VR1838) infection increases CCR7, TNF-α, IL-10, and IL-1β mRNA expression in MM-1 cells. MM-1 cells were infected with ZIKV at an MOI of
0.5, and the cells were harvested at 30min, and at 2, 8, and 24-h postinfection and further analyzed for the production of CCR7 (A), CCR2 (B), TNF-α (C), IL-10 (D),
and IL-1β (E) using real-time PCR. Unstimulated (UN) cells were used as the negative control and harvested at the same times as ZIKV-infected cells. Data represent
the mean ± SEM from three independent experiments. ***P < 0.001 by one-way ANOVA, *Represents the difference between unstimulated samples at the same
time point.

Fig. 5. TLR4 activation by LPS upregulates CCR7 and IL-1β mRNA expression in ZIKV-infected MM-1 cells. MM-1 cells were infected with ZIKV, activated with
0.1 μg/mL LPS, or infected and activated simultaneously. After 8 h, the cells were harvested to determine the production of CCR7 (A), CCR2 (B), TNF-α (C), IL-10 (D),
and IL1-β (E) using real-time PCR. Data represent the mean ± SEM from three independent experiments. ∗Compared to the unstimulated condition. **P < 0.01,
***P < 0.001, ###P < 0.001, +++P < 0.001 by one-way ANOVA.
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as TNF-α and IL-10, was also evaluated, with increased levels observed
during the same time period. Increased mRNA expression of IL-1β was
detected early, at 30min after the initiation of infection. LPS is re-
cognized as an inducer of neuroinflammation and neurotoxicity, and
has been used to study neurological disorders (Abreu et al., 2018;
Olajide et al., 2013; Gao et al., 2002; Hu et al., 2012; Kempuraj et al.,
2017). Interestingly, and knowing that Flavivirus RNA may be detected
by TLRs and that infection of ZIKV in neurospheres can upregulate the
levels of TLR4, a receptor that mediates the innate immune response
against other neurotropic flaviviruses (Szretter et al., 2009; Han et al.,
2014), we evaluated whether TLR4 plays a role in the transmigration of
ZIKV-infected monocytes. We found similar but higher levels of CCR7,
IL-10, and IL-1β in cultured MM-1 cells in the presence of LPS. This
proinflammatory milieu correlated with the increased HMGB1 levels
secreted into the supernatant of MM-1 cell cultures after 8 h. Our results
are consistent with those reported by other groups, indicating that
HMGB1 induces monocytes to produce TNF-α and IL-1β (Yan et al.,
1996; Andersson et al., 2000).

HMGB1 is a DAMP molecule that induces the disruption of the en-
dothelial cell barrier, resulting in enhanced monocyte migration
(Wolfson et al., 2011; Ong et al., 2012; Shirasuna et al., 2016). HMGB1

also acts as a sensor by binding to LPS, which increases TLR4 signaling
and NF-κB activation (Youn et al., 2008, 2011). In the present study, we
detected HMGB1 in the nuclei of ZIKV-infected cells in the presence of
LPS after 8 h. This finding may be explained by the fact that ZIKV
suppresses the activation of JAK-STAT signaling by inducing the de-
gradation of JAK1. Indeed, the inhibition of JAK/STAT was previously
shown to block LPS-induced HMGB1 translocation to the cytoplasm (Lu
et al., 2014; Wu et al., 2017). Additionally, STAT1-deficient mice de-
monstrate high sensitivity to ZIKV infection, which is accompanied by
increased lethality (Kamiyama et al., 2017). Moreover, acetylated
HMGB1 accompanied by LPS activation redirects HMGB1 to the cy-
tosol, leading to its secretion by lysosomes (Bonaldi et al., 2003). We
believe that the rapid secretion of the HMGB1 protein by MM-1 cells,
confirmed by our ELISA results, might also be related to the low turn-
over of HMGB1 mRNA during our analysis period.

Our results demonstrate that MM-1 cells infected with ZIKV migrate
through polycarbonate filters in response to the CCR7 natural ligand
CCL19, whereas specific migration in response to CCL19 in the BBB
model occurred when ZIKV-infected MM-1 cells were treated in con-
junction with LPS for 8 h (0.1 μg/mL). This can be explained in that our
analysis showed that CCR7 mRNA levels were markedly increased in
the presence of LPS during infection and the barrier limited the number
of cells able to migrate. Moreover, CCL19 binds to human CCR7 with
slightly higher affinity than CCL21 (Ott et al., 2006). In addition, CCL2-
induced migration was not observed, perhaps because CCR2 mRNA
expression was low 8 h after ZIKV infection or LPS activation of MM-1
cells. Results obtained by a separate group showed that ZIKV strain
Nica 2–16 upregulates CCL2 gene expression in human monocytes
without any corresponding changes in CCR2 mRNA expression
(Michlmayr et al., 2017). We know that in vitro assays using virus-in-
fected animals is both technically and ethically challenging; therefore,
the functional utility of “Trojan Horse” cell migration through the BBB
should be considered. Although we used an adult human endothelial
cell culture system, we understand that this does not represent a fetal
brain. The levels of CCL19 found during brain inflammation are diffi-
cult to predict, since they depend on the extent of damage that might
occur during a neurotropic virus infection or other neurological in-
flammatory disease. We are seeking to develop new in vivo and in vitro
BBB models to better understand the physiological relevance of CCL19
during the migration of ZIKV-infected monocytes in the presence of
injured brains. Moreover, a possible relationship between ZIKV infec-
tion and neurological complications in adults has also been proposed
during epidemics in Oceania and South America, especially during an
observed increased incidence of Guillain-Barré syndrome in French
Polynesia (Oehler et al., 2014; Ioos et al., 2014). Collectively, our re-
sults demonstrate that ZIKV infection and LPS activation of MM-1 cells
affects monocyte migration in response to CCL19. However, we must
note that further studies using freshly isolated monocytes and the de-
velopment of a transmigration system using fetal brain endothelial cells
are needed to confirm these results.

Flaviviruses have been shown to induce increased expression of
various cell surface proteins, such as ICAM1, VCAM-1, and E-selectin,
ligands that interact with leukocyte integrins to increase adhesion to
the endothelial cells (King and Kesson, 2003; Roe et al., 2014). Other
research has shown that HMGB1 protein released during DENV infec-
tion by infected PBMCs is capable of potentiating vascular permeability
of umbilical cord vein endothelial cells (Ong et al., 2012). In the context
of a congenital infection, HMGB1 facilitates the migration of monocytes
by increasing the permissiveness of endothelial cells during pregnancy
(Shirasuna et al., 2016). Increased production of HMGB1 favors the loss
of endothelial junctions accompanied by the disorganization of actin
fibers and dissociation of cadherins, which can be reversed by the use of
siRNAs (Wolfson et al., 2011; Fraisiera et al., 2015). Cell migration via
the BBB may also occur due to the secretion of HMGB1 during ZIKV
infection. However, the exact mechanism by which ZIKV crosses BBB
and causes neurologic complications is unknown (Miner and Diamond,

Fig. 6. ZIKV activation modulates CCR7 function in MM-1 cells. Chemotaxis of
MM-1 cells infected with ZIKV (MOI of 0.5) or treated with 0.1 μg/mL LPS
(TLR4) for 8 h was assessed in the presence of 300 ng/mL CCL19 (filled black
bars), 30 ng/mL CCL2 (filled gray bars), or medium alone (white bars). The
mean number of cells that spontaneously migrated (in response to medium
alone) after 4 h was subtracted from the number of cells that migrated in re-
sponse to CCL19 or CCL2. Data represent the mean ± SEM of five independent
experiments. ∗Compared to unstimulated condition, **P < 0.01,
***P < 0.001, ##P < 0.01, ###P < 0.001, +++P < 0.001 by one-way
ANOVA.

Fig. 7. LPS activation facilitates the migration of ZIKV-infected MM-1 cells
through the BBB via CCR7 maintenance. Chemotaxis of MM-1 cells infected
with ZIKV (MOI of 0.5), 0.1 μg/mL LPS (TLR4), or infected and activated si-
multaneously in response to 300 ng/mL CCL19 (filled black bars) or medium
alone (white bars) was assessed at 8 h. The mean number of cells that sponta-
neously migrated (in response to medium alone) at 4 h was subtracted from the
number of cells that migrated in response to CCL19. Data represent the
mean ± SEM of five independent experiments. ∗Compared to unstimulated
condition, *P < 0.05, **P < 0.01 by one-way ANOVA.

G.C. de Carvalho, et al. Immunobiology 224 (2019) 792–803

799



2016). Other groups have shown that ZIKV can infect, activate, and
cross endothelial cells without barrier disruption (Papa et al., 2017).
However, we observed that HMGB1 levels in the supernatant of MM-1
cell cultures was significantly increased 8 h after ZIKV infection. Our
results strongly suggest that during co-culture, HMGB1 released by
infected monocytes in the culture supernatant, together with other
proinflammatory factors (e.g., TNF-α and IL-1β), induce the dysregu-
lation of endothelial cell junction components such as VE-cadherin,
occludin, and ZO. However, the differences in VE-cadherin, occludin,
and ZO gene expression in HBMECs observed during ZIKV infection of
MM-1 cells, with or without LPS, might be related to the gene reg-
ulatory activity of HMGB1 in MM-1 cells and the levels of HMGB1 se-
creted during the different treatments.

RAGE is a pattern-recognition receptor that plays a role in innate

immune responses, and it is highly expressed in the embryonic CNS
(Hori et al., 1995). In adult endothelial cells, monocytes, microglia, and
neurons, RAGE is expressed at low levels (Brett et al., 1993). RAGE
expression is upregulated upon interaction with various proin-
flammatory molecules, such as HMGB1 (Casula et al., 2011), nucleic
acids (Sirois et al., 2013), and lysophosphatidic acid (Rai et al.,
2012a,b). However, the results of our study suggest that HMGB1 se-
creted by ZIKV-infected MM-1 cells is associated with increased RAGE
protein levels, as evidenced by the observed increase in RAGE MFI in
the cytoplasm of infected cells. Moreover, ZIKV-infected MM-1 cells co-
cultured with HBMECs also exhibited increased RAGE fluorescence in
locations where cells had previously contacted HBMECs. In contrast,
LPS-activated/ZIKV-infected MM-1 cells exhibited increased RAGE le-
vels only when co-cultured with HBMECs. This observation can be

Fig. 8. RAGE protein was modulated by ZIKV infection or contact between HBMECs and infected cells. MM-1 cells were infected with ZIKV (MOI of 0.5) and treated
or not with 0.1 μg/mL LPS for 8 h and co-cultured or not with HBMECs for 4 h. After LPS stimulation or an additional 4 h of co-culture, the cells were fixed with 4%
paraformaldehyde. Primary antibodies against RAGE and NorthernLights NL493-conjugated (green) secondary antibodies were used. DAPI (blue) was utilized for the
visualization of the cell nucleus (40×) (A, B). The MFI of the cells was measured in at least 10 different locations in each chamber or on each slide (C, D). All cells
were harvested for an analysis of RAGE expression by real-time PCR (E). Data represent the mean ± SEM from three independent experiments. *P < 0.05,
**P < 0.01, ***P < 0.001 by one-way ANOVA. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)
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explained by competition for binding sites between LPS and HMGB1 for
binding to RAGE and TLR4. Finally, we demonstrated that addition of
FPS-ZM1 (a RAGE inhibitor) prior to the transmigration assay either
directly to ZIKV-infected cells or to HBMECs during culture results in a
marked decrease in RAGE-dependent transmigration. Previous work
showed that both the migration of monocytes and neuroinflammation
could be inhibited by FPS-ZM1 treatment (Giri et al., 2000; Deane et al.,
2012). Other studies have shown that HMGB1 mediates cytoskeletal
reorganization; the blockade of HMGB1/RAGE by neutralizing anti-
bodies prevents the upregulation of CCR7 and the migratory function of
mature DCs (Dumitriu et al., 2007). Unfortunately, we did not in-
vestigate the cross-talk between RAGE and CCR7. MAPK members are
well-known regulators of chemotaxis in DCs, and the CCR7/CCL19
signaling pathway induces a Gi-dependent activation of MAPK mem-
bers ERK1/2, JNK, and p38 (Riol-Blanco et al., 2005). Blockade of
RAGE has been shown to elicit direct effects on ERK1/2, JNK, and p38,
impairing cellular migration (Liu et al., 2010). However, our results
suggest that the concentration of FPS-ZM1 used to block RAGE might
favor a reduction in CCR7/CCL19 migration by interfering with the
MAPK signaling pathway. CCR7-dependent migration can also be di-
rectly inhibited by the CCR7-derived synthetic peptide TM4 (Kobayashi
et al., 2017). HBMECs also might express other adhesion molecules or
chemokines that are able to activate monocyte integrins. Our present
study focused on the role of RAGE and CCR7 in leukocyte transmigra-
tion across the BBB during viral infection. This work is based on the
function of RAGE/CCR7 as a monocyte migration factor during ZIKV
infection. In this context, the migration rates of MM-1 cells could differ
from those of normal human monocytes, and this possibility requires
further investigation.

Monocytes contribute to the pathogenesis of ZIKV and bacterial
infections, and neuroinflammatory consequences may occur as a result
of monocyte accumulation in the brain, particularly due to the delivery
of neurotropic viruses via a “Trojan Horse” mechanism. Understanding
the molecular role of monocyte trafficking during ZIKV infections, in
the presence or absence of bacterial factors, could facilitate the devel-
opment of new therapeutic strategies to prevent the deleterious con-
sequences of ZIKV neuroinfections.
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