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Abstract

Megakaryocyte—erythrocyte progenitor (MEP) cells are potential /7 vivo targets of dengue virus
(DENV); the virus has been found associated with megakaryocytes ex vivo and platelets during
DENV-induced thrombocytopenia. We report here that DENV serotype 2 (DENV2) propagates
well in human non-differentiated MEP cell lines (Meg01 and K562). In comparison to virus
propagated in Vero cells, viruses from MEP cell lines had similar structure and buoyant density.
However, differences in MEP-DENV?2 stability and composition were suggested by distinct
protein patterns in western blot analysis. Also, antibody neutralization of envelope domain 1/11 on
MEP-DENV2 was reduced relative to that on Vero-DENV2. Infectious DENV2 was produced at
comparable kinetics and magnitude in MEP and Vero cells. However, fewer virion structures
appeared in electron micrographs of MEP cells. We propose that DENV2 infects and produces
virus efficiently in megakaryocytes and that megakaryocyte impairment might contribute to
dengue disease pathogenesis.
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1. Introduction

Dengue virus (DENV) is an increasing public health threat, largely because of its ability to
transmit not only by Aedes aegypti, a tropical and subtropical vector, but also via Aedes
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albopictus, the more prevalent mosquito vector endemic in temperate zones (World Health
Organization, 2015). Approximately 390 million people are infected annually, although most
of these infections do not progress to the point of major clinical disease (Bhatt et al., 2013).
Persons of a wide range of ages can become infected and experience a variety of clinical
manifestations (from mild dengue fever to more severe dengue hemorrhagic fever/dengue
shock syndrome) with approximately 22,000 deaths occurring annually (Tsai et al., 2012).
DENV is also a heavy public health burden because no specific therapeutics are available;
one vaccine recently became available, but it was approved only for previously exposed
populations and is at most 61% protective (Pasteur, 2014). Moreover, in spite of its
widespread recurrence and emphasis in the literature, a number of its basic biologic and
pathologic DENV mechanisms remain to be fully elucidated.

During blood meal, mosquitoes inoculate DENV directly into the skin. But more
importantly, when mosquitoes probe the skin, they can find blood vessels and deposit virus
directly into the capillaries, releasing virus into circulation (O’Rourke, 1956; Styer et al.,
2007) and exposing many different cell types to pathogen. Permissiveness has been
investigated in various cell types: dendritic cells (Ader et al., 2004; Ho et al., 2001; Sun et
al., 2009; Wu et al., 2000), monocytes/macrophages (Arevalo et al., 2009; Daughaday et al.,
1981; Diamond et al., 2000; Tan and Chu, 2013; Theofilopoulos et al., 1976), endothelial
cells (AbuBakar et al., 2014; Arevalo et al., 2009; Diamond et al., 2000), and B cells
(Takasaki et al., 2001; Theofilopoulos et al., 1976). A number of these cell lineages can get
infected and reprogrammed, and many of these events might even contribute to disease
pathology (Butthep et al., 1993; Green and Rothman, 2006; Lee et al., 2013; Libraty et al.,
2001; Nielsen, 2009). But while a cell type might be permissive to DENV infection, a
separate issue is whether that cell can efficiently produce high titers of infectious virus. The
infectiousness of virus released from a number of cell types has been questioned (AbuBakar
et al., 2014; Marianneau et al., 1999; Mosquera et al., 2005), and thus the cellular target
responsible for viremia in humans remains controversial.

DENV infection of bone marrow cell populations has been implicated in a number of
previous reports. It was noted even in early studies that bone marrow resident cells change in
morphology and frequency (Bierman and Nelson, 1965; Kho et al., 1972; La Russa and
Innis, 1995; Nelson et al., 1964; Noisakran et al., 2012). Bone marrow-derived
megakaryocyte—erythrocyte progenitor cells were permissive and yielded high DENV?2 titers
(1 x 10° FFU/mL and 1 x 108 genome copy number [GCN]/mL) (Basu et al., 2008; Clark et
al., 2012; Nakao et al., 1989). Also, a recent publication reports a positive correlation
between DENV titers in dengue fever patient plasma and circulating CD61* (megakaryocyte
marker) cell count numbers (Hsu et al., 2015). While not conclusive, these observations
suggest that CD61* cells might contribute to DENV replication 7 vivo, since DENV can be
propagated ex vivo from CD61* cells isolated from bone marrow of infected animals
(Noisakran et al., 2012). Studies have indicated that megakaryocytes stain positive for viral
antigen and antigen positivity correlates with peak infectious titer and virus-like particle
(VLP) production (Basu et al., 2008; Clark et al., 2012; Noisakran et al., 2012). However,
despite an association of DENV2 with the megakaryocyte, the cell types that initially
encountered and took up the virus in these experiments were uncertain because the effect
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could be due to infection of any of several cell types capable of differentiating into
megakaryocytes. Thus, it is not known if megakaryocytes can be infected directly by DENV.

In this investigation, we sought to examine further cells of the megakaryocytic lineage as
potential DENV2 hosts. Because bone marrow samples are difficult to acquire, and because
of the low frequency of megakaryocytes in the bone marrow in general, our investigations
were conducted with megakaryocyte—erythrocyte progenitor (MEP) cell lines: Meg01
(Ogura et al., 1985), a megakaryocytic cell line that has rarely been used in DENV research,
and K562 (Lozzio et al., 1981) a MEP cell line that has the ability to differentiate into
megakaryocytes and has been used in a number of DENV studies. We characterized DENV2
replication and production in Meg01, K562, or Vero cell lines, a gold-standard tool in
DENV investigations, and also studied the structure and antigenicity of viruses produced in
cultures of these cells. In all cell lines examined, DENV2 propagated to similar titers with
comparable kinetics and produced infectious virions of similar density and structure.
However, our study also revealed that particular composition and antigenicity differences did
exist. This work supports previous findings indicating that cells of the megakaryocyte—
erythrocyte lineage were permissive to DENV infection and might contribute to DENV
pathogenesis (Clark et al., 2012; Diamond et al., 2000; Nakao et al., 1989; Noisakran et al.,
2012).

2. Results

2.1. DENV2 propagates efficiently and produces virus particles in MEP cell lines

We examined virus growth Kkinetics with /in vitro cell lines of the MEP lineage. Propagation
of DENV2 in Meg01 or K562 cells was compared in parallel with Vero cells. All cells were
inoculated with DENV2 that had been propagated previously in Vero cell monolayer
cultures (Vero-DENV?2) and cultured under similar conditions (Fig. 1A). Plaque assay
analysis of passage 1 (p1) supernatants indicated that similar levels of infectious DENV2
were produced in all three cell lines, but virus growth in Meg01 and K562 cells appeared
slightly delayed, reaching consistent titers of approximately 1 x 10° PFU/mL on day 4 after
inoculation, at least 2 days after Vero-DENV2. To determine if slower growth was a
consequence of the cell line or level of adaptation to the host, viruses Meg01-DENV2p1 and
K562-DENV2p1l were passaged again in Meg01 or K562 cells, respectively, to yield
suspensions designated Meg01-DENVp2 and K562-DENV2p2 (Fig. 1B). Meg01-DENV2p2
and K562-DENV2p2 grew with kinetics similar to those of Vero-DENV?2, indicating that
DENV?2 can grow in these MEP cell lines equally well. Because of their similar replication
kinetics, all further experiments were conducted with the p1 viral stocks.

In addition to infectious titers, RNA genome copy number (GCN) quantification suggested
that virus was released into the supernatant with comparable kinetics for all three cell lines
tested, with K562-DENV2p2 yielding slightly higher values on days 6 and 7 (Fig. 1C).
Although these cell lines appeared to release infectious virus and viral RNA with similar
kinetics, GCN:PFU ratios differed slightly. Meg01 and K562 cells yielded lower GCN:PFU
ratios at early time points, though only day 2 differences were significant (p=0.013 and
p=0.012, respectively) (Fig. 1D). The mean ratios at this time point were 24.4 (Meg01-
DENV?2), 9.2 (K562-DENV?2), and 107.4 (\Vero-DENV?2) (Table 1). Thus, Meg01 and K562

Virology. Author manuscript; available in PMC 2017 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Clark et al.

Page 4

cell lines appeared to release fewer noninfectious virions than Vero cells at early time points
of infection. Meg01-DENV2 and K562-DENV2 GCN:PFU ratios appeared to increase over
time, suggesting an increase in the release of noninfectious virus at later time points or an
increase in virus particle degradation over time (perhaps as a consequence of cell culture
proteases). Vero-DENV?2 also showed an increase in GCN:PFU ratio with time, except on
days 5 and 6, when they dropped and then rose again on day 7 (Fig. 1D). The reason for this
dip in GCN:PFU ratio is unknown but might be due to a second round of virus amplification.

Meg01-DENV2, K562-DENV2, and Vero-DENV2 were compared for their ability to
replicate in cells from human bone marrow tissue specimens. These viruses were isolated
through sucrose gradients, quantified by RT-gPCR, and then propagated in human bone
marrow tissue specimens. Virus production then was evaluated by an enzyme-linked
immunosorbent assay specific for detection of DENV nonstructural protein-1 (NS-1). In
these experiments, NS-1 peaked at similarly high levels (>4,000 ng/mL) in human bone
marrow supernatants, irrespective of the cell type in which the inoculated virus had been
produced (data not shown).

Electron microscopy analysis of concentrated supernatants from day 3 suggested that Meg01
and K562 cells released virus that appeared similar to Vero-DENV2 (Supplemental Fig. 1).
Virions, identified by staining with 3H5 (envelope-specific) monoclonal antibody, were in
the 50 nm range of size and had a “hairy” appearance.

2.2. DENV2-infected MEP cell lines synthesize lower numbers of virus-induced structures

We examined the morphology of DENV2-infected MEP cells. Meg01, K562, or Vero cells
were inoculated at a low multiplicity of infection (MOI), harvested on days 1 or 2, thin-
sectioned, and imaged by electron microscopy (EM) (Fig. 2). DENV2-inoculated Meg01
and K562 cells produced virus particles and replication complex structures similar to
DENV2-infected Vero cells, although there was some variability in the shape of replication
complex shape. Meg01 and K562 replication complexes often appeared elongated/elliptical
(data not shown).

Virus particles appeared more numerous in DENV2-infected Vero cells, so virus particles
from day 2 were enumerated. The analyses were performed using 20-27 cell cross-sections
from each of the infected cell lines. Significant differences were observed between the
infected MEP and Vero cell lines. Meg01 and K562 cells both produced fewer numbers of
virus particles per cell cross-section (averaging 140.9 and 94.9, respectively) than did Vero
cells per cross-section (764.2; p< 0.0001) (Fig. 3; Table 2). In addition, fewer crystalloids
formed in infected Meg01 and K562 cell lines (p < 0.0001). The majority of K562 cells did
not have a single virus cluster. Less variation in numbers of replication complexes was
observed between MEP cells and Vero cells, although infected K562 cells had fewer
complexes (average, 49.7) than Vero cells (average, 92.2; p=0.0062). In addition to the lower
frequency of virions per cell, fewer numbers of MEP cells appeared to be infected. When
evaluating cells on an entire EM grid square, the endoplasmic reticulum (ER) was distended
in 17.5% of Meg01 and 19.2% of K562 cells, while most of the Vero cells (85.5%) appeared
to contain virus-induced structures (Table 2).
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A link has been suggested between numbers of viruses produced by a cell and virus plaque
diameter (Junjhon et al., 2008; Lee et al., 2010). DENV2 derived from Meg01 and K562
cells had more uniform sizes of small foci (Table 2) and plaques (data not shown), while
DENV?2 derived from Vero cells formed foci with various widths. It is important to note that
other DENV strains were not examined in such a detailed manner, and thus, it is not known
if reduced intracellular virion numbers correlate with reduced focus/plaque diameters for
other strains grown in MEP cell lines.

Growth of a limited number of strains was examined in Meg01 and K562 cells. Production
of prototypic strains from the three other DENV serotypes, DENV1 (Hawaii, gift from
CDC), DENV3 (H87, gift from CDC), and DENV4 (Hawaii, gift from Dr. Duane Gubler),
were tested in a limited number of experiments with Meg01 and K562 cells. Using a focus-
forming unit assay (FFA) for quantification, all strains could be propagated in MEP cell
lines but not reproducibly. Titers of 1 x 105 FFU/mL were obtained with all viruses in both
MEP cell lines, except for DENV4 in Meg01, which only reached approximate 1 x 104
FFU/mL titers (data not shown). Reduced replication might be attributable to the strain type
and the presence of defective interfering particles. The DENV4 strain gave rise to large foci
when grown in Vero cells, but focus sizes varied when grown in MEP-DENV4 cells.

2.3. Minor differences in quantity and density observed with purified Vero-DENV2 and

MEP-DENV2

Virus was propagated on a larger scale in Meg01, K562, or Vero cells for 3 days, and
supernatants were collected for virus purification. After fractionation through 0-35%
potassium tartrate gradients and removal from gradient solutions, virus was assayed for
infectivity by FFA. The infectious titers of fractions from all virus purifications performed
are displayed (Fig. 4A-C). The data represent seven Meg01-DENV?2, five K562-DENV?2,
and four Vero-DENV?2 large-scale purifications. The highest infectious titers were found
consistently in either fraction 7 or 8 at the approximate density of 1.39 g/mL (Fig. 5D),
which differs from the density specified using cesium chloride gradients (1.22-1.24 g/mL)
(Smith et al., 1970; Stevens and Schlesinger, 1965). Virus peaked in fraction 7 with 60% of
the K562-DENV?2 purifications (3 of 5), 50% of the Vero-DENV?2 purifications (2 of 4), and
71% of the Meg01-DENV2 purifications (5 of 7). The variation in localization in fraction 7
vs 8 might be attributable to minor differences in gradient preparation rather than differences
in virus density.

Average peak infectious titers for Vero-DENV2 (6.5 x 108 FFU/mL) were generally two
times lower than those from the MEP cells lines (Meg01-DENV2, 1.2 x107 FFU/mL; K562-
DENV2, 1.8 x 107 FFU/mL), even though on average about twice as many cells were used
to propagate Vero-DENV2. In representative virus purifications, the Vero-DENV2 peak titer
was at least 10 times lower than MEP cell line titers (Meg01-DENV2, 2.1 x 107 FFU/mL;
K562-DENV2, 9.2 x 10% FFU/mL; Vero-DENV2, 6.8 x 10° FFU/mL) (Fig. 5E), a
difference that did not correspond with the starting cell populations. Vero-DENV2 might be
considered less-stable through purification processes than MEP-DENV2. However, our
observations from immuno-EM imaging experiments did not agree with that notion, based
on the observation that Vero-DENV2 was the easiest virion to detect.
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GCN titers and GCN:FFU ratios of purified fractions also were evaluated (Fig. 4E). In
general, the lowest GCN:FFU ratios from purified and fractionated virus were found in
fractions 7 and 8, corresponding with the infectious virus peaks. Similar to the results from
viral supernatants, Meg01-DENV2 peaks had the lowest ratios (73.1 GCN/FFU [fraction 7]
and 22.8 GCN/FFU [fraction 8]), and Vero-DENV?2 had the highest ratios (689 GCN/FFU
[fraction 7] and 1640 GCN/FFU [fraction 8]), suggesting again that markedly higher
numbers of noninfectious virus are produced in Vero cells relative to MEP cells.

2.4. MEP-DENV?2 structural protein fractionation patterns vary from that of Vero-DENV2

Western blots were performed with equal volumes of each fraction to compare protein
content from fraction-to-fraction and to compare MEP-DENV2 with Vero-DENV?2 (Fig.
4E). Envelope and premembrane (prM) proteins appeared more abundant in Vero-DENV2
than MEP-DENV2 samples in several fractions. On the other hand, capsid protein was more
abundant in DENV?2 produced in MEP cells.

In general, the amount of envelope protein correlated poorly with the titers of infectious
virus, although infectious virus did correspond somewhat with the presence of capsid and
prM proteins. These structural proteins from Vero-DENV2 purifications peaked in fractions
8 and 9, close to the infectious virus peaks in 7 and 8. (Note that in this purification similarly
high titers [1 x 10° FFU/mL] were present in fraction 9.) A second focus of concentrated
protein occurred in Vero-DENV?2 fractions 2 and 3, which probably corresponds with the
smaller virion structures reported in the literature (Allison et al., 2003; Ferlenghi et al.,
2001; Ishikawa and Konishi, 2006; Junjhon et al., 2008). Capsid and prM proteins were
present in K562-DENV2 and Meg01-DENV?2 infectious virus peaks, although higher
concentrations were found in adjacent fractions. Potentially, these bands (which are not
present in Vero-DENV?2 purifications) resulted from damaged virus particles migrating to
slightly lower densities or alternatively resulted from differences in PrM cleavage in MEPs
vs Vero. Additional investigations will be needed to delineate the exact origin for this
difference.

2.5. Antigenicity of MEP-DENV2 differs at domain /1l of envelope protein

We examined antigenicity because post-translational modifications of viral proteins such as
glycosylation are known to vary among host cell types (Bryant et al., 2007; Dejnirattisai et
al., 2011; Lee et al., 2010). Neutralizing antibody concentrations were determined by plaque
reduction neutralization assay (PRNA) for Meg01-DENV2, K562-DENV2, and Vero-
DENV?2 with a series of monoclonal antibodies: 3H5, 4G2, 2D22, 2C7, 3F13, and VRC-01

(Fig. 5).

Anti-DII1 envelope monoclonal antibodies 3H5 (mouse-derived) and 2D22 (human-derived)
neutralized all three viruses similarly. However, neutralization of MEP-DENV2 with anti-
envelope DI/I1 antibodies 4G2 (mouse-derived) or 2C7 (human-derived) required higher
levels of antibody. The half maximum inhibitory concentrations (1Csg) of 2C7 for Meg01-
DENV?2 (4.1 pg/mL) and K562-DENV?2 (0.45 pug/mL) were elevated markedly in
comparison with the 1Csq value for Vero-DENV2 (0.11 pg/mL, p < 0.05) (Table 3). The ICgq
of 4G2 for Meg01-DENV?2 (5.42 pg/mL) also was much higher than that for Vero-DENV2
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(0.33 pg/mL, p=0.0011). Most antibodies were capable of neutralizing K562-DENV2 and
Vero-DENV2 completely, but 2C7, 4G2, and 3H5 did not fully neutralize Meg01-DENV2.
Neutralization with human polyclonal antibodies also was performed. Serum sample DF
3457 neutralized Meg01-DENV?2 to a lesser extent, but no difference was detected with
endemic plasma (Supplemental Fig. 2), or with plasma of a person from a DENV endemic
country. In summary, modest differences in neutralization were observed with Meg01-
DENV?2, suggesting Meg01-produced DENV2 might be more resistant to neutralization, at
least in vitro. As expected, the control non-neutralizing anti-dengue antibody 3F13 and HIV-
specific monoclonal antibody VRC-01 did not neutralize dengue virus.

3. Discussion

Megakaryocytes and platelets are dysfunctional in dengue patients, and direct infection of
megakaryocytes is one potential attributing factor that might explain this phenomenon. To
examine whether cells of the megakaryocyte—erythrocyte lineage can be directly infected by
DENYV, we took advantage of the readily available Meg01 megakaryoblast and the related
K562 erythroid cell lines to assess DENV?2 viral growth and virus particle characteristics
and compared them with those from the Vero epithelial cell line that is typically used to
propagate DENV. Our data suggest DENV2 production in Meg01 and K562 is more efficient
than that in Vero, based on their lower viral GCN:PFU ratios and reduced virus particle
levels despite easily quantifiable infectious virus. Also, despite similar levels of infectious
virus in day 3 cell supernatants, EM analyses of unconcentrated supernatants failed to reveal
MEP-DENV?2 particles, suggesting that EM particle:infectious virus ratios also might be
reduced in these cell lines. This observation is not surprising. DENV particles have rarely
been documented directly from patient and rhesus macaque tissues; the virions that have
been imaged were found inside of platelets (Noisakran et al., 2009; Noisakran et al., 2012).
Because little work has been done to characterize DENV particles directly produced in
human patients, the potential that /n vivo virus structure differs from cell culture virus
remains a viable possibility. Alternative virus structures with different protein content have
been suggested for DENV produced /in vivo (Hsu et al., 2015).

Ultrastructural studies have indicated that different DENV-infected cell lines display unique
features (e.g., convoluted structures are absent in the insect cell line C6/36 and crystalloid
structures rarely form in cell lines) (Junjhon et al., 2014); thus analyses of the
megakaryocyte—erythrocyte lineage were conducted. Our previous report evaluating mature
megakaryocytes indicated that they produced DENV2, with an abundance of virus-like
particles in the cytoplasm (Clark et al., 2012). However, EM analyses with Meg01 and K562
suggested a far more controlled production of classical virus particles — 50 nm electron
dense structures within ER-derived vesicles. Although the differentiated megakaryocytes
contained virus and crystalloid structures, it is possible that a number of the virus-induced
structures observed in that report might have been polysomes (strings of ribosomes linked
together by mRNA). Polysomes (also known as dense particles) are electron dense and
approximately the same size as the virus core (Hase et al., 1987; Ko et al., 1979; Sriurairatna
et al., 1973); they are indicative of high levels of protein production and were numerous in
the cytoplasm of DENV2-infected Vero cells in this study. In contrast, we did not observe
abundant polysome-like structures in Meg01 or K562 cells, which could reflect reduced viral
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protein production and account for the lower levels of virus particle assembly relative to
Vero cells.

This study supports the concept that abundant virion production is not required for high
infectious titers. Although high levels of viral protein production can be observed in kidney
epithelial (Vero) cells, these observations should be evaluated cautiously because kidney
cells are not likely natural targets of DENV infection /n vivo. Kidney cell lines have a
tendency to produce noninfectious subviral virions, while western blot results of MEP-
DENV?2 did not indicate the presence of these types of particles. DENV2 protein production
in MEP cell lines appeared to be coordinated, leading to lower amounts of excessive viral
protein production, thereby reducing the likelihood of immune recognition. Many mutations
associated with reduced virus production have already been identified (Junjhon et al., 2008;
Lee et al., 2010; Pryor et al., 2004; Yoshii et al., 2004) and could potentially play a role in
shaping virus particle production in MEP cells.

In addition to differences in virus particle production, we also found minor variations in
virus composition and structure. While the three cell lines examined propagated virus of
comparable morphology and density, MEP-DENV2 appeared to have less prM protein.
DENV is known to be unique among the flaviviruses for its inherently inefficient prM
cleavage process, which is facilitated by a mutation in the prM trypsin cleavage recognition
site that inhibits cleavage (Junjhon et al., 2008). Less prM was noted in purified fractions of
MEP-DENV2, which could indicate more proficient cleavage and virus maturation,
potentially explaining the efficient infectious virus production observed in this report. Also,
antigenic composition presented subtle differences. In particular, we observed differences in
neutralization with envelope domain I/11 antibodies, which could be significant since many
potent anti-DENV neutralizing antibodies produced in humans are directed against this
epitope, and poorly neutralizing domain I/11 antibodies do not correlate with protection
(Beltramello et al., 2010; de Alwis et al., 2012; Shrestha et al., 2010; Smith et al., 2012;
Wabhala et al., 2009). In one example, /in vitro neutralization of Vero-DENV2 was
demonstrated clearly with serum from vaccinated volunteers; however, no protection was
observed against this serotype in vaccine recipients (Sabchareon et al., 2012). Potentially,
this discrepancy might be attributable to differential antigenicity of the envelope domain I/11
protein epitopes displayed on Vero-DENV2 and on /n vivo-DENV?2. Data in this report
suggests that vaccine recipient serum might neutralize Meg01-DENV?2 differently from
Vero-DENV2. The importance of these differences in antigenicity remains to be fully
elucidated, but /n vivo protection in the aforementioned vaccine study could have been
predicted better potentially with neutralization assays involving virus propagated in a target
cell line, such as Meg01-DENV2. Additional work examining Meg01-DENYV antigenicity
and the role of the megakaryocyte lineage in DENV pathogenesis is warranted. This new
system for propagating infectious DENV provides a new tool for the design of dengue
vaccines and for the evaluation of antiviral compounds.
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4. Materials and methods

4.1. Virus and cells

The DENV strain used in these experiments was 16681 (DENV serotype 2) originally grown
in Vero-E6 cells. This virus is referred to here as Vero-DENV2. Stocks of Vero-DENV2
were propagated once in Meg01 cells (Meg01-DENV?2) or K562 cells (K562-DENV?2).
Meg01 cells were a gift from Dr. Ofori-Acquah at Emory University. Vero and K562 cells
were grown in RPMI medium (Cellgro, Manassas, VA) with 10% fetal bovine serum (FBS)
(Atlanta Biologicals) and penicillin-streptomycin (PS) (Cellgro), while Meg01 was cultured
in RPMI with PS and 20% FBS. (Meg01 had poor growth Kinetics at low cell densities; high
FBS concentrations were used to ensure continuous doubling and permissiveness). All
infected cells were maintained in RPMI medium supplemented with PS 10% FBS medium,
unless otherwise specified. For imaging studies, we used exosome-free FBS (prepared by
centrifuging FBS at 100,000¢ for 18 h and passing through a 0.2 um cellulose acetate filter
unit [Corning]).

4.2. Comparison of virus growth Kkinetics in different cell lines

Vero-DENV2 was propagated in 2 x10° cells of Meg01, K562, or Vero cells by inoculation
with an MOI of 0.1 FFU/cell. Cells were incubated with virus for 2 h ina 15 mL
polypropylene conical tube in a CO, incubator at 37 °C, washed three times with D-PBS
(Lonza, Walkersville, M1), and resuspended to a final concentration of 5 x 10° cells/mL with
RPMI 10% FBS (K562 and Vero cells) or RPMI 20% FBS (for Meg01 cells) in T25 flasks
(Corning). Medium was added and aliquots were taken daily from day 2—7. Samples were
analyzed via plaque assay and RT-quantitative PCR.

4.3. Plaque assay and plaque reduction neutralization assay

Cells were seeded into either 6-or 12-well plates (Falcon, Durham, NC) the day before the
experiment. For regular plague assays, virus was 10-fold serially diluted in medium.
Medium was removed from plates, virus dilutions applied in duplicate, and incubated at
37°Cforlh.

For Plaque Reduction Neutralization Assays (PRNAS), cells were seeded in a similar
manner. Antibodies were serially diluted in RPMI 5% FBS medium. Viruses also were
diluted in RPMI 5% FBS and mixed equal-volume with the antibody dilutions. A no-
antibody control (~1000 PFU/reaction) was treated in a similar manner and used as the virus
titration control. Samples were incubated in cell culture incubators at 37 °C for 1 h. After the
incubation period, virus was diluted to a final volume of 1 mL and 5% of the reaction was
applied to wells. Additional medium was added to cover the cells, and plates were incubated
at 37 °C for 30 min.

For both plagque assays and PRNAs, cells and inocula were overlaid with 1.5%
methylcellulose 1500 cps (MP Biomedicals, Solon, OH) medium (0.5X RPMI, 5% FBS, PS,
pH 8.0) and incubated at 37 °C for 12 days. With PRNAs involving polyclonal human
antibodies, the same medium except with a different methylcellulose (1.0% of 1500-5600
cps [Fisher Science Education]) was used and harvested on day 7. Plaques were visualized

Virology. Author manuscript; available in PMC 2017 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Clark et al. Page 10

by staining monolayers with 0.1% crystal violet (Sigma-Aldrich) in 20% methanol before
counting.

4.4. Reverse transcription-quantitative polymerase chain reaction

RNA was isolated from virus supernatants or concentrates with QlAamp viral RNA mini kit
or EZ-1 virus mini kit v2.0 (Qiagen) using the manufacturer’s protocol. RNA was reverse
transcribed into cDNA and amplified in a one-step reverse transcription-quantitative
polymerase chain reaction (RT-gPCR) assay with LightCycler 480 RNA Master Hydrolysis
Probe (Roche) using primers (DENV2U and DVL1) and probe (DVPL1) for 40 cycles of

95 °C (15 sec) and 60 °C (1 min) on LightCycler 480 Il (Roche), similar to a previous
publication (Houng et al., 2001).

4.5. Antibodies

Mouse monoclonal antibodies 4G2 and 3H5 (CTK Biotech, San Diego, CA) specific to
DENV?2 envelope proteins were used in various assays. Anti-capsid 6F3-1 hybridoma
supernatant and anti-polyclonal prM antibody (Genetex) were used in western blot assays.
Human monoclonal antibodies (2C7, 2D22, and 3F13) were used in PRNAs. Convalescent
patient serum samples used in PRNAs was provided by Dr. Chokephaibulkit, Dr.
Pattanapanyasat, and Patcharee Songprakhone from Siriraj Hospital in Bangkok, Thailand.
Endemic plasma (or plasma from a healthy donor native to a country endemic for DENV)
was obtained through Emory University's blood donation program. VRC-01 (Mapp
Biopharmaceutical, San Diego, CA), a human anti-HIV envelope monoclonal antibody, was
used in PRNA as a negative control.

4.6. Virus purification

Vero-DENV2, K562-DENV2, and Meg01-DENV2 were propagated in a similar manner as
described for the growth kinetics experiments. Vero cells: T162 flasks (Falcon, Durham,
NC) were seeded with cells days before and about 4.8 x 108 cells were inoculated at an MOI
of 0.1 FFU/cell with Vero-DENV?2 stock virus. Inocula were removed and replaced with 45
mL of RPMI PS 10% FBS (exosome-free) medium. Meg01 or K562: 1-4 x108 cells were
inoculated at an MOI of 0.02 FFU/cell. Cells were incubated in T162 flasks for 1-2 h. Cells
were washed three times with RPMI PS medium and resuspended to a final volume of 5
x10° cells/mL in RPMI PS 10% exosome-free FBS. After 3 days of propagation,
supernatant was clarified at 3,000 rpms for 30 min. Supernatant was treated with
polyethylene glycol (PEG) 8,000 (Fisher BioReagents, Fair Lawn, NJ) solution (final
concentration: 8% PEG 8,000, 1 M NaCl, 5 mM EDTA, pH 8.5) overnight. Virus was
concentrated with a Beckman Optima L-70K ultracentrifuge at 12,000 rpm in SW28Ti
rotors for 25 min and resuspended in TNE buffer (50 mM Tris—HCI, 75 mM NaCl, 5 mM
EDTA, pH 8.0). Concentrated virus was fixed in 2% paraformaldehyde (Sigma-Aldrich) in
TNE buffer (final pH 7.0) for EM. Continuous potassium tartrate dibasic hemihydrate
(Sigma-Aldrich, St. Louis, MO) (0-35% w/w)-glycerol (30-12.5% w/w) gradients were
formed with Gradient Master IP 107 (BioComp) using glycerol program 10-20% (v/v) in 14
x 89 mm ultraclear tubes. Concentrates were centrifuged in an SW41Ti rotor at 40 K rpm
for 16-18 h. Twelve fractions were isolated by pipette, starting from the top of the gradient.
An aliquot of each fraction was taken from some gradients (Meg01-mock, K562-mock, and

Virology. Author manuscript; available in PMC 2017 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Clark et al.

Page 11

Vero-mock) and averaged to determine the buoyant density with a Bausch & Lomb
refractometer. Fractions were diluted with TNE buffer and centrifuged in the SW28Ti rotor
at 28 K rpm for 1.5 h. Virus was resuspended in TNE buffer and aliquoted for further
analyses.

4.7. Negative-staining immuno-EM and thin-sectioning EM

For immuno-EM, samples were fixed in 2% paraformaldehyde in TNE buffer and given to
the Robert P. Apkarian integrated electron microscopy core service at Emory. Samples were
applied to carbon-coated grids, incubated with DENV2 envelope-specific primary antibody
(3H5), gold-conjugated anti-mouse secondary antibody, and tungsten stained.

For thin-sectioning EM, DENV2-infected K562, Meg01, and Vero cells at 1 and 2 days post-
inoculation were washed twice with D-PBS, fixed in 4% glutaraldehyde in phosphate buffer
overnight, and given to the EM core. The cells were processed for thin-sectioning EM as
previously reported (Noisakran et al., 2009). Using IMOD imaging software (http://
bio3d.colorado.edu/imod/), multiple images of different sections of the same cell were
acquired and assembled together into one continuous cell image. A total of 20 Meg01, 27
K562, and 20 Vero single cell cross-sections were examined. In cell image analyses, a virus
particle was defined as a circular electron dense object in the 30-60 nm range that appeared
to be enclosed within the ER or an ER-derived membrane vesicle. Replication complexes
were larger, circular, mostly-empty objects that also were enclosed within ER-derived
membranes. Crystalloids were defined as a cluster of at least five virions that were not
aligned linearly.

4.8. Focus-forming unit assay

Flat bottom 96-well plates (Celltreat) were seeded with 2 x 104 Vero cells per well the day
before titration. Medium was removed from 96-well plates and 10-fold serial dilutions of
virus samples were applied in duplicate. Plates were incubated for 1-2 h at 37 °C.
Subsequently, cells and inocula were overlayed with 1.5% methylcellulose cps 1,500
medium (1X EMEM [Lonza, Walkersville, Ml1], 5% FBS, 2 mM L-glutamine, 10 mM
HEPES, PS) and incubated for 3 days. Cells were washed three times in PBS (137 mM
NaCl, 2.7 mM KCI, 10 mM NayHPO4, 2 mM KH,POy, pH 7.5), and fixed in 3.7%
formaldehyde for 1 h at room temperature or overnight at 4 °C. Cells were permeabilized for
10 min with 1% triton X-100 (Acros) in PBS and washed five times with PBS. Monolayers
were blocked with 2% normal goat serum (Jackson Immuno Research) in PBS for 1 h and
then incubated with 10 pg/mL 4G2 in PBS for 1 h at 37 °C. After three washes, monolayers
were incubated with goat anti-mouse 1gG-HRP human absorbed antibody (Southern
Biotech) in PBS-Tween 20 for 1 h at 37 °C. After three washes, foci were incubated in DAB
(0.6 mg/mL 3,3”-diaminobenzidine tetrahydrochloride [Sigma-Aldrich], 0.08% NiCl,,
0.01% H»0, in PBS) until development was complete.

4.9. Western blot

Purified virus fractions (1-12) were diluted in 4x SDS-PAGE loading buffer (160 mM Tris,
6.4% SDS, 20% glycerol), loaded onto 10% or 12% separating SDS-polyacrylamide (Bio-
Rad) gels and run in Tris-Glycine-SDS (TGS) running buffer at 90 v for 2-3 h with EPS
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1001 power supply (General Electric). For western blots with 4G2, samples were not heated
or reduced; for blots with 6F3-1, samples were heated; and for prM, samples were heated
and reduced with p-mercaptoethanol. Gels were transferred to methanol-pretreated PVDF
membranes (Bio-Rad) in transfer buffer (2.5 mM Tris, 19.2 mM glycine, 20% methanol) for
15-17 h at 30 v. Membranes were blocked for 1 h at room temperature with blocking buffer
(5% milk in PBS-Tween 20). Membranes were incubated with 4G2 (10 wg/mL, 1 h), 6F3-1
(neat, 2 h), prM antibody (1:1,000, 2 h) in blocking buffer. After five washes with PBS-
Tween 20, membranes were incubated 1 h with 1:1,000 dilution of appropriate secondary
anti-mouse or anti-rabbit 1gG-AP conjugated antibody. After washing, a 30-min incubation
with Western Blue Stabilized Substrate for Alkaline Phosphatase (Promega, Madison, WI)
allowed for visualization of viral antigens.
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Fig. 1.
Replication kinetics of DENV2 in Meg01, K562, and Vero cells. Cells were inoculated at an

MOI=0.1 FFU/mL. Virus from Meg01, K562, and Vero cell supernatants acquired days 2—7
were quantified by either plague assay or RT-gPCR. Time courses were done at least in
triplicate and error bars represent SD. (A) Infectious virus titer time course of Vero-DENV2
passaged in the indicated cell lines. (B) Infectious virus titer time course of virus passaged a
second time in the same cell line. Vero-DENV?2 data is the same as (A). (C) Quantification
of passage 2 virus in (B) by RT-gPCR. (D) GCN:PFU ratios (/7=5). *p < 0.05 when
compared with corresponding value from Vero-DENV2 using student’s £test.
Abbreviations: FFU=focus forming unit; GCN=genome copy number; MOl=multiplicity of
infection; PFU=plaque forming units; RT-gPCR=reverse transcription-quantitative
polymerase chain reaction; SD=standard deviation.
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Fig. 2.
EM imaging of DENV2-infected Meg01, K562, or Vero cells. Meg01, K562, or Vero cells

were inoculated with DENV?2 at low MOI or mock-infected and cell pellets or monolayers
were fixed with glutaraldehyde and processed for thin-sectioning EM. (Top) Meg01, (Mid)
K562, and (Bot) Vero depict the following structures (left-to-right): replication complexes
from day 1 DENV2-infected cell; virus from day 2 DENV2-infected cell (arrows indicate
virus); day 2 mock-infected cell. Insets show cell of origin. Abbreviations: EM=electron
micrograph; MOI=multiplicity of infection.
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Fig. 3.

anntitative comparison of virus-induced structures in Meg01, K562, or Vero cells. Meg01,
K562, or Vero cells were inoculated at a low MOI and cell pellets or monolayers from day 2
were fixed, thin-sectioned, stained, and analyzed. Cross-sections of 20 Meg01, 27 K562, or
20 Vero cells were evaluated for the formation of VPs, crystalloid structures, and RCs. (A)
Concentration of VVPs per cell cross-section. (B) Concentration of crystalloid structures per
cross-section. (C) Concentration of RCs per cross-section. Bar indicates median, and
whiskers show standard deviations. p Values were obtained using unpaired student’s #test.
Abbreviations: MOl=multiplicity of infection; RCs=replication complexes; VPs=virus
particles.
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Fig. 4.
Characterization of gradient-fractionated Meg01-DENV2, K562-DENV2, or Vero-DENV2.

Large-scale batches of DENV2 were propagated in (A) Meg01, (B) K562, or (C) Vero cells
and then purified through potassium tartrate-glycerol gradients and fractionated. From each
fraction, virus was analyzed by FFU and western blot assays. (A—C) Graphs indicate the
mean concentration and SD of infectious virus from all replicates performed (Meg01-
DENV2, n=7; K562-DENV?2, /=5; and Vero-DENV?2, r=4) per fraction. (D) Density
readings for fractions 1-12 (1=3). (E) Western blot, FFA titer (FFU/mL), RT-gPCR titer
(GCN/mL), and GCN:FFU ratio comparison from a representative DENV2 puri3cation from
each cell line. Envelope, capsid, and prM proteins were detected with 4G2, 6F3-1, and
GeneTex polyclonal antibody, respectively. Abbreviations: FFA=focus-forming unit assay;
FFU=focus-forming unit; GCN=genome copy number; prM=premembrane; RT-
gPCR-=reverse transcriptase-quantitative polymerase chain reaction; SD=standard deviation.
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Fig. 5.
Neutralization assays of Meg01-DENV2, K562-DENV2, or Vero-DENV2 with monoclonal

antibodies. Mouse (3H5 and 4G2) or human (2D22, 2C7, and 3F13) anti-DENV2 envelope
antibodies or control anti-HIV envelope antibody (VRC-01) were tested for their
neutralization capacity via plague reduction neutralization assays. Graphs indicate the
average percent neutralization with decreasing concentrations of antibody (7=3).
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