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ABSTRACT The chikungunya virus has spread globally with a remarkably high
attack rate. Infection causes arthralgic sequelae that can last for years. Nevertheless,
there are no specific drugs or vaccines to contain the virus. Understanding the biol-
ogy of the virus, such as its replication cycle, is a powerful tool to identify new drugs
and comprehend virus-host interactions. Even though the chikungunya virus has
been known for a long time (it was first described in 1952), many aspects of the rep-
lication cycle remain unclear. Furthermore, part of the cycle is based on observations
of other alphaviruses. In this study, we used electron and scanning microscopy, as
well as biological assays, to analyze and investigate the stages of the chikungunya
virus replication cycle. Based on our data, we found infection cellular activities other
than those usually described for the chikungunya virus replication cycle, ie., we
show particles enveloping intracellularly without budding in a membrane-delimited
morphogenesis area, and we also observed virion release by membrane protrusions.
Our work provides novel details regarding the biology of chikungunya virus and fills
gaps in our knowledge of its replication cycle. These findings may contribute to a
better understanding of virus-host interactions and support the development of
antivirals.

IMPORTANCE The understanding of virus biology is essential to containing virus dis-
semination, and exploring the virus replication cycle is a powerful tool to do this.
There are many points in the biology of the chikungunya virus that need to be clari-
fied, especially regarding its replication cycle. Our incomplete understanding of chi-
kungunya virus infection stages is based on studies with other alphaviruses. We sys-
tematized the chikungunya virus replication cycle using microscopic imaging in the
order of infection stages, as follows: entry, replication, protein synthesis, assembly/
morphogenesis, and release. The imaging evidence shows novel points in the repli-
cation cycle of enveloping without budding, as well as particle release by cell mem-
brane protrusion.
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points after infection (about 2 h), CHIKV induces the formation of vesicular structures,
termed spherules, formed by the CHIKV replication complex (nonstructural proteins
[nsP1 to nsP4]) in association with the cell membrane; later in infection, spherules inter-
nalize, creating compartments known as cytopathic vacuoles type | (CPV-I) (11). After
structural protein synthesis and assembly in the cytoplasm, immature particles pass
through the endoplasmic reticulum-Golgi pathway. Capsid proteins, together with host
vesicles, form cytopathic structures, termed cytopathic vacuoles type Il (CPV-II) (12).
Virions obtain envelopes from the host cell membrane after release by budding (13).

Most studies describe the CHIKV replication cycle based on alphaviruses in general,
mostly on the Sindbis virus (14). However, several characteristics differentiate species
between alphaviruses, namely, nucleotide/amino acid sequences, disease association,
and vector and host association (15). To date, the entire CHIKV replication cycle
remains unclear. Specific stages such as entry, assembly, maturation, budding process,
and particularly the final processes of the cycle are incompletely resolved (16, 17). Also,
protein receptors, proteins involved in virus production, and the role of CPV-II are still
unknown (14, 17). Several works have provided electron microscopy evidence of CHIKV
(17-19), but to our knowledge, there are no studies that have provided an in-depth
morphological analysis of CHIKV replication cycle stages. These studies would help us
understand the biology and replication cycle of this virus (20).

Here, we confirmed previously described data, added new images of replication cycle
stages, and provided novel details about CHIKV replication cycle stages. Through elec-
tron and scanning microscopy, as well as immunofluorescent and biological assays, we
analyzed CHIKV cell infection events. Using electron microscopy, we observed mem-
brane protrusions engulfing viral particles in the first steps of infection, suggestive of
macropinocytosis, as suggested elsewhere (21). However, the use of endocytic pathway
inhibitors reinforced the importance of clathrin-mediated vesicles as a major entry path-
way for CHIKV. We report that CHIKV particles can obtain an envelope intracellularly in a
morphogenesis-specific area. Furthermore, we observed a release process similar to actin
tail, with viral particles exiting from cell membrane protrusions. This study provides
structured and well-characterized images in an attempt to shed new light on CHIKV
biology.

RESULTS

Entry—Chikungunya virus enters Vero cells by a process involving coated
vesicles and protrusions. To analyze the CHIKV pattern of propagation in vitro, we
performed a one-step growth curve in Vero cells at multiplicity of infection (MOI) of 5.0
with five time points. Titer was determined for particles in the supernatant and intra-
cellular environment together by plaque assay (Fig. 1A). We confirmed a previous
study on alphavirus growth that reported virion production starting from about 5 h
postinfection (hpi) (22) and presenting rapid growth in these cells. We observed that
viral progeny started to be released at 6 hpi (Fig. 1A).

It has been demonstrated that alphaviruses penetrate host cells mainly by clathrin-
mediated endocytosis, although there is evidence that CHIKV can enter muscle cells by
macropinocytosis (21). To evaluate entry events, based on previous studies (23), we
obtained electron micrographs of Vero cells infected at an MOI of 5.0 at 30 min postin-
fection (mpi) (Fig. 1B to E). We observed that CHIKV particles entered Vero cells by two
distinct approaches. In one of them, i.e., classical entry by clathrin-mediated endocyto-
sis, virion penetration occurred through membrane invagination to form an endocytic
coated vesicle in a Vero cell (Fig. 1B to D), and clathrin molecules surrounded the vesi-
cle in formation (magnified) (Fig. 1C). Erasmus and colleagues showed the same pat-
terns of clathrin-coated vesicles containing virus particle in electron micrographs (22).
In the other approach, CHIKV entry occurred by protrusions that could be related to
macropinocytosis events. At a high MOI (5.0) and at early time points after infection
(30 min), two protrusions (lamellipodia) ~700 nm in size were observed, with a single
CHIKV particle in each one (Fig. 1E). We also observed this structure at a low MOI, with
single virion particles and multiple particles inducing the formation of membrane
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FIG 1 Chikungunya virus one-step growth curve and cell entry by coated vesicles and protrusions. Vero cells infected
with chikungunya virus (CHIKV) at a multiplicity of infection (MOI) of 5.0 were assessed at 30 min postinfection (mpi)
(B, C, D and E). (A) One-step growth curve. Three CHIKV particles (B) and one entering (C) starting an endosome. (D) A
formed endosome coated with clathrin (white arrow) at a high MOI. (E) Membrane protrusions. (E) At early time
points, two protrusions are present, each one with a single CHIKV particle. (F) Dimethyl sulfoxide (DMSO), 5-(N-ethyl-N-
isopropyl) amiloride (EIPA), and chloroquine pretreatment for 1 h and infected at an MOI of 5.0 at 8 hpi. The images
show electron micrographs with scale bars. Error bars indicate standard deviations. *, P < 0.05 (two-tailed Student’s t
test). Data are representative of three independent experiments with similar results. Bars, 200 nm (B); 100 nm (C);
200 nm (D); 500 nm (E).

protrusions (data not shown). In every 25 infected cells, we observed four macropino-
cytic projections (16%).

We analyzed the influence of entry pathway inhibitors to CHIKV in Vero cells. Vero
cells were pretreated for 1 h with 60 uM 5-(N-ethyl-N-isopropyl) amiloride (EIPA), a spe-
cific macropinocytosis inhibitor; 100 uM chloroquine, an acidic-related endocytic path-
way inhibitor; and dimethyl sulfoxide (DMSO) as the control. Afterward, cells were
infected with CHIKV and titer was determined at 8 hpi. We observed a significant reduc-
tion (P = 0.0066) after treatment with chloroquine compared to DMSO treatment and a
nonsignificant difference between EIPA and DMSO treatments (P = 0.1263) (Fig. 1F).
Therefore, although we observed particle entry associated with protrusions, we could
not confirm that macropinocytosis has a significant role in CHIKV entry into Vero cells.

Structures of replication—spherules appear in different regions of the cell and
distinct formations of CPV-I. The nonstructural proteins (nsPs) constitute the replica-
tion complex of alphaviruses and form a membrane structure known as a spherule,
which anchors to the cell membrane externally through a narrow neck (24). This struc-
ture produces an intermediary double-stranded RNA inside (25). Previous studies have
shown micrographs of spherules for other alphaviruses (26, 27) and for CHIKV (28).
However, we observed CHIKV spherules with various conformations in infected cells.
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FIG 2 Chikungunya virus spherule distribution and CPV-I structure. Vero cells were infected with
chikungunya virus (CHIKV) at a multiplicity of infection (MOI) of 5.0 were assessed at 4 h
postinfection (hpi) (A to D) and at an MOI of 0.1 at 8 hpi by transmission electron microscopy (TEM)
(E and F). (A) Spherule arrangement in the cell membrane. (B to D) Varied spherule arrangement. (B)
Spherules of ~60 to 100 nm in size next to the cell membrane, starting an externalization or
internalizing. (C) Three external spherules and two internal spherules. (C and D) Spherules distributed
over the cell membrane. (E and F) Cytopathic vacuole type 1 (CPV-I). (E) Internalized spherules (red),
and the membrane of CPV-I (in yellow) formed after spherule internalization (in red). (F) Also present
at higher magnification in CPV-I capsid proteins (blue arrow) and externally formed CHIKV particles
(red arrow). N, nucleus; ER, endoplasmic reticulum; CM, cell membrane; M, mitochondria. Images
show electron micrographs with scale bars. Bars, 1 wm (A); 100 nm (B); 100 nm (C); 100 nm (D);
500 nm (E); and 200 nm (F).

These spherule conformations appeared at both time points, i.e., at 4 hpi with an MOI
of 5.0 (Fig. 2A to D) and at 8 hpi with an MOI of 0.1 (Fig. 2E and F) in infected Vero cells.
In most of the cells, these structures, with mixed sizes (~60 to 100 nm), were found to
be concentrated in one of the sides of the cell covering an extended part of the cell
membrane (Fig. 2A). However, we found some spherules concentrated internally next
to the cell membrane (Fig. 2B) and both internally and externally on the cell membrane
(Fig. 2C). These distributions are atypical compared to those in other studies (13, 26)
that have shown the standard distribution of spherules, anchored by the neck on the
surface of the cell membrane (Fig. 2D). Generally, in alphaviruses, these spherules inter-
nalize in the late phase of infection, forming CPV-l, and continue RNA production
throughout the infection. Interestingly, in CHIKV infection, it has been observed that
most of the spherules remain on the cell surface for a longer time (29). Here, we found
CPV-I (~1.3 um) housing disordered spherules (Fig. 2E) and capsid proteins (Fig. 2F).
Curiously, this differs from the CPV-I pattern described previously, in which the spher-
ules coated the vesicle internally and there were no capsids present (18).
Chikungunya virus forms different types of cytopathic vacuoles in Vero cells.
CHIKV produces many particles, intensely exploiting the host cell protein machinery. The
structural protein nsP2 coordinates host translation shutoff, prioritizing viral protein
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FIG 3 Chikungunya virus capsid protein arrangement and cytopathic structures. Vero cells were infected with chikungunya
virus (CHIKV) at late infection at a multiplicity of infection (MOI) of 5.0 and assessed at 8 h postinfection (hpi) by
transmission electron microscopy (TEM). (A) Honeycomb arrangement capsid protein structures (red arrows) were observed.
(B to D) Cytopathic hand-like structure formation in the process of closure (B), closed with some capsids (C), and closed
with a large amount of CHIKV capsids (D). (E to H) CHIKV infection with varied cytopathic structures. M, mitochondria; ER,
endoplasmic reticulum; R, ribosomes; V, mature CHIKV particle. Electron micrographs are shown with scale bars. Bars,
500 nm (A); 100 nm (B); 100 nm (C); 200 nm (D); 100 nm (E); 100 nm (F); 100 nm (G); 200 nm (H).

translation (30). Structural proteins have been described as an organized distribution for
CHIKV (18). This association, described as a “honeycomb,” is present as a morphogenesis
area (31) or a release strategy (18). Higashi and colleagues previously showed structural
proteins establishing different cytopathic structures and producing membraned vacuoles
(19). Here, we confirm the presence of these vacuoles and introduce other types; also, we
show the honeycomb structure of capsid precursors. In Vero cells infected with CHIKV at
8 hpi and an MOI of 5.0, coordinated capsid proteins established a honeycomb structure
(Fig. 3A, red arrows). Additionally, the virus produced structures with a hand-like shape,
containing capsids (Fig. 3B), and structures with a closed membrane shape (Fig. 3C and
D). These closed, membraned structures could contain a few (Fig. 3C) or multiple capsids
(Fig. 3D). CHIKV also produced other patterns differing in compartment number (Fig. 3E),
capsid distribution, and membrane absence (Fig. 3F) or presence (Fig. 3G). More than one
structure can be present in the same cell (Fig. 3H).

Morphogenesis—chikungunya virus can acquire an envelope without budding.
Alphaviruses obtain the cell membrane’s lipid envelope by budding, where the imma-
ture virus can become a virion (14). We assessed images of a synchronous CHIKV infec-
tion in Vero cells and, strikingly, we observed some viral particles acquiring an envelope
without budding release. These particles obtained envelopes in a membrane-delimited
morphogenesis area at 8 hpi and an MOI of 5.0 (Fig. 4A and B). For comparison, we show
the highlighted envelopes (Fig. 4C) and two CHIKV particles, a mature CHIKV particle of
~60 nm and a nucleocapsid without an envelope of ~35 nm (Fig. 4D).

In the next step, to evaluate if the intracellular enveloped particles could be infec-
tious, we performed a one-step growth curve at an MOI of 5.0 by titrating both (i) the
supernatant and (ii) the intracellular viruses at 8 hpi, from the same pool of infected
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FIG 4 Chikungunya virus assembly. (A to D) Vero cells were infected with chikungunya virus (CHIKV) at a
multiplicity of infection (MOI) of 5.0 and assessed at 8 h postinfection (hpi) by transmission electron
microscopy (TEM). (A to C) A morphogenesis area with CHIKV particles acquiring an envelope
intracellularly. Magnification of image shown in panel A shows capsids with and without envelopes in
progression (B), with new envelopes highlighted in yellow (C). (D) Two CHIKV particles, a complete
mature CHIKV particle and a core capsid without envelope. (E) Plaque assay showing the difference
between virions in the supernatant and intracellular virions at 8 hpi at an MOI of 5.0. CM, cell membrane.
An asterisk indicates the morphogenesis area. Electron micrographs are shown with scale bars. Error bars
indicate standard deviations. *, P < 0.05 (two-tailed Student’s t test). Data are representative of three
independent experiments with similar results. Bars, 500 nm (A); 100 nm (B); 100 nm (C); and 50 nm (D).

cells. Interestingly, a large number of infectious particles was detected in the intracellu-
lar space (Fig. 4E).

Release—Vero cells are induced to produce protrusions during the release step
of chikungunya virus in addition to virus budding. Alphaviruses release by budding
from host cells (32), but the complete final steps of CHIKV infection remain unclear (16,
17). To evaluate the release process, we infected Vero cells with CHIKV at a high MOI (5.0)
and analyzed cells at late time points (8 hpi). First, we observed by electron microscopy
the already described virus release by budding from the cell membrane. In Fig. 5A to C,
we observed particles being released in different steps of the budding process.

Surprisingly, we also observed by transmission and scanning electron microscopy
(TEM and SEM) particles being released from host cells by cell membrane protrusions
(Fig. 5D and E). We found such protrusions carrying single particles at the apical tip
(Fig. 5D, blue arrow). Notably, in this mode of release, viruses seem to leave the cell
host by a process like budding, but somehow induce the formation of a protrusion
(Fig. 5F). In addition, using scanning electron microscopy (SEM), we found atypically
long protrusions that contained a single particle at the tip (Fig. 5G) and many particles
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FIG 5 Chikungunya virus release by cellular protrusions in addition to budding. Vero cells were
infected with chikungunya virus (CHIKV) at a multiplicity of infection (MOI) of 5.0 at 8 hpi (A to D and
F) by transmission electron microscopy (TEM). Furthermore, for scanning electron microscopy (SEM),
cells were infected with CHIKV at an MOI of 5.0 and assessed at 8 hpi (E, G, and H). (A to C) Release
of CHIKV by budding, acquiring an early envelope from the cell membrane (A), finishing envelope
formation (B), and almost completing release (C). (D to H) Release by cell membrane protrusions. A
protrusion with a single CHIKV particle (blue arrow) on the tip and other particles near the cell
surface (in green) in a transmission micrograph (D) and a scanning micrograph (E). The transmission
micrograph shows two projections with a single CHIKV particle at the tip (F). The scanning micrograph
shows a long actin tail with a single particle at the tip (G, blue arrow). The scanning micrograph shows
multiple particles over the cell surface and some particles along the tail with a particle at the tip (H).
Percentage of presence of release protrusions and budding present in 25 infected cells (l). Electron
micrographs are shown with scale bars. Bars, 100 nm (A); 100 nm (B); 100 nm (C); 200 nm (D); 500 nm
(E); 200 nm (F); 2 um (G); 2 um (H).
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FIG 6 Virus cell distribution and connection between cells by cell membrane protrusions. Vero cells
were infected with chikungunya virus (CHIKV) at a multiplicity of infection (MOI) of 5.0 and assessed
at 8 hpi by scanning electron microscopy (SEM). Two actin tails from different cells (cell one, yellow;
cell two, purple) connected with multiple viruses along with the protrusions (A). Vero cells were
infected with CHIKV at an MOI of 5.0 and assessed at 8 hpi by immunofluorescence microscopy. (B to
E) Control cells mock-infected with the cytoskeleton stained with Evans blue (in red) (B), labeled with
Alexa Fluor 488 (C), nuclei stained with DAPI (in blue) (D), and merged images (E). (F to 1)
Immunofluorescence of CHIKV infection shows the cytoskeleton stained with Evans blue (in red) (F),
the virus distribution over the cell surface and connections labeled with Alexa Fluor 488 (in green)
(G), nuclei stained with DAPI (in blue) (H), and colocalization of the virus and cell connections (I).
White arrows indicate the connections between cells. Immunofluorescent images are shown with
scale bars. Bars, 5 um (A); 20 um (B to I).

distributed along the protrusion (Fig. 5H). About 80% of the observed cells presented
particles being released by both budding in regular flat cell membranes and associated
with protrusions (Fig. 5I). Some of those protrusions containing particles were
observed, by SEM, to attach to other infected cells (Fig. 6A). By immunofluorescence
(IF), infected cells, at an MOI of 5 and at 8 hpi, appeared to be connected by projec-
tions labeled by anti-CHIKV antibodies (Fig. 6B to ).

DISCUSSION

There are intriguing, obscure questions and answers to explore regarding the biol-
ogy of many viruses in the virosphere. Several of these questions have been raised
about the CHIKV replication cycle, mainly because of the vast number of hosts and cell
types CHIKV can infect. CHIKV has been known since 1952, but its biology remains
incompletely understood (14). Here, we provide evidence of structures and CHIKV rep-
lication cycle stages that confirm classical findings, but also open up questions about
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unclear points. These data provide organized images regarding the CHIKV replication
cycle obtained by electron and scanning micrography and confirmed by biological
assays. In our data, we observed that early points of infection correspond to 3 to 4 hpi
and late points begin at 8 hpi, both at a high MOI.

The CHIKV entry mechanism was classically described based on alphavirus studies that
show clathrin-mediated endocytosis requiring low pH for successful infection (33).
Although clathrin-mediated entry occurs for CHIKV, macropinocytic entry was recently
observed in muscle cells (21). To date, this novel entry process is still unconfirmed in other
cell lines. A considerable number of DNA or RNA viruses with or without an envelope uti-
lize macropinocytosis to enter the host cell (34). Some of these viruses include vaccinia vi-
rus (35), adenovirus (36), echovirus 1 (37), human immunodeficiency virus (38), and rubella
virus (39). These viruses form a macropinosome with a variable size and shape between
0.5 to 10 um (34). Here, even though we have shown electron micrographs of CHIKV par-
ticles entering into Vero cells associated with protrusions (Fig. 1E), the treatment of cells
with the macropinocytosis inhibitor EIPA did not affect virus titers at 8 hpi. Taken together,
our results indicate that the main mechanism of entry is clathrin mediated in Vero cells
(Fig. 1F). However, future experiments with different concentrations of EIPA could be use-
ful to better investigate this entry pathway. Rapid replication of CHIKV in cells could be
investigated further, and it could perhaps utilize other entry mechanisms because of the
vast array of cell types and hosts (vertebrate/invertebrate) infected by CHIKV (40, 41).
Despite this, more in-depth studies are necessary to explore the precise times and specific
triggers of these protrusions in CHIKV infection.

Early in infection, i.e., about 2 h postinfection, translation by host ribosomal nsP1 to
nsP4 forms the replication complex and starts RNA replication. This complex and the
cell membrane compose an evagination with a flask shape, called a spherule (13).
Spherules are found in the outer part of the cell membrane, and the replication com-
plex is located in the narrow neck. This external localization helps an RNA double-
stranded intermediary, produced by nsPs, to evade pattern recognition receptors such
as the retinoic acid-inducible gene | (RIG-I) (14). During the infection course, these
spherules are internalized and form a vacuolar structure termed CPV-I that contains
lysosomal and endosomal markers (11). This CPV-I forms a large vesicular structure sur-
rounded on the surface internally by spherules that continue RNA production (18).
Intriguingly, here, we detected some spherules distributed in different positions,
namely, next to the cell membrane and within the cytoplasm (Fig. 2B) and combined
within and outside the cytoplasm (Fig. 2C), besides the usual arrangement (Fig. 2A and
D). In Fig. 2B and C, it is possible that those spherules are undergoing internalization in
a CPV-I formation. We also found a different presentation of CPV-I presenting polariza-
tion of spherules and disarranged capsid proteins within the vacuole (Fig. 2E and F).
The CPV-I encountered in this work may represent an initial form of the CHIKV morpho-
genesis area, as shown in Fig. 4A (asterisk), although more studies with specific mem-
brane markers need to be performed to confirm this.

During the protein synthesis stage, CHIKV produces cytopathic structures compris-
ing mainly capsid (C) protein (19). Late in infection, structural proteins form CPV-II, a
vacuolar structure housing envelope (E) proteins and coated with capsids that are
believed to release by budding (14). These structures are produced in both vertebrate
and invertebrate cell infection (18). Here, we present many additional images of cyto-
pathic vacuole structures presenting membranes or not and with capsid proteins
arranged in different conformations (Fig. 3). Besides these structures, capsids can form
a honeycomb structure, as seen in giant viruses (31, 42) and also seen with CHIKV, but
only in the late phase, as mature virions are released by exocytosis (18). We believe
that CPV-II structural variation may represent an alternative form that can enhance vi-
rus assembly and even promote alternative release, such as the exocytosis of multiple
particles. However, to confirm this hypothesis, studies evaluating precise time points
with synchronous infection in sequence are necessary to visualize this final step.

It has been described that alphaviruses only acquire an envelope by budding from
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the cell membrane. There is no other way reported, as far as we know (33). Surprisingly,
we found microscopic evidence that raises questions about the CHIKV enveloping pro-
cess (Fig. 4B and C). For the first time, to our knowledge, CHIKV particles were found
acquiring an envelope intracellularly in Vero cells (Fig. 4B). Our biological assay con-
firmed the infectivity of these intracellular mature viruses, since a high number of intra-
cellular particles could form plaques compared to supernatant virions at 8 hpi (consider-
ing the whole flask content) (Fig. 4E). We propose that CHIKV also can obtain an
envelope and become mature before leaving the host cell. This process may be an alter-
native mechanism of particle maturation, in which the most immature viruses (only cap-
sids) are released by budding. This alternative maturation pathway could produce differ-
ent virus particles, as seen in vaccinia virus, which produces intracellular mature virions
(IMV), intracellular enveloped virions (IEV), cell-associated enveloped virions (CEV), and
extracellular enveloped virions (EEV) (43). More experiments employing membrane
markers and budding inhibitors should be carried out to understand this mechanism.

In addition, in the final stage of infection, interestingly, we observed another different
feature during CHIKV release, namely the formation of cell membrane protrusions con-
taining particles (Fig. 5G). These protrusions are similar to actin tails (Fig. 5D and E),
which are common in other viruses such as vaccinia virus; however, further analyses are
necessary to reveal the nature of those protrusions. These structures carry a single parti-
cle in the tip of the tail (44). These extensions were visualized at a late phase of infection
at a high MOI (5.0) at 8 hpi as by TEM (Fig. 5D and F) and by SEM (Fig. 5E and G and H).
Curiously, we did not find an infected cell forming projections toward an uninfected cell;
we only found different connected cells, which had already been infected, connected by
these protrusions carrying multiple particles (Fig. 6A). About 80% of the observed
infected cells presented particles budding both in flat membrane regions and associated
with such protrusions (Fig. 51). We believe this process can potentiate virus dissemination
between cells; we also believe that large CHIKV plaques may be due to the participation
of these protrusions, as occurs with vaccinia virus in which a mutant virus that is unable
to polymerize actin tails forms only small plaques (45).

There are still some unanswered questions about CHIKV biology, and a vast field
needs to be explored. This study provides new images of confirmed classic patterns
and found novel structures regarding CHIKV replication cycle stages, namely, intracell-
ularly enveloped infectious particles and virion release by cell membrane protrusions.
Future studies and strategies are necessary and will further increase our comprehen-
sion of CHIKV infection. Using a high MOI and different infection time points, we pro-
vide microscopic evidence of novel mechanisms other than classical ones involved in
the CHIKV replication cycle. We hope to clarify points in the CHIKV replication cycle
and contribute to basic science in the extensive field of virology to better understand
virus behavior and host pathogenesis.

MATERIALS AND METHODS

Cell culture, virus growth curve, one-step growth curve, and titration. Vero cells (ATCC CCL-81)
were cultured in Eagle’s minimum essential medium (MEM; Gibco, USA) supplemented with 5% (vol/vol)
heat-inactivated fetal bovine serum (FBS) (Cultilab, Campinas, SP, Brazil) and antibiotics (40 wg/mL strepto-
mycin, 200 U/mL penicillin, and 1.5 wg/mL amphotericin B [Fungizone]) and incubated in 5% CO, at 37°C.
The virus used in this work was CHIKV belonging to the ECSA genotype and strain BHI1762H804917 and
was a generous gift from Mauricio Lacerda Nogueira from the Faculty of Medicine of Sdo José do Rio
Preto-FAMERP, Séo Paulo, Brazil. This study is registered on the SISGEN platform (number A3FA3B4).

To perform the one-step growth curve (synchronous infection), Vero cells (approximately 1 x 10°
cells per 25-cm? flask) were infected with CHIKV at an MOI of 5.0 and incubated at 37°C with 5% CO,.
The adsorption was performed for 1 h; the volumes were then completed to 4 mL with MEM. The super-
natants, phosphate-buffered saline (PBS), and or monolayers were collected at preselected times (2, 4, 6,
and 8 hpi). For the supernatant curve, 200 ul of the supernatant was collected and titrated (described
below). Furthermore, for the intracellular samples, after washing with 500 uL PBS four times and without
any remaining PBS present, 300 uL of MEM was aliquoted and frozen in a —70°C ultrafreezer; these
monolayers were frozen and thawed three times, scraped with tips, and collected in 1.5-mL microtubes.
These tubes were centrifuged at 13,000 x g for 5 min, and the supernatant was collected in 0.6-mL
microtubes. After that, the contents of these tubes were titrated. The titration was performed by the pla-
que assay with the viral suspension, using the serial dilution method (107" to 107°), on a monolayer of
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Vero cells grown in 24-well plates (1.5 x 10° cells per well) and with uninfected wells maintained as the
control. After 1 h of adsorption at 37°C, 1 mL of 199 medium was added per well, supplemented with
2% FBS and containing 1.5 carboxymethylcellulose (CMC; Synth). Plates were incubated at 37°C in an
atmosphere of 5% CO, for 2 days, then 1T mL of a 10% formalin solution was added for 24 h at room tem-
perature (RT) for fixation. The next day, the solution was discarded. Afterward, the monolayer was
stained with a solution containing 1% (wt/vol) of crystal violet in PBS to count the lysis plaques, and the
viral titer was expressed as the number of PFU per milliliter. Graphs were constructed using Prism ver-
sion 7 for Windows (GraphPad Software).

Inhibitor assays. Vero cells were seeded in T25 culture flasks (25 cm?) with minimum essential me-
dium (MEM) supplemented with 5% (vol/vol) heat-inactivated FBS (Cultilab, Campinas, SP, Brazil), antibiot-
ics (40 wg/mL streptomycin and 200 U/mL penicillin) and 1.5 wg/mL amphotericin B. The cells were incu-
bated in 5% CO2 at 37°C until they reached 90% confluence (1.5 million cells). The cells were then treated
for 1 h with dimethyl sulfoxide (DMSO) as a control; 60 wM 5-(N-ethyl-N-isopropyl) amiloride (EIPA); or 100
M chloroquine (two biological replicates for each inhibitor and control). Afterward, the cells were washed
three times with PBS 1x and were infected with CHIKV at an MOI of 5.0 with adsorption for 1 h. Cells were
then washed with PBS 1x and MEM with 5% FBS was added. At 8 hpi, the flask contents were collected
and added to a 24-well plate with three replicates, and the results were analyzed.

Transmission electron microscopy and scanning electron microscopy. For transmission electron
microscopy (TEM), Vero cells were infected as described in the previous section at an MOI of 5.0 and
fixed at various time points postinfection (30 mpi, 4 hpi, and 8 hpi for an MOI of 5.0) with 2.5% glutaral-
dehyde in a 0.1 M sodium phosphate buffer for 2 h at RT. Cells were postfixed with 2% osmium tetroxide
and embedded in Epon resin. Ultrathin sections were then analyzed under TEM (Spirit BioTwin FEl,
120 kV) at the Center of Microscopy of UFMG, Brazil.

For scanning electron microscopy (SEM), Vero cells infected at an MOI of 5.0 were adhered to
round glass coverslips covered with poly-L-lysine and at 8 hpi fixed with 2.5% glutaraldehyde in 0.1 M
cacodylate buffer for 2 h at RT. The samples were then washed three times with 0.1 M cacodylate
buffer and postfixed with 1.0% osmium tetroxide for 1 h at RT. After the second fixation, the samples
were washed three times with 0.1 M cacodylate buffer and immersed in 0.1% tannic acid for 20 min.
The samples were then washed in cacodylate buffer and dehydrated by serial passages in ethanol sol-
utions at concentrations ranging from 35% to 100%. Samples were then subjected to critical point dry-
ing using CO,, placed on stubs, and metallized with a 5-nm gold layer. The analyses were completed
using scanning electronic microscopy (FEG Quanta 200 FEI) at the Center of Microscopy of UFMG,
Brazil.

Immunofluorescence assay. For immunofluorescence (IF) assay, 1.5 x 10° Vero cells were cultured
on round glass coverslips, and after incubation for 24 h at 37°C 5% CO,, the cells were infected at an
MOI of 5.0. After 8 hpi, cells were fixed with acetone for 10 min at —20°C. After fixation, cells were then
incubated with 3% bovine serum albumin (BSA)-PBS for 30 min, followed by three rinses with PBS. After
that, cells were stained with polyclonal anti-CHIKV whole-particle antibodies produced in our animal fa-
cility (institutional animal care and use committee [IACUC] number 7/2019) in mice (diluted 1:1,000 in
PBS) at 4°C overnight, followed by three rinses with PBS. After a 1-h incubation with Alexa Fluor 488-
conjugated anti-mouse IgG (diluted 1:400 in PBS) at 37°C, followed by three rinses with PBS, the cells
were also incubated with 4,6-diamino-2-phenylindole (DAPI, diluted 1:1,000 in PBS; Sigma, Séo Paulo,
Brazil) for 1 h at RT. After three rinses with PBS, the cells were incubated with Evans Blue (Thermo
Scientific) for 1 h at RT. Uninfected cells (control) were also fixed and prepared as described above.
Fluorescently labeled cells were observed using an Axio Imager Z2-Apotome 2 microscope (Zeiss) at
the Center of Microscopy of UFMG, Brazil. Zen Lite software from Zeiss microscopy was used for image
processing.
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