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ARTICLE INFO ABSTRACT

The incidence of chikungunya virus (CHIKV) infection has increased dramatically in recent decades. Effective
diagnostic methods must be available to optimize patient management. IgM-capture Enzyme-Linked
Immunosorbent Assay (MAC-ELISA) is routinely used for the detection of specific CHIKV IgM. This method
requires inactivated CHIKV viral lysate (VL). The use of viral bioparticles such as Virus-Like Particles (VLPs) and
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Pseudotyped-Particles (PPs) could represent an alternative to VL.
Bioparticles performances were established by MAC-ELISA; physico-chemical characterizations were per-

formed by field-flow fractionation (HF5) and confirmed by electron microscopy.

Non-purified PPs give a detection signal higher than for VL. Results suggested that the signal difference
observed in MAC-ELISA was probably due to the intrinsic antigenic properties of particles.

The use of CHIKV bioparticles such as VLPs and PPs represents an attractive alternative to VL. Compared to
VL and VLPs, non-purified PPs have proven to be more powerful antigens for specific IgM capture.

1. Introduction

The chikungunya virus (CHIKV) is an arbovirus (arthropod-borne
virus) transmitted by infected Aedes mosquitoes (Furuya-Kanamori
et al.,, 2016). Arboviruses are mainly prevalent in tropical and sub-
tropical areas and represent a serious public health concern for devel-
oping countries (Burt et al., 2017). CHIKV belongs to the Togaviridae
family (Alphavirus genus), which also contains Ross River, Mayaro,
Semliki Forest and O’Nyong-Nyong viruses (Rathore et al., 2017).
CHIKV was first isolated in Tanzania in 1952 (Lumsden, 1955;
Robinson, 1955) and became endemic in large areas of Africa, the
Middle East, India and Southeast Asia (Hammon et al., 1960; Rougeron
et al., 2015). Between 2005 and 2007, CHIKV caused a massive epi-
demic on the island of La Réunion (Brouard et al., 2008). Since 2013,
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the rapid spread of the virus has been reported in the Caribbean and
Central and South America. CHIK is an acute, highly symptomatic ill-
ness characterized by strong fever, headache, intense asthenia, rash,
myalgia and severe arthralgia (Schwartz and Albert, 2010). Severe ar-
thralgia that mainly affects hands, wrists, elbows, ankles and knees can
evolve to chronicity. To date, there is no specific and efficient treat-
ment.

In vitro diagnostic tests, based either on polymerase chain reaction
(RT-PCR) or enzyme-linked immunosorbent assay (ELISA) can provide
sensitive results and help optimize patient care (Mishra et al., 2011,
2018).

For specific type M immunoglobulin (IgM) serological diagnostic, an
IgM-capture Enzyme-Linked Immunosorbent Assay (MAC-ELISA) is
traditionally performed using viral lysate as antigen (Martin et al.,
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2000). Viral lysate leads to good sensitivity of detection, and is used in
reference laboratories (Martin et al., 2000). However, obtaining viral
lysate is time-consuming and requires that production be conducted in
a Biosafety Level 3 laboratory by qualified persons (McFee, 2018).
Moreover, before lysis, the virus must be inactivated using chemical
treatment such as p-propiolactone (BPL) before use (Perrin and
Morgeaux, 1995). BPL could alter the overall structure of viral envelope
proteins, which could modulate the affinity of antibodies for these
proteins and thus decrease the sensitivity of the test (Fan et al., 2017).
Consequently, finding alternative antigens for CHIKV serological diag-
nosis may be important. Among these alternative antigens, recombinant
proteins are noninfectious and can be produced in quantity. However,
hitherto, their performance has meant that they are rarely used instead
of viral lysate (Cho et al., 2008; Priya et al., 2014).

Virus-Like Particles (VLPs) and Pseudotyped-Particles (PPs) re-
present potential alternative antigens for CHIKV serological diagnosis.
VLPs and PPs are noninfectious multiprotein structures and represent
an important class of biomolecular particles composed of self-assem-
bling viral proteins (Pattenden et al., 2005; Urakami et al., 2017). These
particles have been used in many applications such as for biolumines-
cent imaging in a mouse model for the evaluation of vaccines and an-
tiviral therapies against CHIKV (Wu et al., 2017), and for the devel-
opment of new-generation vaccines. Indeed, VLPs evoke effective
immune responses without triggering the side effects associated with
the native virus (Noranate et al., 2014; Saraswat et al., 2016). Some
vaccines based on VLPs or PPs have been developed (Conner et al.,
1996; Kushnir et al., 2012; Urakami et al., 2017), for example for the
Hepatitis B virus (Scolnick et al., 1984), the H5N1 influenza virus
(Pushko et al., 2005), strains of the human papilloma virus (Koutsky
et al., 2002) and the chikungunya virus (Chang et al., 2014; Metz et al.,
2013; Saraswat et al., 2016; Schwameis et al., 2016). The use of PPs or
VLPs in diagnostics, and more specifically for IgM or IgG serology, has
not been the subject of much investigation (Li et al., 2014).

In the present paper, PPs and VLPs were compared to VL by MAC-
ELISA. In order to better understand the performance differences ob-
served in CHIKV MAC-ELISA for these two types of particles, com-
parative physico-chemical and immunological characterizations were
performed.

2. Materials and methods
2.1. Materials and specimens

The anti-E2 monoclonal antibody (3E10A5) was internally pro-
duced by bioMérieux SA (Lyon, France). 3E10A5 was directed against a
conformational epitope of E2. As needed, it can be labeled with alkaline
phosphatase (AP) following conventional procedures. CHIKV VLPs and
PPs were produced in the Laboratoire d’infectiologie virale et de pathologie
comparée, UMR754, of the Institut National de la Recherche Agronomique
(INRA, Université Claude Bernard, Lyon, France). The CHIK viral lysate
(VL) was produced and purified by the Centre national de reference des
arbovirus (CNR Arbovirus, Institut de Recherche Biomédicale des Armées/
IRBA, Marseille, France) using standard procedures (Martin et al., 2000;
Yap et al., 2010). CHIKV capsid recombinant protein was ordered from
Immune Technology (New York, NY, USA), and CHIKV envelope pro-
teins (E1 and E2) were ordered from Aalto Bio Reagents (Dublin, Ire-
land).

CHIKV-negative sera and whole blood specimens were obtained
from healthy donors from the French National Blood Bank
(Etablissement Frangais du Sang, Lyon, France). Patient serum specimens
were obtained from Biomnis, ABO (Lyon, France) and IRBA (Marseille,
France) through specific contracts with bioMérieux SA. Informed con-
sent was obtained for any experimentation. All experiments were per-
formed in compliance with relevant laws and institutional guidelines
and in accordance with the ethical standards of the Declaration of
Helsinki.
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2.2. VLPs and PPs production and purification

The method was inspired by previous studies (Metz and Pijlman,
2016; Noranate et al., 2014). Briefly, for the PPs, 293 T eukaryotic cells
(ICAAC, Washington, USA) were co-transfected with the pTG5349
murine leukemia virus (MLV) packaging plasmid, the pTG13077
plasmid, encoding an MLV based vector containing a CMV-GFP internal
transcriptional unit (kindly provided by Transgene Strasbourg, France)
and a plasmids encoding the Gag-Pol (core) proteins of Murine leu-
kemia virus, the Green Fluorescent Protein (GFP) or the chikungunya La
Réunion infectious clone (LRic strain LR2006 OPY1) viral envelope
glycoproteins (the last 35 Capsid amino acids in frame with E3, E2, 6 K
and E1 under a CMV promoter), by the CaCl2 method (Clontech
transfection kit, Clontech, Fremont, Ca, USA) following the manufac-
turer's instructions. After transfection, the cells were incubated over-
night at 37 °C. The transfection was checked on the next day by mon-
itoring the presence of GFP in the cells using a flow cytometer (FACS
Calibur, Becton-Dickinson, Franklin Lakes, NJ, USA). For VLPs, the
same protocol was applied except that only one plasmid, containing the
genes encoding the different structural proteins of the CHIKV (Capsid,
E3, E2, 6 K and E1, under a CMV promoter), was used. After an addi-
tional 24 h of incubation, the cell culture medium containing the un-
purified VLPs or PPs (u-VLPs or u-PPs) was harvested and filtered using
a 0.45 uM filtration unit (Merck-Millipore, Burlington, MA, USA).

The filtered cell culture medium was either frozen at —30°C or
purified by ultracentrifugation. In the latter case, the medium was
loaded on a 2mlL sucrose cushion (20% W/V in PBS1x) and ultra-
centrifuged at 107,000g for 2h at 4°C (SW 41T rotor, Beckmann
Optima LE 80K ultracentrifuge, Indianapolis, ID, USA). The pellet
containing the particles was resuspended in PBS1x and then frozen and
stored at —30 °C.

For a 10 cm Petri dish (containing 7 mL of DMEM medium supple-
mented with 10% of fetal bovine serum — DMEMc -, Invitrogen,
Carlsbad, CA, USA), about 60 uL of purified VLPs (p-VLPs) or purified
PPs (p-PPs) were recovered.

2.3. MAC-ELISA

The IgM antibody capture ELISA proceeded according to standar-
dized methodology (Khan et al., 2014; Martin et al., 2000; Peyrefitte
et al., 2005). In brief, polystyrene 96-well plates were coated overnight
at 4°C with 5pgmL™! of goat anti-human IgM (Jackson Im-
munoResearch, Baltimore Pike, PS, USA) in PBS1x. Plates were washed
with PBS1x containing 0.05% Tween-20 and blocked with a solution of
PBS1x —0.5% BSA for 1 h at 37 °C. Fifty microliters of patient serum at
1:200 dilution were added and incubated for 1 h at 37 °C. Fifty micro-
liters of CHIKV antigens at 1:400 dilution in PBS1x were then added
and incubated for 2h at 37 °C. The optimal antigen concentration was
experimentally determined for each antigen: u-VLPs or u-PPs were used
undiluted and the viral lysate inactivated by BPL was used at 1:400
dilution. Purified PPs (p-PPs) were used at 1:20 dilution. Finally,
0.5 ugmL~! of AP-conjugated anti-E2 monoclonal antibody (3E10A5,
bioMérieux SA) was added into each well and incubated for 1 h at 37 °C.
After intensive washing, the reaction was carried out at room tem-
perature for 15 min after addition of a PNPP solution (P-NitroPhenyl
Phosphate, ThermoFisher Scientific, Hillsboro, OR, USA) and was
stopped by adding 2 N sodium hydroxide. The optical density (OD) was
measured at 450 nm in a plate reader (Eon Biotek, Biotek Instruments,
Winooski, VT, USA).

2.4. Hollow-fiber flow field-flow fractionation (HF5) with multiple-angle
light scattering (MALS)

Studies were based on previous experiments, using HF5 and MALS
detection (Pease et al., 2009; Wagner et al., 2014; Yohannes et al.,
2011). HF5-MALS-UV-dRI analysis was conducted using the Eclipse
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Dualtec separation system device (Wyatt Technology Europe, Dern-
bach, Germany), coupled with a ThermoFisher/Dionex Ultimate 3000
RS pump, a DAD-3000 Ultraviolet (UV)/visible photodiode array de-
tector (ThermoFisher Scientific), a Heleos Dawn 8 + MALS detector
(Wyatt Technology Corporation, Santa Barbara, CA, USA) and an Op-
tilab T-rEX differential Refractive Index (dRI) detector (Wyatt Tech-
nology Corporation). The separation device consisted of a hollow-fiber
400 pm radius with a 10 kDa cut-off PES membrane and a 90 uL channel
volume. All operations were conducted using phosphate saline buffer
(7 mM PO4, 150 mM NaCl, pH 7.2).

For each analysis run, 1 min of elution and 1 min of focus were
carried out on the system at the beginning of the experiment. Then, the
HF5 system was maintained in “Focus + Inject” mode for the next
6 min, with buffer injected into the channel from both the inlet and
outlet points at 0.45 mLmin~'. A volume of 20 uL of undiluted VLPs
and PPs samples were injected into the channel during this time. Then,
the system was switched to “Elution + Cross-flow mode”, with flow
through the channel set to 0.5 mLmin~" for 10 min. Finally, during the
“Elution — Cross-flow” step, the elution was maintained but the cross-
flow was decreased to 0.03mLmin~ ! for 5min and maintained at
0.03mLmin " for 20 min.

Eluant was passed through a sequence of UV absorbance, MALS and
dRI detectors for concentration and size analysis. UV was monitored at
280 nm with a ThermoFisher/Dionex DAD-3000 detector. For the pur-
poses of this study, the UV extinction coefficient (¢) for all proteins was
assumed to be 1.1mLmg~! em™? (theoretical value calculated from
the amino acid sequences of CHIKV envelope and capsid proteins) and
the differential refractive index (dn/dc) for all proteins was assumed to
be constant at 0.185 mL g~ ! for all refractive index signals (Huglin MB,
1972). The root mean square geometric radius of eluted particles was
determined using a MALS detector. Anisotropic light scattering signals
for particles used a “sphere” regression in ASTRA 7 software, assuming
that all encountered particles were VLPs or PPs and were perfectly
spherical. In the case of non-spherical regression, the size was expressed
in rms (root mean square) radius. For the VLPs or PPs peaks, the
methods developed by Zimm, Berry and Debye were applied to both the
1st and 2nd order (Andersson et al., 2003). All these models fit to a
R? > 0.99. However, to allow the counting of particle number density,
the spherical regression model was selected.

2.5. Electron microscopy

Purified VLPs and PPs were analyzed using electron microscopy and
2D image processing (Baklouti et al., 2017). Samples were diluted to
0.05mgmL"", and a 4 uL drop was applied to a glow-discharged for-
mvar-carbon-coated grid (Copper 300, Polysciences Inc. Warrington,
PA, USA). After 45s of incubation, the grid was stained (2% uranyl
acetate) with Nano-W® (Nanoprobes Inc., Yaphank, NY, USA) and
transferred into a FEI Tecnai Spirit G2 electron microscope (Thermo
Fisher, Hillsboro, OR, USA) operated at 120kV. 270 images were re-
corded with an EAGLE 2kX2k CCD camera (Raptor Photonics, Larne,
Northern Ireland) with a range of 1.5-2.2 um under focus.

2.6. Avidity ELISA

For avidity ELISA, the steps until the addition of the antigens are
identical to the MAC-ELISA protocol (Martin et al., 2000). Then, 50 uL
of solutions of various molarity (from 0.5M to 3M) of urea (Sigma,
Saint-Louis, MI, USA) were added and incubated for 15 min at room
temperature. After intensive washing, 0.5ugmL~! of AP-conjugated
anti-E2 monoclonal antibody (3E10A5, bioMérieux SA) was added into
each well and incubated for 1h at 37 °C. After washing, the reaction
was carried out at room temperature for 15 min after addition of a
PNPP solution (P-NitroPhenyl Phosphate, ThermoFisher Scientific) and
stopped by adding 2 N sodium hydroxide. The optical density (OD) was
measured at 450 nm in a plate reader (Eon Biotek, Biotek Instruments,
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Fig. 1. CHIKV IgM detection by MAC-ELISA using different CHIKV anti-
gens. Black bars: test; gray bars: negative control using healthy patient serum
(no CHIKV IgM). Each condition has been conducted twenty folds in duplicate.
u-PPs / u-VLPs: unpurified PPs/VLPs; VL: viral lysate.

Winooski, VT, USA).

3. Results
3.1. CHIKV IgM detection by MAC-ELISA

In order to find an alternative antigen to VL, which is usually used in
CHIKV MAC-ELISA, a variety of other antigens, including CHIKV PPs
and CHIKV VLPs, were assessed.

The VLPs/PPs purification steps (i.e. centrifugation; see Materials
and Methods) were time-consuming and resulted in a significant loss of
material. It has previously been demonstrated that unpurified PPs gave
an enhanced signal compared to other alternative antigens, including
the purified PPs. No cross-reactivity was noticed with alphaviruses
samples other than CHIKV or flaviviruses samples (unpublished re-
sults). When VLPs and PPs were tested unpurified (u-PPs and u-VLPs),
the cell culture supernatant containing the VLPs/PPs was used directly.
Samples from healthy patients (without CHIKV IgM) were used as ne-
gative control.

As illustrated in Fig. 1, for experiments conducted on twenty
CHIKV-IgM-positive patient sera tested in duplicate, a strong signal was
observed for a MAC-ELISA using u-PPs (OD = 2.298 + 0.525). The
signal was approximately 2.6 times higher than for viral lysate
(OD = 0.900 = 0.369), which was considered as the reference assay.
The non-purified VLPs, u-VLPs, presented a signal 1.34 times lower
than the signal observed for the VL, and 3.4 times lower than for the u-
PPs.

The results confirmed that, among the variety of antigens tested by
MAC-ELISA, the CHIKV u-PPs gave the highest signal intensity for
specific CHIK IgM detection and can be used as an alternative antigen to
VL in MAC-ELISA. VLPs can also be used but the signal intensity was
close to that obtained for VL.

3.2. Impact of cell culture medium associated with PP on MAC-ELISA

In order to confirm that the signal associated with unpurified PPs
was only due to the presence of PPs and not to viral proteins released in
the cell culture supernatant, and to study the impact of the DMEMc
medium on the signal, MAC-ELISAs were performed on purified PPs
resuspended in PBS1x, and then diluted either (i) in PBS1x, (ii) in fresh,
non-ultracentrifuged DMEMc medium, or (iii) in the cell culture su-
pernatant (DMEMc) after ultracentrifugation (Fig. 2a). Particles were
diluted 1:116. Each condition was studied on two specific CHIKV-IgM-
positive human sera in duplicate, and on two healthy (CHIKV-negative)
patient sera.

The results (Fig. 2b) indicated that purified PPs, diluted in either
ultracentrifuged DMEMc or fresh non-ultracentrifuged DMEMc, had a
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Fig. 2. MAC-ELISA with purified PPs resuspended in cell culture DMEMc medium or in fresh DMEMec. a) flowchart of the experiment. b) CHIKV IgM MAC-
ELISA using purified PPs resuspended in different buffer. u-PPs: unpurified PPs; p-PPs: purified PPs; VL: viral lysate. Black bars: test; gray bars: negative control using

healthy patient serum (no CHIKV IgM).

signal close to that of the Gold Standard using VL (OD = 1.384 =+
0.026, OD = 1.323 =+ 0.063 and OD = 1.259 =+ 0.033, respectively).
The signals corresponding to the conditions where p-PPs were diluted
in DMEMc medium were approximately 1.18 times higher than the
signal obtained with p-PPs diluted in PBS1x (OD = 1.145 * 0.177).
Moreover, samples tested with p-PPs diluted in PBS1x remained 2 times
lower than u-PPs (OD = 1.145 * 0.199 and OD = 2.298 = 0.525,
respectively).

These results confirmed that the strong signal obtained with u-PPs
was not linked to the cell culture medium or the presence of residual
proteins but was mainly associated with the presence of PPs. Moreover,
PP purification by ultracentrifugation seemed to impact on the MAC-
ELISA signal.

3.3. HF5-MALS-UV-DRI characterization of CHIKV VLPs and PPs

In order to compare the size, morphology, and purity of VLPs and
PPs, HF5-MALS-UV-dRI technology was deployed.

The first analyses were conducted on unpurified VLPs/PPs.
However, the results obtained had a high level of background noise due
to the presence of proteins from DMEMc and cell debris and were

uninterpretable. In consequence, HF5-MALS analyses were performed
on purified CHIKV particles.

The most probable hypothesis was that the VLPs and PPs were
spheres, so we used a spherical regression model applied to p-VLPs and
p-PPs in order to reduce the background noise generated by compo-
nents of the culture medium (DMEMc). The signals obtained for VLPs
(Fig. 3a) and PPs (Fig. 3b) were of good quality (fit R? = 0.9904 for the
VLPs data and fit R = 0.9998 for the PPs data) with small calculation
errors in the numerical value results. VLPs and PPs were detected from
about 22 min to approximately 45 min after injection. Contaminants
were detected between 8 and 16 min after the beginning of the ex-
periment, both for VLPs and PPs conditions. The hypothesis was that
these contaminants were proteins from cell debris or culture medium
that were not completely removed during the ultracentrifugation step.

The VLPs/PPs concentration was determined from a UVaygpnm
reading. The size of the bioparticles was determined by light scattering
(MALS monitor).

Considering all bioparticles analyzed between 25 and 45 min, the
concentration for the VLPs was estimated as 0.75 ug for 20 uL injected
(3.6 x 107 particles mL ™). A large size range was observed, indicating
polydispersity (or clusters of two or more particles). The particles had a
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Fig. 3. Fractograms of CHIKV particles read on HF5-UVyg0,m-MALS. a)
purified VLPs; b) purified PPs. The fractograms show the particles separation by
HF5-MALS over time, obtained with the UV photodiode array detector. The
black dots curve represents the size distribution of the particles in each sample,
obtained with the Multi-Angle Light Scattering (MALS) detector. c) Fractograms
of CHIKV particles read on HF5-MALS. The fractograms show the particles se-
paration by HF5-MALS over time, obtained with the Light Scattering (LS)
monitor. The black dots curves represent the size distribution of the particles in
each sample, obtained with the Multi-Angle Light Scattering (MALS) detector.
Dark curves and dots: PPs. Gray curve and dots: VLPs.

geometric radius between 40nm and 120 nm (see dotted curves in
Fig. 3a and c) with an average radius of 73.3nm ( = 0.1%), corre-
sponding to particle sizes of 80-240 nm in diameter.

Purified PPs were also analyzed and were shown to have similar
characteristics to VLPs. They were polydispersed, with a geometric
radius between 50 nm and 120 nm (see black dotted curves in Fig. 3b
and c), with an average radius of 75.1 nm ) = 0.7%), corresponding to
particle sizes between 100 and 240 nm in diameter. The concentration
was estimated as 3.45 ug of PPs in the 20 pL analyzed (7.5 x 107 par-
ticlesmL™1).

Light scattering showed that both VLPs and PPs were detected at the
same time after sample injection (Fig. 3c). However, the curve re-
presenting the VLPs (gray curve) was more spread out over time than
the PPs curve, indicating a greater polydispersion of VLPs compared to
PPs, as confirmed by the largest size scale observed for VLPs (gray
dotted curve).

In order to check the extent to which the preparations were con-
taminated with free viral proteins or proteins from the culture medium,
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and to compare the profiles obtained on these proteins with those ob-
tained on VLPs and PPs, recombinant proteins (proteins E1, E2 and C,
see Fig. 4) were also analyzed in parallel by UVag4 ,, absorbance. Each
protein was concentrated at 1 ugmL ™! and 20 pL of each protein were
analyzed. Pure Calf Serum Albumin (CSA) was also tested. Each protein
was investigated in the same conditions as the CHIKV particles.

The analysis of the CSA showed a single peak, observed at ap-
proximately 11 min after injection. The same peak was observed in both
VLPs and PPs profiles (Fig. 3 and Fig. 4), indicating that the CSA protein
was not totally removed from the particle preparations by ultra-
centrifugation. In parallel, the recombinant proteins of CHIKV were
quite distinct, and appeared between 8 and 14 min, upstream of the
particle peaks (Fig. 4). Several peaks were observed for the E1 and E2
protein profiles. Because the poor quality of the data obtained, a mo-
lecular weight analysis could be performed only on two peaks. One of
these peaks observed in VLPs profile was found to be 110 kDa and could
correspond to dimers of Envelope protein. Another peak of 65kDa
observed on PPs profile could correspond to the BSA (60 kDa) or to
monomers of CHIKV Envelope protein (55kDa). Further characteriza-
tion would be necessary to identify exactly the nature of the proteins
corresponding to these peaks. All the results presented here were ob-
tained repeatedly (more than twice).

Finally, a conformational plot (see Fig. 5) indicated that two mor-
phologically different populations existed for each type of bioparticle.
Particle morphology can be evaluated using the value of the slope of
each regression curve. When the slope value is around 0.33, particles
are considered spherical and homogenous in density. When the slope is
around 0.5-0.6, particles are a random coil, and when the slope value is
approximately 1.0 or more, particles form rods (Podzimek, 2011). The
molecular weight range calculated for spherical PPs (2.10” to 6.107 g
mol ~ ') was narrower than for VLPs (107 to 6.10” g mol 1), for a similar
size range. According to the literature (Podzimek, 2011), a slope value
of 0.33 corresponds to spherical particles, homogeneous in density. For
a value smaller than 0.33, the core of the particles is denser than the
outside. Viral bioparticles are synthesized in eukaryotic cells and can
encapsulate various biomolecules during their biosynthesis and as-
sembling. They also contain a viral capsid. All these elements make that
these bioparticles have a denser core and are not homogeneous spheres.
The comparison of the slope values suggested that VLPs were denser
than PPs (slope value 0.18 for VLPs; 0.22 for PPs). In conclusion, pur-
ified VLPs or PPs preparations consisted essentially of whole particles,
spheres and also rods (PPs) and random coils (VLPs), with few con-
taminant viral proteins. Residual CSA, originating from fetal calf serum
used in cell culture medium, was possibly present.

3.4. Electron microscopy

In order to confirm observations made on HF5-MALS and perform
direct observation of the particles, purified CHIKV VLPs and PPs were
observed by transmission electron microscopy (TEM). These experi-
ments could help confirm the previous results regarding production
purity, morphology, size heterogeneity, and polydispersion of the par-
ticles (whether alone or clustered).

With regard to VLPs, TEM pictures showed a large heterogeneity in
terms of the size and morphology of the particles (see Fig. 6). Indeed,
spherical or partially spherical particles of various diameters
(30-150nm) were observed, confirming a large size heterogeneity.
Moreover, particles were often clustered by 2 or 3, sometimes forming
rod-shaped, non-spherical particles (see Fig. 6, black arrow). No major
contaminants such as actin or protein filaments were found, indicating
a high purity of the preparations.

With regard to PPs, spherical particles larger than VLPs were ob-
served, with a diameter between 50 and 200 nm, showing greater
heterogeneity in terms of size. PPs rarely seemed to be clustered and
remained more often as single particles. However, due to poor pur-
ification (presence of actin filaments) the pictures were more difficult to
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interpret than the VLPs pictures. (see Supplementary data 1, white ar-
TOws).

3.5. Avidity ELISA

The strong signal difference observed between MAC-ELISAs con-
ducted with PPs or VLPs could be due to a difference in the presentation
of the viral proteins at the surface of the viral particles, and therefore to
their accessibility with regard to the E2 antibody or the specific human
IgM.

In order to compare the strength of interactions between CHIKV
specific IgM and VLPs or PPs, an avidity ELISA was performed (Fig. 7),
inspired by previous studies (Gonzaga et al., 2011; Smolander et al.,
2010). After a capture step of the specific antibodies, a progressive
increase in urea molarity was used to progressively remove low avidity
antibodies from antigen-antibody complexes (Aguado-Martinez et al.,
2005). Indeed, urea is a chaotropic agent traditionally used for re-
moving low avidity antibodies. For each molarity of urea, an Avidity
Index (AI) was calculated using the following formula: Al = (OD with
dissociating agent / OD without dissociating agent) *100 (%). The
avidity ELISA was assessed on 6 different CHIKV sera (with high titers
of specific IgM), in triplicate.

For PPs, from 0.5M to 1.5M of urea, the OD signal intensity re-
mained relatively stable (between 94.2% and 96.5% AI) but decreased
to 87.3% at 2 M of urea and 73.9% at 2.5 M of urea. The equation of the
regression curve was y = -11.601x + 106.64. For VLPs, the OD signal
intensity remained relatively stable from 0.5M to 1 M of urea (between
100.503% and 101.614% AI) but decreased to 91.7% at 1.5M of urea,
reaching 73.2% at 2.5M of urea. The linearization function of the
various points of the curve was y = -14.43x + 112.1.

200

For VLPs, the correlation coefficient, a measure of the quality of the
prediction of the regression line connecting each urea molarity point,
was R? = 0.9416. In comparison, the same correlation coefficient for
PPs was R? = 0.7863. For VLPs, and for PPs to a lesser extent, the
regression equations suitably described the points distribution.

The slope of the VLPs curve (-14.43) was higher than for the PPs
curve (-11.601), resulting in an earlier dropout of VLPs for IgM of in-
terest than that of PPs for the same antibodies. CHIKV IgM potentially
had higher affinity for PPs than for VLPs.

4. Discussion

Because of their ease of production and use (no purification step
needed), unpurified bioparticles (u-VLPs and u-PPs) were used in the
MAC-ELISA format, and the first observation was that the signal de-
tected using u-VLPs was not significantly different from that obtained
with VL. Consequently, u-VLPs can be used as an alternative antigen to
VL in MAC-ELISA. Interestingly, u-PPs presented a significantly
stronger signal detection, approximately 2-3times higher than the
other antigens (u-VLPs and VL). PPs seemed to be a better candidate for
CHIK MAC-ELISA than VL. The signal observed in MAC-ELISA with u-
PPs was not due to a difference in viral E2 protein concentration, as
previously demonstrated by a Western Blot using the anti-E2 mono-
clonal antibody 3E10A5 used in MAC-ELISA (unpublished results).

Then, to better understand the signal difference observed between
these bioparticles, further characterizations were performed.

The MAC-ELISA used unpurified VLPs and PPs as antigens, despite
the fact that these particles are generally used purified after an ultra-
centrifugation step (Fontana et al., 2016; Lamounier et al., 2015; Li
et al.,, 2014; Peyret, 2015). However, results obtained with purified
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particles showed results comparable to VL in CHIK MAC-ELISA. Un-
purified PPs generated a significantly stronger signal than VL or pur-
ified particles. It was suggested that one of the components of the
DMEMc medium in which the particles were present would promote the
binding of specific CHIKV IgM, and thus increase the detection signal in
comparison to other antigens. However, compared to p-VLPs, no signal
increase was observed for u-VLPs, invalidating this assumption. Alter-
natively, the production of PPs could lead to the release of viral com-
ponents in culture supernatant that could enhance the signal. However,
when purified PPs (p-PPs) were diluted either in fresh DMEMc medium
or in clarified cell culture supernatant, and tested in MAC-ELISA, the
signal was very close to that obtained with the MAC-ELISA using p-PPs,
indicating that components of the cell culture medium, including re-
leased viral components, were not involved, or only involved to a small
extent, in the signal increase. It cannot be excluded that direct con-
sequences of the purification step by ultracentrifugation are structural
modifications of the particles that would impact on antigen presenta-
tion (Minder et al., 2011). These modifications could have an impact on
particle conformation, infectivity, and antigenicity (Drake et al., 2010),

indicating that the observed signal difference would be due to the in-
trinsic properties of particles. However, no signal difference was ob-
served between u-VLPs and p-VLPs when tested by MAC-ELISA. Drake,
Keswani et al. showed that proteins of serum contained in culture
medium could have an impact on VLPs formation and infectivity ac-
tivity, and that particles produced in culture media without serum (e.g.
Opti-MEM®, Invitrogen) were significantly more efficient than those
produced in culture media with serum (Drake et al., 2010). CHIKV VLPs
and PPs have also been produced in Opti-Mem®, but no improved
performance was observed compared to particles produced in DMEMec.

In order to more precisely characterize these bioparticles, additional
analyses were performed on purified VLPs and PPs. Bioparticle recovery
in the cell culture medium involved the presence of cell debris, in ad-
dition to the components of the cell culture medium. This meant that
physical analyses of the bioparticles required separation of VLPs or PPs
from the other components (cell debris, etc). A reliable advanced ana-
lytical tool was therefore needed to control the process and to assure
the quality of the final product. The gentle separation mechanism of
HF5, by which the structure and conformation of analytes is preserved,
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Fig. 6. CHIKV purified VLPs observed by Transmission Electron Microscopy. Black arrows: coupled CHIKV VLPs. a) low magnification picture; b to j) high

magnification pictures.

makes it a very valuable technique for the precise characterization of
VLPs and PPs (Yohannes et al., 2011).

HF5 detects spherical particles with a large size range (between
80 nm and 240 nm in diameter for VLPs and 100-240 nm in diameter
for PPs), with polydispersion, between 22 and 45 min after injection.
The use of a spherical modeling with Astra 7 fits with R* > 0.99, in-
dicating that the spherical hypothesis used was relevant. VLPs were
more concentrated than PPs for the same analyzed volume, and fewer
contaminants were detected, suggesting a more efficient ultra-
centrifugation process for VLPs. Contaminant proteins were detected
upstream of the spherical particles, between 8 and 14 min after injec-
tion into the HF5. Calf serum albumin (CSA) could represent the ma-
jority of these contaminants because it was over-represented in
DMEMc, the medium used for VLPs production. The weak UV signal did
not impact on the accuracy of the radius calculations because the light
scattering signals from MALS were still of good quality. However, a
peak of particles was observed between 44 and 46 min for the PPs
analysis.

The presence of CHIKV viral proteins could be due to a release of
free viral proteins during the bioparticle production, in addition to the
serum albumin from the cell culture medium. For CHIKV proteins
analyzed by HF5, the presence of a series of peaks was interpreted as

multimeric forms of the proteins (homo- or heterodimers). For instance,
during virus replication in target cells, the E1 and E2 envelope glyco-
proteins are assembled to form E1-E2 heterodimers, which will be
transported to the cell membrane to form the envelope of the new virus
(Jose et al., 2009). This auto-assembling process could explain the
peaks observed between 8 and 14 min of retention time on HF5-MALS
fractograms (see Fig. 3 and Fig. 4). Moreover, no angular dependence
was observed for these molecules, suggesting that it was not particles.
Indeed, angular dependence starts to be observed at 30 nm for the
Heleos Dawn 8 + MALS system (manufacturer's specifications). The
analytes detected upstream of the bioparticle peak did not have angular
dependence, indicating that bioparticles such as VLPs or PPs were not
present, but proteins or large protein aggregates were. The largest
bioparticles were fully eluted at 45 min when the crossflow was turned
off.

To confirm the results obtained with HF5, transmission electron
microscopy experiments were performed. Observations carried out on
purified bioparticles confirmed the presence of spherical VLPs and PPs,
with a large range of size and heterogeneity. While the PPs were almost
all single and near-spherical, the VLPs often appeared clustered 2 by 2
or 3 by 3, and were not always spherical, indicating morphological
alterations. Contradictory observations were made with the HF5-MALS
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analysis of the bioparticles. It was deduced that spherical bioparticles as
well as elongated structures were present in our preparation. Elongated
structures could actually correspond to spherical particles clustered 2
by 2 or even 3 by 3, as observed on MET. However, the slope value
representing elongated structures made of PPs (1.06) is higher than the
slope value for VLPs elongated structures (0.55). This would mean that
there are more PPs elongated structures than VLPs elongated structures.
However, previous MET observations showed that PPs were more often
present as single particles, indicating that some elongated structures
deduced from conformational plots could be protein contaminants such
as actin filaments. HF5 is considered to be a more robust method than
MET for the fine characterization of these bioparticles (Yohannes et al.,
2011).

Several hypotheses concerning the morphological deformation of
these particles have been issued. Pease, Lipin et al. assumed that
structural deformation of bioparticles could be due to the absence of
viral genome. Moreover, the deformations may also be the consequence
of the fixing and staining methods used for electron microscopy (Pease
et al., 2009). Furthermore, it has already been reported that the in-
corporation of foreign proteins into bioparticles, from cell culture or
culture medium, causes deformations within VLPs structures, as ob-
served for mouse polyomavirus VLPs production (Boura et al., 2005).
Additionally, the purification steps (ultracentrifugation) could lead to
morphological damage of particles. TEM observations for PPs were
more difficult to read and understand because of the significant pre-
sence of contaminants from cell culture such as actin filaments. Fewer
contaminants were observed for VLPs, which correlated with HF5-
MALS observations, indicating that the purification step was more ef-
fective for VLPs than for PPs.

Studies concerning bioparticle characterization are rare (Qureshi
and Kok, 2011). It has been shown that field-flow fractionation tech-
nology is able to quantitatively determine bioparticle size distributions
with greater rapidity and statistical significance than TEM, providing
useful technologies for product development and process analytics
(Chuan et al., 2008; Pease et al., 2009).

All previous observations confirmed the presence of bioparticles in
antigen solutions tested in MAC-ELISA but could not reasonably explain
the signal differences observed in MAC-ELISA between VLPs and PPs.
Indeed, there are few morphological differences between the two types
of particles. This would indicate that the signal difference could be due
to the intrinsic antigenic properties of the particles. The self-assembly
mode of bioparticle biosynthesis in cells could also explain the differ-
ences observed in MAC-ELISA between VLPs and PPs. VLPs are a self-
assembly of viral proteins that tend to be as close as possible to the
native virus, whereas PPs are structures composed of a backbone of
murine leukemia virus (MULV) or human immunodeficiency virus
(HIV), pseudotyped with CHIKV envelope proteins. It cannot be ex-
cluded that envelope proteins are presented differently depending on
the type of bioparticle and that this has an impact on the detection of
CHIKYV IgM. To verify this hypothesis, analyses of the affinity of specific
CHIKV IgM for both VLPs and PPs were evaluated using increasing
concentrations of urea. Specific CHIKV IgM seemed to dissociate more
easily from VLPs than PPs because a lower urea concentration was able
to dissociate the complex. This was confirmed by the slope of the VLPs
curve which was higher than that for PPs, indicating a faster dissocia-
tion of the VLPs-antibody immunological complex. These results could
partially explain the signal difference observed in MAC-ELISA between
VLPs and PPs as antigens. To date, there is no study available con-
cerning the comparative affinity of VLPs and PPs for specific antibodies
in patient samples.

5. Conclusion
The use of CHIKV bioparticles such as VLPs and PPs represents an

attractive alternative to the use of VL, which is traditionally employed
in MAC-ELISA. This is primarily due to their innocuity and their ease of
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production. When used non-purified, PPs give a detection signal higher
than for VL, which can help improve the detection sensitivity of MAC-
ELISA. The HF5-MALS technology used in this study is a valuable
method for characterizing these bioparticles. The results obtained seem
to indicate that the remarkable signal obtained with PPs is linked to the
viral antigen presentation at the surface of the particles. However, more
in-depth experiments are necessary to explore the affinity properties of
VLPs and PPs for specific antibodies and to confirm the preliminary
results described in the present paper.
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