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ABSTRACT

Alphaviruses represent a diverse set of arboviruses, many of which are important pathogens. Chikungunya virus (CHIKV), an
arthritis-inducing alphavirus, is the cause of a massive ongoing outbreak in the Caribbean and South America. In contrast to
CHIKYV, other related alphaviruses, such as Venezuelan equine encephalitis virus (VEEV) and Semliki Forest virus (SFV), can
cause encephalitic disease. E2, the receptor binding protein, has been implicated as a determinant in cell tropism, host range,
pathogenicity, and immunogenicity. Previous reports also have demonstrated that E2 contains residues important for host range
expansions and monoclonal antibody binding; however, little is known about what role each protein domain (e.g., A, B, and C)
of E2 plays on these factors. Therefore, we constructed chimeric cDNA clones between CHIKV and VEEV or SFV to probe the
effect of each domain on pathogenicity in vitro and in vivo. CHIKV chimeras containing each of the domains of the E2 (ADomA,
ADomB, and ADomC) from SFV, but not VEEV, were successfully rescued. Interestingly, while all chimeric viruses were attenu-
ated compared to CHIKYV in mice, ADomB virus showed similar rates of infection and dissemination in Aedes aegypti mosqui-
toes, suggesting differing roles for the E2 protein in different hosts. In contrast to CHIKV; ADomB, and to a lesser extent
ADomA, caused neuron degeneration and demyelination in mice infected intracranially, suggesting a shift toward a phenotype
similar to SFV. Thus, chimeric CHIKV/SFV provide insights on the role the alphavirus E2 protein plays on pathogenesis.

IMPORTANCE

Chikungunya virus (CHIKV) has caused large outbreaks of acute and chronic arthritis throughout Africa and Southeast Asia and
has now become a massive public health threat in the Americas, causing an estimated 1.2 million human cases in just over a year.
No approved vaccines or antivirals exist for human use against CHIKV or any other alphavirus. Despite the threat, little is
known about the role the receptor binding protein (E2) plays on disease outcome in an infected host. To study this, our labora-
tory generated chimeric CHIKV containing corresponding regions of the Semliki Forest virus (SFV) E2 (domains A, B, and C)
substituted into the CHIKV genome. Our results demonstrate that each domain of E2 likely plays a critical, but dissimilar role in
the viral life cycle. Our experiments show that manipulation of E2 domains can be useful for studies on viral pathogenesis and
potentially the production of vaccines and/or antivirals.

he alphaviruses represent a diverse family of arthropod-borne

viruses (arboviruses), many of which are important veterinary
or human pathogens. Their transmission cycles involve both an
arthropod vector and vertebrate host, resulting in unique evolu-
tionary restrictions. The genus Alphavirus (family Togaviridae)
currently includes 29 species that are grouped into 10 complexes
based on antigenic, genetic, and/or geographic similarities (1).
The aquatic alphaviruses infect marine mammals and have been
isolated in lice, although their role as a vector remains unknown
(2). The New World alphaviruses include important veterinary
and human pathogens, such as the equine encephalitis viruses,
Venezuelan (VEEV), eastern (EEEV), and western (WEEV), all of
which cause fatal encephalitic disease in both humans and animals
such as horses and birds (3). The Old World alphaviruses, present
mostly in Africa and Southeast Asia, are commonly associated
with arthritic disease, fever, and rash.

Chikungunya virus (CHIKV) is the most medically relevant
Old World alphavirus and is the current cause of an outbreak of
arthritic disease in the Americas, with more than 1 million cases in
at least 44 countries, including the United States (4). CHIKV,
which reemerged in 2004, has previously caused explosive epi-
demics of acute and chronic arthritis in humans in Africa, India,
and southern Europe (5). Clinically, it resembles several other
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arboviral diseases, but it is often associated with high fever and
severe, incapacitating joint pain, particularly in the small joints,
that can last for months or years (6). Semliki Forest virus (SFV),
the type species of the SFV complex of Old World alphaviruses (of
which CHIKV is a member), is one of its most studied members.
Despite its laboratory importance, SFV is not considered to be a
medically important arbovirus, although it was the cause of a fatal
case of laboratory acquired meningoencephalitis (7). SEV has
caused small outbreaks of disease in the Central African Re-
public (CAR) in 1987, with symptoms characterized by fever
and extremely severe, persistent headaches (8). In addition,
serosurveys in Kenya (9), Uganda (10), Nigeria (11), and CAR
(12), among other African nations, have detected up to 25%
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prevalence of SFV specific antibody, indicating that many hu-
man infections do occur.

Alphaviruses are small, enveloped, positive-sense, single-
stranded RNA viruses with a worldwide distribution. The roughly
12-kb alphavirus genome is capped and polyadenylated and has
two open reading frames, encoding nonstructural (nsPs) and
structural (sPs) polyproteins, respectively (13). Translation of the
nsPs produces a polyprotein that is cleaved into nsP1, nsp2, nsp3,
and nsp4 proteins, which function to replicate the genome, mod-
ulate cellular functions, and cleave the polyprotein, among other
functions (14). The sPs are translated from a subgenomic RNA
that is produced by the replicase recognizing an internal promoter
in the minus-strand replicative intermediate RNA (15). The sPs
consist of the capsid, E3, E2, 6K/TF, and El proteins. The E1
protein is responsible for membrane fusion and is thought to play
a role in immunogenicity and host range (16). E2, the receptor
binding protein, contains residues critical for immunogenicity,
host range, and tissue/cell tropism (reviewed in reference 17). The
E2 protein consists of three domains (A, B, and C), of which A and
B have been found to contain the majority of residues that affect
cell attachment and or tissue/cell tropism (17). While individual
mutations have been shown to have various effects on these fac-
tors, the role of each of E2 domain on replication, pathogenesis,
host range, and tropism is not well understood.

Previous efforts to understand alphavirus proteins and protein
domains have led to a deeper appreciation of the complexity of the
alphavirus-host cell interplay and demonstrated the utility of us-
ing chimeric viruses to understand basic cellular and virological
processes. For example, envelope protein (E3-E2-6K-E1) chime-
ras between Sindbis virus (SINV) and SFV provided insight on
alphavirus protein interactions (18). It was determined that SFV/
SIN but not SIN/SFV was viable, likely due to abrogated capsid-
spike interaction. Furthermore, chimeric SINV/Ross River virus
constructs have been used to identify important residues in bud-
ding, nucleocapsid/envelope-protein interactions, and virus as-
sembly (19-22). Chimeric alphaviruses also have been developed
as vaccine candidates, usually swapping the entire sPs from one
virus into another for attenuation (23, 24). Others have used chi-
meras to probe the role of viral proteins on important viral factors
such as host tropism or infectivity. For example, the use of
CHIKV/O’nyong nyong virus (ONNV) chimeras demonstrated
that ONNV requires the entire sPs for infection of anopheline
mosquitoes (25). Further, more comprehensive work looked at
individual genes with chimeric viruses and determined that nsp3
is the critical determinant allowing for ONNV’s rare ability to
infect anopheline mosquitoes (26).

To date, chimeric viruses between Old and New World alpha-
viruses have been restricted to swapping the complete nsP or sP
polyprotein for use as vaccine candidates (24, 27, 28). Although
useful as vaccines, and potentially for studying the interaction
between nsP and sP proteins, these types of chimeric viruses do
not provide sufficient specificity to examine the role of individual
proteins. Few reports exist of attempting to swap individual genes
or domains of genes of alphaviruses, and we are not aware of any
that look specifically at E2 or its domains. Accordingly, we con-
structed and characterized chimeras between CHIKV and VEEV/
SFV to understand the role of E2 protein domains on alphavirus
pathogenicity. We have previously described these chimeras and
the role of the E2 domains in protective immunity and antibody
neutralization (29). In this report, using these chimeras, we were
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able to identify domains of the E2 protein which are important for
replication and pathogenicity of CHIKV.

MATERIALS AND METHODS

Ethics statement. This study was carried out in strict accordance with the
recommendations in the Guide for the Care and Use of Laboratory Animals
of the National Institutes of Health. The IACUC protocol (protocol
V01380) was approved by the Institutional Animal Care and Use Com-
mittee of the University of Wisconsin.

Cells and viruses. BHK-21 (ATCC CCL-10, hamster kidney fibro-
blast), MRC-5 (ATCC CCL-171, human lung fibroblast), BV-2 (murine
microglia; courtesy of Grace Sun, University of Missouri), SHSY5Y
(ATCC CRL-2266, human neuroblastoma) were maintained in Dulbecco
modified Eagle medium (DMEM) supplemented with 10% fetal bovine
serum (FBS), nonessential amino acids, sodium pyruvate, 10 mM HEPES,
and penicillin-streptomycin at 37°C under 5% CO,. HMEC-1 (ATCC
CRL-3243, human endothelial) cells were maintained in DMEM with 10
ng of epidermal growth factor (EGF)/ml, 1 ng of hydrocortisone/ml, 10
mM L-glutamine, and 10% FBS. CG-4 cells (rat oligodendrocyte precur-
sors; courtesy of Ian Duncan, University of Wisconsin) were maintained
and differentiated as previously described (30). Briefly, CG-4 precursors
were grown in DMEM with 30% conditioned medium from B104 (B104-
CM) (rat neuroblastoma cells), N1 supplement (50 pg of transferrin/ml, 5
g of insulin/ml, 100 mM putrescine, 20 nM progesterone, and 30 nM
selenium), and 10 ng of biotin/ml. Differentiation to mature oligodendro-
cytes was achieved by incubating CG-4 cells with DMEM-N1-biotin lack-
ing B104-CM for 48 h, followed by the addition of 20% FBS for an addi-
tional 4 days. CG-4 cells were differentiated into type II astrocytes in the
same manner, except that 20% FBS was immediately added. The cells were
then allowed to differentiate for 6 days before infection. Differentiation
was confirmed by staining with oligodendrocyte- or astrocyte-specific an-
tibodies (CNPase and GFAP, respectively [data not shown]). C6/36
(Aedes albopictus) cells were maintained at 28°C in MEM with 10% FBS.
Chikungunya virus SL-CK1 and VEEV vaccine strain TC-83 were ob-
tained from Scott Weaver (University of Texas Medical Branch). The
neurovirulent Semliki Forest virus strain L10 was obtained from John
Fazakerley (The Pirbright Institute).

Construction of chimeric viruses. A Sindbis virus infectious clone
under the control of a cytomegalovirus (CMV) promoter was used as the
backbone for construction of all cDNA clones (courtesy of Brian Geiss,
Colorado State University) (31). The CMV promoter allowed for direct
transfection or electroporation in mammalian cells without production of
RNA. Cloning was performed using overlap extension PCR (OE-PCR)
(32), replacing the 5’ untranslated region (5'UTR)/nonstructural pro-
teins and the structural proteins/3"UTR in two cloning steps. Each of the
viruses was engineered to express green fluorescent protein (GFP) under a
second subgenomic promoter 5’ to the structural polyprotein (33). Chi-
meric viruses were constructed using OE-PCR to replace the different
domains of the CHIKV E2 with those corresponding to VEEV or SFV.
Primer and clone sequences are available upon request.

Sequencing. For all viruses generated, the entire genome was se-
quenced from the cDNA clone. In addition, the entire structural polypro-
tein was sequenced for all virus stocks recovered from transfections,
which maintained 100% match with cDNA sequences. Sequencing was
performed by first extracting viral RNA using a ZR Viral RNA kit (Zymo
Research, Irvine, CA). Reverse transcription (RT) was then performed to
produce cDNA using the Superscript III reverse transcriptase first-strand
synthesis system (Invitrogen, Carlsbad, CA). cDNA then was used as a
template for PCR with virus-specific primers using Q5 high-fidelity poly-
merase (New England BioLabs, Ipswich, MA). Amplicons were sequenced
at the University of Wisconsin Biotechnology Center DNA sequencing
facility according to established protocols. Sequences were assembled and
aligned using Vector NTI (version 11.5; Invitrogen).

Electroporation and virus production. Infectious virus was rescued
by electroporation of 2 pg of Maxi-Prep purified plasmid (Zymo Re-
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search, Orange, CA) into an 80 to 90% confluent T175 flask of BHK-21
cells using Cytomix electroporation buffer at infinite resistance, 300 V,
and 960-wF capacitance in a 2-mm cuvette (34). Supernatant was har-
vested 1 to 3 days (when ~50 to 75% cytopathic effect [CPE] was evident)
after electroporation, and cellular debris was removed by centrifugation at
2,000 X g for 20 min at 4°C. Virus was then pelleted by centrifugation at
13,500 X g overnight at 4°C. The viral pellet was resuspended in TEN
buffer and stored in small volume single-use aliquots at —80°C. The virus
titer was determined by plaque assay on BHK-21 cells as previously de-
scribed (35). Briefly, 10-fold serial dilutions of virus were inoculated onto
six-well plates of confluent BHK-21 cells. After 1 h for virus adsorption,
the virus inoculum was removed, and the cells were washed extensively
with phosphate-buffered saline (PBS). Then, 1.5% carboxymethyl cellu-
lose (CMC) in DMEM with 10% FBS was added as a viral overlay. After 36
h of incubation, the CMC was discarded, and the cells were fixed in 4%
paraformaldehyde (PFA), followed by staining with crystal violet (CV).
Plaques were then counted by hand and titers are reported as PFU/ml.
Rescued viruses were sequenced and subjected to RT-PCR to confirm the
chimeric genotype. To determine plaque size after electroporation, plas-
mids were electroporated as described, except that the cells were subjected
to serial 10-fold dilutions into uninfected cells and then seeded into six-
well plates. After a 3-h attachment period, a CMC overlay was added to
allow plaque formation. Then, 36 h later, the plaques were stained with
CV and imaged, and photos taken using an Evos FL microscope. Plaque
size was then measured for 21 individual plaques for each virus using
Image] software and expressed as squared pixels.

Molecular modeling. CHIKV, SFV, and VEEV structural data were
obtained from the Protein Data Bank (PDB codes 2XFC, 3J0C, 3J2W, and
3N42). CHIKV E2 protein with SFV and VEEV domain sequence substi-
tutions were threaded onto the native CHIKV envelope structure (2XFC)
(17) using iTasser (36). Predicted structures were then visualized with
Pymol (Schrodinger, LLC), and specific amino acid interactions were
manually visualized and compared.

Growth curves. Cells for growth curves were seeded into 24-well
plates the night before infection. The following day, 80 to 90% confluent
cells were infected at a multiplicity of infection (MOI) of 0.1 (multistep)
or 10 (one-step) PFU/cell in duplicate in 24-well plates to assess viral
growth kinetics in vitro. After 1 h of absorption, monolayers were washed
three times with PBS to remove unbound virus, and prewarmed medium
was added. This was considered time point zero. At the time points indi-
cated after infection, 200 pl of supernatant was removed and replaced
with fresh prewarmed medium. The infectious virus titer was assessed
using a 50% tissue culture infective dose (TCIDs,) assay on BHK-21 cells
and are reported as the TCID,,/ml (37). Each growth curve was repeated
twice or more, with consistent results.

Genome/PFU ratios. Quantitative real-time PCR (qRT-PCR) was
used to determine the number of CHIKV or chimeric virus genomes/ml in
three different cell lines (BHK-21, C6/36, and CG-4 oligodendrocytes).
The approach we used was very similar to the method previously reported
by Silva et al. (38), including the same primer and probe set. Briefly,
BHK-21, C6/36, or CG-4 oligodendrocytes were infected with each virus
atan MOI of 0.1 in triplicate. After 24 h of incubation, the supernatant was
harvested, and the cell debris was removed via centrifugation. Then, 50 pl
of supernatant was treated with RNase A (Fermentas) to remove nonen-
capsulated viral RNA, and RNA was extracted using a Direct-Zol RNA
miniprep kit (Zymo Research) according to the manufacturer’s instruc-
tions. An iTaq Universal probe supermix (Bio-Rad) was used for quanti-
fication, with final concentrations of 450 nM forward primer, 900 nM
reverse primer, and 200 nM probe (IDT) and 5 pl of RNA. The cycling
conditions were as follows: 10 min at 50°C, 3 min at 95°C, and then 40
cycles of 15 s at 95°C and 30 s at 60°C, with data acquisition using FAM
reporter during the latter step. In vitro-transcribed RNA from a CHIKV
SL-CKI1 infectious clone under the control of an SP6 promoter was used
to generate a standard curve, using serial 10-fold dilutions. Threshold
cycle (C;) values from virus samples were plotted against the standard
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TABLE 1 Chimeric CHIKV/SFV viruses constructed and their viabilities

Gene or domain swapped Viability
Full E2 No
E2 (without cytoplasmic domain) No
E3-E2 (without cytoplasmic domain) No
E2 domain A Yes
E2 domain B Yes
E2 domain C Yes

curve to obtain genome equivalents. The mean of two technical replicates
for each of the three biological replicates was then expressed as genomes/
ml. This value was then divided by the mean number of PFU/ml for three
biological replicates and is expressed as genome equivalents (GE)/PFU.

Heparin competition assays. Assays to assess the effect of heparin on
virus infection were performed as previously described (39). Virus was
diluted to an MOI of 2.5 in Opti-MEM (Invitrogen) and then mixed with
either heparin or bovine serum albumin (BSA; final concentration, 200
pg/ml). The virus-heparin or virus-BSA mixtures were allowed to incu-
bate at 4°C for 30 min and then used to infect either Vero or BHK-21 cells
in black 96-well plates (Corning). After 2 h of incubation at 37°C for virus
adsorption, the virus inoculum was removed and replaced with complete
medium containing 20 mM NH,Cl. Subsequently, after 18 h of incuba-
tion at 37°C, the cells were fixed with fresh 4% PFA in PBS and then
stained with Hoechst, followed by five washes with PBS. Enhanced GFP
(eGFP) and Hoechst levels were measured using a BioTek Cytation 3 plate
reader with specific parameters (eGFP, excitation at 485 nm [20-nm
bandwidth] and emission at 515 nm [20-nm bandwidth]; Hoechst, exci-
tation at 360 nm [35-nm bandwidth] and emission at 465 nm [20-nm
bandwidth]), using the bottom reading mode and covering the entire well.
eGFP was normalized to the amount of cells in each well (with Hoechst)
and was used as a proxy for virus replication. Data from each virus were
normalized to infection when incubated with only BSA.

Mosquito infections. The vector competence of the Aedes aegypti
black-eyed Liverpool (LVP) strain was evaluated for chimeric alphavi-
ruses. The LVP used in these studies was maintained at the University of
Wisconsin—Madison as previously described (40). Infection, dissemina-
tion, and transmission rates were determined according to long-estab-
lished procedures (41, 42), with one exception. After homogenization and
inoculation on BHK cell culture, the cells were monitored for GFP expres-
sion to confirm virus-positive samples. The cells fixed with PFA were
examined for GFP expression using phase-contrast optics on an EVOS fl
inverted fluorescence microscope at X 10 magnification (Life Technolo-
gies). Briefly, mosquitoes were exposed to virus-infected blood meals via
water-jacketed membrane feeders maintained at 36.5°C (43). Blood meals
consisted of defibrinated sheep blood (HemoStat Laboratories) and chi-
meric virus from frozen stock, yielding an infectious blood meal concen-
tration of 7.0 log,, PFU/ml for each virus. Five- to seven-day-old female
mosquitoes were sucrose starved for 14 to 16 h prior to blood feeding.
Mosquitoes that fed to repletion were separated into cartons and main-
tained on 0.3 M sucrose in an environmental chamber at 26.5°C £ 1°C
and 75 = 5% relative humidity and with a 16-h photoperiod within the
Department of Pathobiological Sciences BSL3 Insectary Facility at the
University of Wisconsin—Madison. Infection was determined by virus-
positive bodies, whereas dissemination was indicated by virus-positive
legs. Transmission was defined as the release of infectious virus with sali-
vary secretions, i.e., the potential ability to infect another host, and was
indicated by virus-positive salivary secretions.

Mouse experiments. [fnar] ~'~ mice in a 129/Sv background (A129)
were obtained from B&K Universal, Limited (Hull, England), and bred
onsite at the University of Wisconsin—Madison. C57BL/6 mice were pur-
chased from Jackson Laboratories (Bar Harbor, ME) and were maintained
at the University of Wisconsin. Six- to nine-week-old mixed sex mice were
used for all experiments involving A129 mice. Six-week-old male mice

March 2016 Volume 90 Number 5


http://jvi.asm.org

Role of Alphavirus E2 Domains in Pathogenicity

F

i 20 20
CHIKV_E2 BTKDNERVIEIALESRILE [P 0BG EEEEEEEVELERIRNEA TRE TERIFVE LM [FIK T D D[S|HD W T KLEF{M D N HMP ADRAE R A GEF VIREE]A P T[T 6 T MEHFIFRREE
VEEV_E2 TEE LIZYEPSILISSRUMIAR el 1 RieA v[el . AP TINT ) A2 VKR S DG H]Yel Y VR L T S[§Y[ELD S SGNLKGRTME$4D MHG T IKE[T|P LHQ ‘sy RP[&H[IV D G He]Y)JLIFAR B2
SFV_E2 VS Q HIBY VESUARSSRYT N v (el A D[EG Al HEYlERVINT AT R SE[A TRXEMLK T[S F A T[€IDK SDNHD Y TKIE$4ADGHA I ENAVR S SILKVAEIG D[§FMH G T MGHIY TR T{efP

10 30 40 50 60 70 80 100

110 120 130 140 150 160 170 180 190 200 210

CHIKV_E2 ET GFTDSRKSSTHP HHDP P VII[e}3AKIFH S RIZOHEKIATL PGS TRVOS TAATTEETE VEIMEPD TP RIRITIMEIOQ S GNKITEIVN . (€0 TV R Y K{GN[G{EIG SNEG LEdT .
VEEV_E2 DS EFKKD.SRSSVP EVKFNPV[E:3ALY|THP)JE HEVIAQOAMOVMAHDAQNRGA YVEMEILIAGS E V]I SISIAVETIS|IG SIS\ T PPDET SALVEGEMEGTKISEMIN
SFV_E2 EFLOV|SIQOD TRNAVRA[SR I Q¥|HHD P QPV[PIAKIFT I RiH Y[KINI P[MTTF{OQ T TAE T VE EIDMEIMIZPD T PRJRITIMLEI0Q S GINWYKITEYV G . [GKKVK Y N[MT[efe] TGNV G TEYN .

220 230 240 250 260 270 280 290 300 310

CHIKV_E2 .[EDKVI iNCKV (SJ8HAA VT NHK] O P LVERNEE LG D REZGIIR TGP @A N v TEREEF KRR NP TVIT Y[Ex N o 1ML YD || LLS YRINMG| 1 NMO E| WVIMEKKEVV
VEEV_E2 KTKQF SIQC TKKE[GJURAY RLOND| VIYRESD KLiZK . FAAGA T LESAULEVIBY LIAN D G K[ TAAA LEAP E}MTIT F[e]F R S\YS LKA HIZK N| YLITRIQOLA IJHMTHIMLISEPAVRN
SFV_E2 .SDMTINTCL IE[*]% SVTDHK QEFLREIP FVIER . L\DE P ARBSQUVITIRYP D N I T[§RESAMENREJYTVII H{EJK R ENYTL/HIH}ED H LF S YRITL(G| IJOMHEWVI TAAVERT
320 330 350 360 370 380 390 400 410 420
CHIKV_E2 LTP TEELEV T| (NEI4Y TN[ET A H E[II|LYFSYE Lpg3 T M VVV|SVATFILLSMVG A AGMCMCARRRETIERT =GR\ TVEF| LA S (eI T R TEVKEY
VEEV_E2 FT\YT EK[EWIAE V| HP 4K AP[ENP L EVI|THp@qH Rp@M S LGLS ICAAIATVSVA STWFCRS VAGLESB4RIFSINEARTIGF| CIAA VLA R TEIREY
SFV_E2 IPNYP VDEMIYY H| I P \Y TE[EKP WEROIT VIO YE@4G LEg3A A SAMVGMSLILALIS[IFASCYMLVAARS KELES-RYAIRSYCEIAVIZW TIAG|T L&A P REVHEY

[—1 B-ribbon connector [____] Domain A [ Domain B [l Domain C

FIG 1 CHIKV/SFV E2 chimeras have several differences in interacting residues. (A) Top view of the published structure 2XFC in a cartoon tube. CHIKV E1
subunits are shown in blue, red, and orange. CHIKV E2 subunits are shown in green, yellow, and purple. E3 (from PDB 3N42) is shown as the lime green surface.
Subunit backbone colorations are the same in subsequent panels. (B) Expanded view of the CHIKV E2 subunit. Domain A is yellow, domain B is orange, and
domain C is blue. SFV residues which are substituted in the three different chimeras are shown in cyan, magenta, and yellow sticks for domains A, B, and C,
respectively. (C to E) Wild-type (WT) CHIKV residues are shown as sticks. Residues in E1 are shown as sticks colored to match the backbone. Green sticks
represent WT E2 residues which differ in the chimeras, and orange sticks represent WT residues that do not change in the chimeras. (C) Two intermolecular
hydrogen bonds and one intramolecular salt bridge are lost, and one intermolecular salt bridge is weakened when SFV residues replace CHIKV residues in
domain A. (D) One hydrogen bond is lost with a backbone carbonyl of E1 when K200 in CHIKV is substituted with N200 of SFV domain B. E3 does not make
contact with substituted residues. (E) CHIKV E2 interacts with two E1 subunits at domain C. Three substitutions disrupt a hydrophobic pocket for 1387 of one
E1 subunit, and two hydrogen bonds and one stacking/hydrophobic interaction are lost in the other E1 when SFV substitutions are made. For panels C to E, see
Table 2 for specific residues and interactions. (F) The amino acid sequences of CHIKV, VEEV, and SFV E2 were aligned using ClustalW and are displayed using
ESPript. Colored bars above the alignment represent each of the domains, which correspond to the color shown in panels A to E.
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TABLE 2 Interactions disrupted by SFV (strain L10) and VEEV (strain TC-83) domain swapping in CHIKV (strain SL-CK1) E2 protein

Total no. of

Swapped domain Originating virus residue changes

Critical interacting
residue substitutions

Specific disruption

Domain A SFV 39 R104T Inter-E2 salt bridge with D43
H18Y Inter-E2 H-bond with T228
R36A Salt bridge with E112 of E1 (R38 may partially reduce this loss)
Domain B SFV 22 K200N Weakened H-bonding w/backbone carbonyl of E1 (C62)
Domain C SEV 34 P340S Hydrophobic interaction/side chain orientation
Y278H, Y338L Hydrophobic interaction w/I387 of E1; also loss of
intramolecular stacking interaction
K314A H-bond with backbone of K241 in E1
Y288H Stacking/hydrophobic interaction w/P237 of E1
T2771 H-bond with R196 of E1
Domain A VEEV 77 + 2 deletions E24V H-bond (T156/158) or possibly salt bridge (R168)
D2IR Inter-E2 salt bridge with R144 or H-bond with S143
R36A, R38K Salt bridge with E112 of E1
H26— Possible H-bond loss
H18R Steric clash
Domain B VEEV 43 + 3 insertions K200E H-bond loss
H299R Steric clash
A231Y Steric clash
N203E (—) charge close to D97 of E1
K208+ Addition closes off hydrophobic pocket for F95
R178S Intramolecular salt bridge w/E223
Domain C VEEV 48 L345E (—) charge close to TM domain/membrane (difficult to say w/o
other data)
K314A H-bond to backbone K241 of E1
Y288H Stacking/hydrophobic interaction w/P237 of E1
R272P H-bond w/Q235 of E1
T275M H-bond w/Q218 of E1
K270L H-bond w/Q222 of E1

were used for all experiments in C57BL/6 mice. Virus was diluted in RPMI
1640 containing 1% BSA, 10 mM HEPES, and penicillin-streptomycin for
all mouse experiments. Mice were infected in the left hind footpad with
either 10° or 10*° PFU for A129 mice or 10° PFU for C57BL/6 mice. For
intracranial (i.c.) infections, mice were placed under heavy anesthesia
with isoflurane and then infected with 20 pl of virus using a 27-gauge
needle. Then, 10? and 10° PFU of virus were used for the i.c. infection of
A129 and C57BL/6 mice, respectively. After infection, mice were moni-
tored twice daily for the duration of the study. Mice that were moribund
or that lost greater than 20% of starting weight were humanely euthanized
using CO,. Submandibular blood draws were performed using a 4-mm
lancet and serum was collected by centrifugation at 3,000 X g for 15 min.

Histopathology and fluorescent microscopy. Brains were harvested
from mice and fixed for 16 to 24 h in 2% PFA. Tissues for paraffin em-
bedding were submitted to the Histology Laboratory at the School of
Veterinary Medicine at the University of Wisconsin—Madison, where
they were processed and sectioned before staining with hematoxylin and
eosin. For frozen sections, fixed brains were cryoprotected with 30% su-
crose overnight in PBS, embedded in OCT medium, snap-frozen on metal
blocks partially submerged in liquid nitrogen, and stored at —80°C until
sectioning. Sectioning was performed at the University of Wisconsin—
Madison by the UWCCC Experimental Pathology Laboratory. Slides con-
taining tissues were stored at —80°C until use. To assess GFP expression,
frozen slides were warmed to room temperature, followed by acetone
treatment at —20°C for 10 min. Autofluorescence was then blocked with
300 mM glycine in PBS (pH 7.4) for 1 h. Sections were then mounted in
ProLong Gold Antifade Reagent with DAPI (4',6'-diamidino-2-phe-
nylindole; Cell Signaling Technology, Danvers, MA) and coverslipped. An
EVOS fl inverted fluorescence microscope was used for imaging equipped
with X 10 and X20 objective lenses. Tissues from multiple experiments
and depth of brain tissue were examined, and representative images are
presented from each group.
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Data analysis. Statistical analyses were run using GraphPad Prism
(version 6; GraphPad, San Diego, CA). Replication and viral load data
were analyzed by using the Mann-Whitney test. One-way and two-way
analysis of variance (ANOVA) was used to assess plaque sizes and genome
equivalent/PFU ratios. Mosquito infection rates were compared by using
the Fisher exact test. Survival analyses were performed using Kaplan-
Meier curves with the log-rank test. An alpha of 0.05 was used for all
studies as the threshold for significance. Variances were compared by
using the F test. All experiments other than mosquito infections were
repeated twice or more with consistent results.

RESULTS

CHIKV/SFV, but not CHIKV/VEEV E2 chimeras can be rescued
and replicate in vitro. Using OE-PCR (32), a panel of chimeric
CHIKV/VEEV and CHIKV/SFV ¢DNA clones were constructed
to replace different portions of the CHIKV E2 with those corre-
sponding to the same region in the VEEV or SFV genome. When
CHIKV/VEEYV clones were electroporated into BHK-21 cells, they
were uniformly nonviable, since no CPE was observed, nor was
infectious virus detected by plaque assay (data not shown). In
contrast, many of the CHIKV/SFV chimeras were viable and rep-
licated well in vitro (Table 1). The inability to rescue CHIKV/
VEEV, but not CHIKV/SFV chimeras is likely due to lower amino
acid sequence similarity, which likely resulted in disrupted protein
interactions. To test this, parental and chimeric CHIKV/VEEV
and CHIKV/SFEV E2 proteins were mapped onto the three-dimen-
sional structure of the CHIKV envelope glycoprotein complex
(PDB2XFC) (17) (Fig. 1). Table 2 summarizes the structural effect
that variances in key wild-type (WT) amino acids in both CHIKV/
VEEV and CHIKV/SFV have on interactions between E1 and E2 in
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TABLE 3 Amino acid differences between select CHIKV (strain
SL-CK1) proteins (and domains) and VEEV (strain TC-83) and SFV
(strain L10)

% identity with
. . CHIKV

Alphavirus protein Length (no. of

or domain amino acids) VEEV SFV
Full E2 423 35.7 57.4
E2 domain A 132 35.8 59.8
E2 domain B 59 25.8 62.7
E2 domain C 73 34.2 53.4

these chimeras. The loss of several hydrogen binding sites and
charge interactions, accompanied by steric disturbances, likely re-
sult in the inability to rescue any of the CHIKV/VEEV constructs.
No significant disruptions in key amino acid interactions between
E3 and E2 were observed for either set of chimeric viruses (data
not shown).

CHIKV/SFV chimeras had fewer amino acid differences, par-
ticularly those with strong structural effects, as expected given
their genetic relatedness (Table 3). Three CHIKV/SFV chimeras

Role of Alphavirus E2 Domains in Pathogenicity

(here called ADomA, ADomB, and ADomC) were rescued suc-
cessfully and selected for further study (Fig. 2). Each represents the
corresponding domain from the SFV E2 replaced into the back-
bone of CHIKV. GFP also was included in the genome of all vi-
ruses to allow visualization of virus infection both in vitro and in
vivo. Alphaviruses expressing recombinant proteins through a
second subgenomic promoter have been well characterized and
have been shown to be useful for tracking viral replication and
spread (33, 44-46). RT-PCR and DNA sequencing of RT-PCR
products confirmed that rescued viruses maintained their chime-
ric composition (data not shown).

Chimeric CHIKV/SFV have different levels of attenuation in
vitro. In an effort to determine whether chimeric viruses had al-
tered replication kinetics, BHK-21 and C6/36 cells were inocu-
lated at MOIs of 0.1 and 10 PFU/cell, and comparisons between
chimeric viruses and wild-type viruses (CHIKV and SFV) were
made over the course of 24 h (one-step) or 36 h (multistep) (Fig.
3). No significant differences in replication were observed be-
tween CHIKV and any of the chimeras in one-step growth curves
on BHK-21 cells (Fig. 3A). In contrast, ADomC was significantly
attenuated in multi- and one-step growth curves on C6/36 and in
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FIG 2 Genome organization of chimeric CHIKV/SFV viruses. Genome organization of chimeric CHIKV/SFV viruses. The different domains of E2 from SFV
were inserted into the CHIKV genome in the corresponding position in individual constructs using a PCR-based cloning approach. Each virus expressed the GFP
protein under the control of a second subgenomic promoter. Red portions of the E2 represent genetic sequences of SFV, whereas CHIKV is shown in blue.
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removed at the indicated time points postinfection, and then infectious virus titers were measured using a TCIDs, assay.

multistep on BHK-21 cells (Fig. 3B to D). CHIKV, ADomA and
ADomB viruses had no significant differences in growth at any of
the time points tested. SFV, as expected, replicated to significantly
higher titers on BHK-21 cells in both one- and multistep growth
curves. The role of nsPs can be inferred from studies on alphavirus
nsP/sP chimeras, which show replication kinetics similar to the
parental virus of its nsPs (47). In contrast, on C6/36 cells, CHIKV
and SFV replication kinetics were similar in one-step but not mul-
tistep growth curves, with the latter producing significantly less
virus at 10 and 13 h postinfection (Fig. 3B and D).

To examine plaque size and phenotypic homogeneity follow-
ing viral rescue, cells electroporated with virus from each con-
struct were diluted with uninfected cells and then allowed to form
plaques under a semisolid overlay. There were no differences in
plaque size between CHIKV or the ADomA or ADomB viruses
(Fig. 4A). Plaque sizes following electroporation were significantly
smaller for ADomC or SFV compared to CHIKV (both P < 0.01
using one-way ANOVA with Tukey’s multiple-comparison test).
There was no difference between the variance of plaque sizes in
ADomA or ADomB compared to CHIKV. However, ADomC had
a significantly different variance for plaque sizes (P = 0.02), sug-
gesting more heterogeneity in plaque size, which may be sugges-
tive of virus adaptation.

To assess viral fitness, genome/PFU ratios were determined for
three cell types (BHK-21, C6/36, and CG-4 oligodendrocytes).
Parental CHIKV had mean genome/PFU ratios of 1,435, 6,116,
and 617, respectively, in the three cell lines tested; the value in
BHK-21 cells is consistent with a previous report with a similar
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strain without GFP (38) (Fig. 4B). Although mean genome/PFU
ratios were mostly higher for the chimeric viruses than CHIKV,
the only significant difference observed was between CHIKV and
ADomC in BHK-21 cells (P = 0.0002). When the chimeric viruses
were compared to one another by normalizing the genome/PFU
ratio to CHIKV, ADomC had a significantly higher ratio than
either ADomA or ADomB in BHK-21 cells (P < 0.01 for both)
(Fig. 4C).

The effect of soluble heparin in infectivity varies for each vi-
rus and between cell types. Previous studies have shown that gly-
cosoaminoglycans (GAGs), such as heparin sulfate (HS) have a
major influence on cell binding of CHIKV and infectivity (38, 39).
To investigate the effect that chimerization may have had on GAG
binding, we incubated the viruses with the HS analog, heparin,
and measured the effect on infectivity in both Vero and BHK-21
cells. In Vero cells, a significant enhancement in infectivity (as
measured by GFP prior to the virus completing a round of repli-
cation) was observed in parental CHIK-GFP and all of the chime-
ras compared both to BSA or when normalized and compared to
SFV-GFP (P < 0.01 for all comparisons by One-way ANOVA)
(Fig. 4D). SFV-GFP produced significantly less GFP when incu-
bated with heparin, a finding suggestive of reduced infectivity
(P < 0.001). Interestingly, the chimeric viruses all had signifi-
cantly increased GFP expression in the presence of heparin,
though at intermediate levels between CHIK-GFP and SFV-GFP,
likely reflecting HS binding sites within the E2 protein in each of
the domains (all P < 0.01). In contrast, in BHK-21 cells, similar to
data previously reported (38), no effect was observed on infectiv-
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ity for parental CHIKV (Fig. 4E). However, there was a significant
reduction in the amount of GFP produced by SEV after incuba-
tion with heparin, as in Vero cells (P < 0.001). The ADomA and
ADomC viruses showed significantly increased infectivity, similar

similar to that of SFV-GFP, indicating a similar effect of heparin
on infectivity in this cell line.

Infection and dissemination in Aedes aegypti mosquitoes.
To assess the effect that E2 domains have on mosquito vector

to Vero cells but in contrast to parental CHIK-GFP (P < 0.001). In
contrast to this, ADomB showed a reduction in GFP production
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competence, groups of female A. aegypti were exposed to infec-
tious blood meals containing each virus. Fully engorged mosqui-
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TABLE 4 Rates of infection, dissemination, and transmission potential in Aedes aegypti mosquitoes”

Infection rate (%)

Day 7 postfeeding Day 12 postfeeding
Virus Infection Dissemination Transmission Infection Dissemination Transmission
CHIK-GFP 40/40 (100) 37/40 (92.5) 14/40 (35) 39/40 (97.5) 35/39 (90) 10/39 (26)
ADomA-GFP 38/39 (97.4) 11/38 (29) 2/38 (5) 37/40 (92.5) 32/37 (86) 17/37 (46)
ADomB-GFP 40/40 (100) 37/40 (92.5) 17/40 (42.5) 40/40 (100) 38/40 (95) 18/40 (45)
ADomC-GFP 8/40 (20) 2/8 (25) 1/8 (13) 11/40 (27.5) 4/11 (36) 3/11 (27)
SEFV-GFP 17/40 (42.5) 5/17 (29) 0/40 (0) 13/40 (32.5) 1/13 (8) 0/13 (0)

“ Values in boldface indicate a statistically significant difference compared to CHIKYV, as determined by the Fisher exact test (P < 0.05). Dissemination, dissemination of infected

mosquitoes; transmission, transmission of infected mosquitoes.

toes were placed in new containers and subsequently were assayed
for infection, dissemination, and transmission potential at 7 and
12 days post-blood feeding (PF) (Table 4). As expected, infection
and dissemination rates were high for A. aegypti exposed to blood
containing CHIK-GFP at both 7 and 12 days PF (33). In contrast,
there was a significant reduction (Fisher exact test, P < 0.05) in
infection, dissemination, and transmission rates for A. aegypti ex-
posed to blood containing SFV-GFP or ADomC. SFV was origi-
nally isolated from Aedes abnormalis mosquitos (48) and in pre-
vious epidemiological studies was rarely isolated from A. aegypti
(8). ADomC had the lowest rates of infection, dissemination, and
transmission compared to CHIK-GFP on both days 7 and 12 PF.
However, no significant differences were observed in the vector
competence of A. aegypti for ADomC and SFV-GFP, i.e., this mos-
quito species displayed poor peroral vector competence for both
viruses. Although significant differences were observed in the dis-
semination and transmission rates between CHIK-GFP and
ADomA on day 7, the latter virus had similar rates by day 12, a
finding consistent with the slower replication rates observed in
vitro. Interestingly, no differences were observed between CHIK-
GFP and ADomB, suggesting that this domain plays a limited role
in vector competence of A. aegypti for CHIKV.

Effect of E2 domains on infection of mice. To determine the
role of different E2 domains in mice, we performed infections of
both Ifnarl ™'~ mice in the 129/Sv background (A129) and wild-
type C57BL/6 mice. Ifnarl '~ mice have previously been shown
to be a useful vaccine and pathogenicity model for CHIKV, pro-
ducing similar pathology (with similar cell tropism) and high
viremia, which are characteristic of CHIKV disease in humans (49,
50). When given either 10> PFU or 10*° PFU in the footpad,
CHIK-GFP and SFV-GFP were uniformly lethal in this model
(Fig. 5A and B). In contrast, none of the mice infected at 10> PFU
with any of the chimeric viruses succumbed to infection (Fig. 5A).
However, when the infectious dose was raised to 10*> PFU, all
mice infected with ADomB succumbed to infection, while
ADomA and ADomC-challenged mice retained 100% survival
(Fig. 5B). Viremia, measured at 2 days postinfection, revealed a
similar trend, since all chimeric viruses produced viral loads sig-
nificantly lower than either CHIKV or SFV (ADomB, P < 0.05;
ADomA and ADomC, P < 0.01) (Fig. 5C).

Immunocompetent C57BL/6 mice have been used as a model
of CHIKYV arthritis and SFV neuropathology (51, 52) and were
thus selected for further characterization of CHIKV/SFV chime-
ras. When infected with a high dose of each virus (10> PFU) sub-
cutaneously, all mice infected with SEV-GFP succumbed to infec-
tion, while all other mice remained healthy throughout the
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duration of the study, with the exception of footpad swelling (Fig.
5D and F). In contrast to A129 mice, C57BL/6 mice infected with
CHIK-GFP, SFV-GFP, or ADomB all had similar viremia levels on
day 2 postinfection (Fig. 5E). ADomA and ADomC produced a
significantly lower serum viral load than CHIK-GFP (P < 0.01),
with only one mouse in the former group producing detectable
viremia at this time point. For additional markers of morbidity,
the width of the injected footpad was used as an indicator of ar-
thritis (Fig. 5F). All mice, except for those challenged with SFV-
GFP, experienced significant footpad swelling after infection, with
CHIK-GFP and ADomB producing similar peak levels of inflam-
mation that were significantly higher than in mice infected with
ADomA or ADomC, a finding consistent with the viremia data.
These data suggest that modification of domain A or C of CHIKV
E2 is highly detrimental in vivo, significantly reducing replication
in mosquitoes, as well as significantly reducing replication and
lethality in immunocompromised and immunocompetent mice.
Altering E2 domain B, in contrast, did not result in significant
attenuation except when delivered in a low dose to A129 mice.

Intracranial delivery of CHIKV/SFV chimeras results in al-
tered disease phenotype. Previous studies have shown that SFV
infects brain cells, including neurons and oligodendrocytes in
mice (53). In contrast, field strains of CHIKV are not known to
infect either of these cell types but have previously been shown to
infect leptomeningeal and ependymal cells, but not glial cells, in
the mouse brain (49). Since previous studies have shown that
alphavirus E2 domains A and B are important for cell and tissue
tropism (reviewed in reference 17), we hypothesized that mice
infected with these chimeras may show different pathology. To
investigate this, A129 and C57BL/6 mice were infected i.c. with 10
and 10° PFU, respectively. Mice were euthanized 3 or 7 days
postinfection for A129 or C57BL/6, respectively (except for mice
challenged with SFV-GFP, which required euthanasia on day 5
postinfection). Brains were harvested and stored at —80°C for
virus titration or fixed in 2% PFA for tissue sectioning. Although
A129 mice infected with CHIK-GFP, SFV-GFP, and ADomB rap-
idly showed clinical signs and were moribund at 3 days postinfec-
tion, the other two groups, along with mock-infected animals, did
not succumb. SFV-GFP was uniformly lethal in C57BL/6 mice,
whereas all other mice survived following infection (data not
shown).

To assess viral replication in the brains of infected mice, the
brains were homogenized in a 10% (wt/vol) solution in RPMI
1640—1% BSA, and virus titration was performed in BHK-21 cells.
All viruses replicated well in the brains of A129 mice, with only
ADomC showing significantly reduced titers on day 3 postinfec-

March 2016 Volume 90 Number 5


http://jvi.asm.org

A Survival (A129, 102 PFU)
10 ==spess==a=masss~ o
I : .
> 801 | :
]
z ' | - CHIK-GFP
]
o 601 ! \ 4 SFV-GFP
S ' | 7~ ADomA-GFP
o 401 H ' O ADomB-GFP
& ' | 3% ADomC-GFP
20- ! '
1 ]
0 A G— : .
0 3 6 9 12 15
Days post-infection
Viremia (A129, 10*% PFU)
C 4.5
107
3 oo FTTT] .
% 9- o000 - v
o 8 —
G YVvVvY
=74
E Hk
o 6- AAAA *k
-
T 9 N .
'>_° 4 v
$ 3
O
2l — : : . r
g g g g g
'l‘é( 4'0{( \»’é Q?'C’Q G‘OQ
& &£ & & S
) )
> > >
E . Viremia (C57bl/6, 10° PFU)
)
E
2
g 5 -
‘,.’ [ ] vy
-§ 4] eee \AAJ
:I o000 L 111} v
E *k
> 3 ‘ "
& e TETEE +v+evesrsen PUSUET
o
- |
2l — . . . r
g g g g g
S FF S
&S & & &
Q Q Q
» » »

Role of Alphavirus E2 Domains in Pathogenicity

B Survival (A129, 10*5 PFU)
100 ===r============- ¥*
(L
= )
S 80| !
2 v
£ Pl -e- CHIK-GFP
b 601 11, = SFV-GFP
S vy <+ ADomA-GFP
e 401 ' O ADomB-GFP
o vy ¢ ADomC-GFP
20 : : :
)
) T O S —
0 3 6 9 12 15
Days post-infection
D Survival (C57bl/6, 10° PFU)
100F ======= R 3
]
- ]
S 801 '
E '
< 1 -~ CHIK-GFP
8 601 ! 4 SFVGFP
S : </x ADomA-GFP
£ 401 ' O ADomB-GFP
o ! ¢ ADomC-GFP
201 '
]
0 . - . . .
0 3 6 9 12 15
Days post-infection
F Footpad Swelling (C57bl/6, 10° PFU)
2.6-
-e- CHIK-GFP
_ -u- SFV-GFP }
E 24] -+ ADomA-GFP
- -¥- ADomB-GFP ,1,"I‘\ ‘\‘
£ -+ ADomC-GFP I
§ 2.2 - ,,' . “\
° S AN s O
| AT :\:1; N7
§ | AN 3
e 20F hwt *
18 -

Days post-infection

FIG 5 Infection of A129 and wild-type mice with CHIKV/SFV chimeras. (A and B) Survival analysis of 6- to 9-week-old A129 mice infected with either 10* (A)
or 10*® (B) PFU of each chimeric virus in the left hind footpad. (C) Viremia in A129 mice infected with 10* PFU of each virus. *, Statistically significant
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Viremia (E) and footpad swelling (F) in infected C57BL/6 mice. Viremia (C and E) was measured via TCID assay in BHK-21 cells. (F) Footpad swelling was
assessed by measuring the width of the footpad over the course of the infection using a digital caliper.

tion (Fig. 6A). In C57BL/6 mice, ADomA and ADomC produced
significantly less virus on both days 2 and 3 postinfection, while no
significant differences were observed with ADomB (Fig. 6B). In-
terestingly, titers observed for all viruses besides SFV-GFP were
significantly lower on day 3 compared to day 2, suggesting viral
clearance.

Histological analyses of infected brains confirmed pathology
associated with infection. Previous studies with SFV identified the
hippocampus as a major target of SFV infection (53); therefore, we
undertook a comparative histological analysis of the hippocam-
pus from SFV-, CHIKV-, and CHIKV/SFV chimera-infected
mice, specifically surveying for obvious morphological changes
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associated with the different virus infections. Examination of he-
matoxylin-eosin-stained sections revealed that neuronal cells in
the hippocampus remained mostly intact in A129 mice following
i.c. infection with CHIK-GFP (Fig. 6C), despite these mice becom-
ing sick. In contrast, SFV-GFP-infected mice revealed massive
demyelination and neuron degeneration in the hippocampus
(Fig. 6D). Interestingly, mice infected with ADomB, and to a lesser
extent ADomA, showed demyelination with neuron degeneration
that appeared similar to SFV-GFP (Fig. 6E and F). No lesions in
the hippocampus of mice infected with ADomC were observed
and, as a result, images are not shown to conserve space. A similar
disease phenotype was observed in C57BL/6 mice, with CHIK-
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similar pattern was observed with C57BL/6 mice infected with the chimeric viruses: representative images of hippocampal neurons from infected C57BL/6 mice
(G to]) and of inflammation and perivascular cuffing in the white matter of C57bl/6 mice (K to N) are shown. Neuron degeneration is indicated by arrowheads,
while arrows represent demyelination. *, Significant increase in viral load in the brain (*, P < 0.05; **, P < 0.01). Scale bars: C to F, 100 pm; G to N, 50 pm.

GFP-infected mice maintaining healthy hippocampal neurons
(Fig. 6G). Demyelination and neuronal cell death were observed
in SFV-GFP-infected brains (Fig. 6H). ADomB-infected mice
presented with moderate neuron degeneration but little demyeli-
nation, whereas ADomA-infected mice showed mild neuron de-
generation (Fig. 61 and J). Massive inflammation and perivascular
cuffing were observed in CHIK-GFP mice (Fig. 6K) despite the
lack of neuron damage. Infiltration of mononuclear cells and
perivascular cuffing was observed in the brains of mice infected
with SFV-GFP, ADomA, and ADomB viruses (Fig. 6L and N). Itis
interesting that ADomB induced significant hippocampal neuron
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degeneration despite appearing to produce less overall inflamma-
tion of the brain (Fig. 6N). These data indicate that E2 domains A
and B play a role in pathology produced by infection in both
immunodeficient and immunocompetent mice.

In vitro infection of brain cells to assess cell tropism changes
of CHIKV/SFV chimeras. To determine the role of cell tropism in
the altered brain pathology observed with CHIKV/SFV chimeras,
we infected various brain cell cultures at an MOI of 0.1 PFU/cell
and measured the titer of infectious virus at 24 h postinfection.
MRC-5 (human lung fibroblast) cells were used as a positive con-
trol, since they are highly susceptible to CHIKV (40). There were
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FIG 7 Growth of CHIK/SFV chimeras in different CNS cell types. The replication of parental and chimeric viruses in brain cells was examined. (A) MRC-5
(fibroblasts), BV-2 (microglia), HMEC (endothelial), SHSY5Y (neuroblastoma), CG-4 (astrocytes), and (B) CG-4 (oligodendrocytes) were infected at an MOI
of 0.01 PFU/cell, and the infectious virus released 24 h postinfection was measured by TCID,, assay in BHK-21 cells. CG-4 oligodendrocyte progenitors were
differentiated into either type IT astrocytes (A) or oligodendrocytes (B) according to well-established methods. *, Statistically significant differences in viral titer

(*, P <0.05;** P <0.01).

no significant differences in the replication of CHIK-GFP com-
pared to ADomB on microglial (BV-2), endothelial (HMEC),
neuroblastoma (SHSY5Y), and astrocyte cells (Fig. 7A), whereas
ADomA and ADomC were uniformly attenuated on all cell lines
tested (the latter in SHSY5Y the only exception). ADomA and
ADomC were similarly attenuated for virus replication in oligo-
dendrocytes, while ADomB and SFV-GFP produced significantly
higher infectious virus titers compared to CHIK-GFP at 24 h after
infection (P < 0.05) (Fig. 7B).

Chimeric viruses present altered GFP distribution in the
mouse brain. To assess the tropism of chimeric viruses in the
brains of mice, frozen sections from i.c.-infected A129 mice were
analyzed for GFP expression via fluorescence microscopy using an
Evos FL inverted microscope. CHIK-GFP tropism was very simi-
lar to previously reported results, with GFP expression primarily
found in the choroid plexus and ependymal wall (49) outside the
hippocampus (Fig. 8A and B). In contrast, SFEV-GFP was found
both in the ependymal cells and inside the hippocampus, primar-
ily infecting the cells which appear to be pyramidal neurons (Fig.
8C), a finding consistent with previous reports (53). In addition,
SFV-GFP infection was observed in cells in white matter tracts
which formed chains characteristic of oligodendrocytes (Fig. 8D),
also consistent with previous reports (53, 54). Interestingly,
ADomA and ADomB viruses appeared to spread further into the
hippocampus, with the latter appearing to infect cells surrounding
the hippocampal pyramidal neurons (Fig. 8E to H), albeit with a
different distribution than SFV-GFP. GFP expression in white
matter tracts of chain-like cells characteristic of oligodendrocytes
was observed with both ADomA - and ADomB-infected mice (Fig.
8F and H), which was not detected in CHIK-GFP-infected mice
(Fig. 8B). ADomC virus replication was highly attenuated in the
brain, and little GFP expression was observed in infected mice.
Replication of ADomC appeared to be restricted to cells with dis-
tribution characteristic of ependymal cells (Fig. 8] and J).

DISCUSSION

Although the roles of individual amino acid substitutions in the E2
have been established for many alphaviruses (55-57), the impor-
tance of these changes in other alphaviruses, or the larger function
of protein domains of E2, remains poorly understood. We hy-

March 2016 Volume 90 Number 5

Journal of Virology

pothesized that constructing chimeric viruses between CHIKV
and either VEEV or SFV would facilitate studies elucidating the
importance of these domains in terms of replication, structure,
and pathogenicity, among other factors. However, CHIK/VEEV
chimeras were nonviable, likely due to large sequence variations
between the two highly divergent viruses which resulted in disrup-
tion of amino acid interactions between E1 and E2 (Tables 2 and
3). CHIKV/SFV chimeras, in contrast, could be rescued and
grown to high titers for further study.

In the studies described here, using in vitro and in vivo (mos-
quitoes and mice) approaches, we established the importance of
alphavirus E2 domains. Through replication kinetics, mosquito
vector competence, infection of immunocompetent and inter-
feron signaling-deficient mice, we determined that the role of E2
domain C is crucial to the complete virus transmission cycle. Al-
though residues associated with tissue tropism or host range have
not been shown to map to domain C, it appears likely that its
structural role is indispensable for proper viral function. The re-
cent publication of the crystal structure of CHIKV reveals the
close association between domain C and E1 (17), and it is likely
that this interaction is disrupted in the ADomC chimera. Struc-
tural analysis of the chimeric envelope proteins showed that many
amino acid interactions were disrupted in the ADomC virus,
which is likely responsible for its attenuation. Domain A, like do-
main C, interacts strongly with E1, and possibly due to this
ADomA was also attenuated, albeit to a lesser degree than
ADomC. This is supported by the increased amino acid similarity
between CHIKV and SFV in ADomA, compared to ADomC, and
also the number of important residues for protein interaction dis-
rupted. In contrast to domain C, which is positioned between two
E1 molecules, domain A has residues internal and at the surface of
the envelope spikes. The interaction of the internal residues with
E1 was likely the cause of attenuation of ADomA, while the resi-
dues on the surface may have contributed to the altered pathology
seen in mice infected i.c. As suggested by the attenuation of the
viruses, ADomC had lower viral fitness, as measured by genome/
PFU ratios. Surprisingly, no differences were observed between
ADomA and ADomB in genome/PFU ratio, despite the differ-
ences in attenuation levels. The reason for this is unclear but may
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CHIK-GFP

SFV-GFP

ADomA-GFP

ADomB-GFP

ADomC-GFP

FIG 8 Distribution of CHIKV/SFV chimeras in the mouse brain. GFP expression was used to monitor tropism of CHIKV/SFV chimeras in the brains of A129
mice. Cryosectioned tissues were cut using a cryostat to 10 wm and placed onto positively charged slides. GFP expression was monitored using an Evos FL
microscope with either a X10 (A, C, E, G, and I) or X20 (B, D, F, H, and J) objective lens. Scale bars represent 50 wm (A, C, E, G, and I) and 20 pm (B, D, F, H,
and J). Blue color represents cellular nuclei stained with DAPI. White arrows represent chains of cells that have an oligodendrocyte-like morphology.

be the result of measuring levels in cell culture. It is quite possible
that ADomA and ADomB would show greater differences in vivo.
In future studies it may be prudent to examine domain A broken
into different “subdomains,” since this would likely result in less
attenuation, making it easier to observe differences in infection
and pathology.

ADomB, in contrast to ADomA and ADomC, showed similar
replication kinetics in vitro and in vivo compared to CHIK-GFP,
except for the low-dose infection of A129 mice. Similarly, ADomB
had fewer amino acid differences between CHIKV and SFV than
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the other two domains and also had only minor structural differ-
ences due to chimerization. Likely as a result, ADomB was less
attenuated than the other two chimeras and showed only slight
differences to parental CHIKV. Interestingly, ADomB replicated
to significantly higher peak titers in cultured oligodendrocytes, a
finding suggestive but not conclusive of a cell tropism shift con-
ferred by the SFV domain B. Furthermore, viral infection of cells
characteristic of oligodendrocytes was observed in both SFV-GFP,
ADomA- and ADomB-infected mice. Infection of these cells was
not observed with CHIK-GFP, indicating that these domains may
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be playing a role in cell tropism in these cells. This may have been
due to interactions with GAGs, since ADomB virus showed a sim-
ilar reduction in infectivity in BHK-21 cells in the presence of
heparin as SFV. It is well established that SFV can infect oligoden-
drocytes and is even used as a model for experimental autoim-
mune encephalomyelitis (58). The data presented here suggest
that a widespread virus like CHIKV could cause demyelinating
disease following infection if E2 mutations are selected for which
result in increased oligodendrocyte tropism. CNS involvement
has become increasingly more common (59, 60), and cases of
demyelinating disease following CHIKV infection have been re-
ported (61-64), warranting further research.

Future studies focusing on infection rates instead of replication
may determine a precise role for both domains A and B in cell
tropism. Using i.c. infection of different mouse strains, we showed
drastically altered pathology, which more closely mimicked SFV-
GFP than CHIK-GFP for ADomB and, to a lesser degree, ADomA.
Although ADomC did not show an altered infection phenotype, it
is possible that this could be related to its attenuation and there-
fore may play an important role in infection. Demyelination and
neuron degeneration observed in infected mice may have been
due to these viruses’ increased ability to infect oligodendrocytes or
neurons. Previous studies attempting to identify the correlates for
SFV’s neurotropism have proven that it likely involves a combi-
nation of viral factors, since many residues or cis-acting RNA ele-
ments have been implicated (65-71). Therefore, while domain B
may not be the only factor involved in infection of these cells, it is
likely that it is playing a role in receptor mediated entry (reviewed
in reference 17). The position of domain B at the surface of the
E2/E1 spike, with minimal contact with E1, offers an explanation
for the limited attenuation observed with this chimera. In addi-
tion to El, interactions between E2 and E3 have been shown to
play an important role in virus replication and assembly (74). This
interaction was shown to be clade specific, which is in agreement
with our data that no important interactions between E3 and E2
were disrupted in the CHIKV/SFV chimeric viruses presented
within the manuscript, since both are in the SFV complex of Old
World alphaviruses. The overwhelming number of amino acid
differences between CHIKV and VEEV E2 make it difficult to
determine what role the E2-E3 interaction played in the inability
to rescue CHIKV/VEEV chimeric viruses.

Our studies demonstrate that each of the domains of the alpha-
virus E2 plays a critical role in viral infection. We showed that
changing domains A or C resulted in viruses that are highly atten-
uated both in vitro and in vivo, highlighting the importance of the
E1-E2 interaction which is critical for viral replication. These vi-
ruses can be useful to study this interaction, since serial passaging
in cell culture or in vivo (mosquitoes or mice) should allow for
identification of additional residues important for the E1-E2 in-
teraction. In addition to studying virus protein interaction, the
greatly reduced replication rates and mortality of the ADomA and
ADomC chimeras suggest that they may have utility as vaccines.
This attenuation, which is likely mediated by differences in many
amino acid residues compared to the wild type, suggests that these
viruses could be highly safe CHIKV vaccines or recombinant vac-
cine vectors producing a foreign antigen in the same manner GFP
is currently expressed. Our studies also highlight the importance
of E2 domain B, implicating it in pathology and potentially cell
tropism. Since E2 domain B is where many neutralizing antibodies
map (72, 73), it should be explored as a vaccine antigen that could
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be cross-reactive for other alphaviruses. In addition, the relative
lack of attenuation of ADomB, despite only sharing ~60% amino
acid sequence similarity between CHIKV and SFV, suggests that
this region could be utilized to express foreign antigens to alter
cellular tropism or possibly target specific cells.

In summary, these studies highlight the importance of study-
ing the role of individual domains of viral proteins. It was deter-
mined that all three E2 domains are important for viral replication
and pathogenesis in vitro and in vivo (mosquitoes and mice). In
addition, we established the importance of assessing infection and
replication in both the vertebrate and invertebrate host for arbo-
viruses, since differences are likely to be observed. The chimeric
viruses described here may be useful for future studies to under-
stand the role of alphavirus E2 domains in assembly, immunoge-
nicity (including vaccines), and further infection/pathogenicity
studies.
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