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Abstract

Crimean-Congo hemorrhagic fever virus is a tick-borne bunyavirus of the Nairovirus genus that causes hem-
orrhagic fever in humans with high case fatality. Here, we report the development of subunit vaccines and their
efficacy in signal transducer and activator of transcription 1 (STAT1) knockout mice. Ectodomains of the
structural glycoproteins Gn and Gc were produced using a Drosophila insect cell–based expression system. A
single vaccination of STAT129 mice with adjuvanted Gn or Gc ectodomains induced neutralizing antibody
responses, which were boosted by a second vaccination. Despite these antibody responses, mice were not
protected from a CCHFV challenge infection. These results suggest that neutralizing antibodies against CCHFV
do not correlate with protection of STAT1 knockout mice.
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Introduction

Crimean-Congo hemorrhagic fever virus (CCHFV) is
a member of the Nairovirus genus within the family

Bunyaviridae. The virus is transmitted among mammals by
ixodid (hard) ticks, predominantly of the species Hyalomma
marginatum. Humans can become infected via tick bite,
crushing of engorged ticks, via contact with bodily fluids in a
nosocomial setting, or via contact with blood or tissues of
infected animals. CCHFV can cause a hemorrhagic syn-
drome in humans with mortality rates as high as 70%,
whereas animal hosts show no overt signs of disease. Before
the year 2000, CCHFV was associated with human disease in
the Soviet Union, Bulgaria, and South Africa, whereas in
more recent years, the virus has emerged in the Balkans,
southwest Russia, the Middle East, and Turkey (Bente et al.
2013). No internationally approved vaccine or therapeutic is
available.

In 1970, a vaccine became available in the former USSR
that is based on aluminum hydroxide–adjuvanted formalin-
inactivated mouse brain (Tkachenko et al. 1970, 1971). Since
1974, this vaccine has been used to protect military and
medical personnel, farmers, and people residing in CCHFV
endemic areas. Over a period of 21 years following the use of
this vaccine in Bulgaria, a four-fold reduction in the number of
reported CCHF cases was observed, although this observation
cannot be ascribed with certainty to the use of the vaccine
(Christova et al. 2010). In 2012, the potency of the vaccine
was evaluated in healthy human volunteers. This study
demonstrated that a single vaccination elicits low neutraliz-
ing antibody and cellular immune responses and that three
booster vaccinations may be required to achieve protective
immunity. The seemingly weak immunogenicity of the in-
activated vaccine, together with the difficulty in preparing
the vaccine from mouse brain in high biocontainment facili-
ties, explains the need for a next-generation CCHF vaccine.
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Like other members of the Bunyaviridae family, the CCHFV
genome comprises a large (L), medium (M), and small (S)
segment. The L and S segments encode the polymerase protein
and nucleocapsid protein, respectively, that function together in
genome replication and transcription. The M segment of the
virus encodes an unusually large glycoprotein precursor (GPC)
protein that is processed into seven proteins, of which the
structural glycoproteins Gn and Gc comprise the outer surface
of the virion (Fig. 1A, B; Sanchez et al. 2006). These surface
glycoproteins are considered promising vaccine candidates
because both were previously shown to be targets of neutral-
izing antibodies (Bertolotti-Ciarlet et al. 2005).

The first approach to developing a next-generation CCHF
vaccine was reported in 2006. In this work, a DNA vaccine
was developed that was shown to induce neutralizing anti-
bodies in a subset of mice after three gene gun vaccinations
(Spik et al. 2006). In another approach, the viral structural
glycoproteins were expressed in tobacco plants. Mice feeding
on the leaves of these plants developed CCHFV-specific se-
rum immunoglobulin A (IgA) and IgG antibodies, although
the neutralizing capacity of these antibodies was not evalu-
ated (Ghiasi et al. 2011). The establishment of mouse models
using adult immunocompromised mice deficient for either
the signal transducer and activator of transcription 1 (STAT1)
signaling molecule (Bente et al. 2010, Bowick et al. 2012)
or the type I interferon receptor (Bereczky et al. 2010, Zivcec
et al. 2013) now enables evaluation of the efficacy of
candidate vaccines. The latter model was recently used to
evaluate the efficacy of a Modified Vaccinia Ankara (MVA)-
based vaccine (Buttigieg et al. 2014). The MVA vector
was designed to express the complete GPC gene and was
shown to induce GPC-specific cellular and humoral immune
responses. After a homologous prime-boost vaccination, all

type I interferon receptor knockout mice were fully protected
from a lethal challenge dose (Buttigieg et al. 2014).

We here report the development of CCHF candidate sub-
unit vaccines using a Drosophila insect cell–based expres-
sion system that was previously used successfully to develop
candidate vaccines for the control of Rift Valley fever (de
Boer et al. 2010). The efficacies of the experimental CCHF
vaccines were evaluated in STAT1 knockout mice. Our re-
sults demonstrate that the vaccines induce high neutralizing
antibody responses after a prime-boost vaccination, but that
these responses do not correlate with protection.

Materials and Methods

Virus and cells

CCHFV strain IbAr10200 was provided by Dr. Thomas
Ksiazek (University of Texas Medical Branch, Galveston,
TX). The IbAr10200 virus was previously passaged 10 times
in suckling mouse brain and three times in SW-13 cells. The
titer was determined at 1.2 · 106 plaque-forming units (pfu)/
mL. SW-13 cells (American Type Culture Collection [ATCC]
#CCL-105) were maintained in L-15 medium containing
10% heat-inactivated fetal bovine serum (FBS), 100 mM
L-glutamine, 50 U/mL penicillin, and 50 lg/mL streptomycin
(all from Sigma, St. Louis, MO). The virus stock and inocula
tested negative for pyrogen contamination using the PYRO-
GENT Plus Test Kit (Lonza, Wakersville, MD).

Plasmid construction

Constructs for expression of genes in Drosophila Schnei-
der 2 (S2) cells were based on the plasmid pMT/BiP/V5-
HisA (Invitrogen, Carlsbad, CA). CCHFV sequences were

FIG. 1. Topology of the Crimean–Congo hemorrhagic fever virus (CCHFV) glycoprotein precursor protein and production of
Gn and Gc ectodomains. The putative topology of the CCHFV glycoprotein precursor and the proteases involved in co-
translational processing are depicted (A and B). Protease cleavage sites are depicted. (Black arrows) Signalase cleavage sites; (red
arrow) cleavage by a yet unknown protease. Genes encoding the Gn or Gc ectodomains, each carboxy-terminally fused to a
sequence encoding a triple Strep-Tag (S) (C), were expressed in Drosophila S2 cells, purified by Strep-Tactin sepharose columns,
and analyzed by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) (D). Gn-eD, Gc ectodomain of
improved solubility; Gn-e, Gc ectodomain.
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derived from the M segment of CCHFV strain IbAr10200
(National Center for Biotechnology Information [NCBI] acc.
no. AF467768). Gene synthesis and codon-optimization for
optimal expression in insect cells was performed by the
GenScript Corporation (Piscataway, NJ). For expression of
the Gn ectodomain, a construct was designed that encodes
amino acids 520–694 of the GPC, fused at the amino terminus
to the BiP signal sequence, and fused at the carboxyl terminus
to a FLAG-tag (DYKDDDDK) followed by three Strep-tags
(WSHPQFEK), each separated by a glycine linker (GGGSG
GGSGGGS). The triple Strep-tag was included to allow pu-
rification with Strep-Tactin Magnetic Beads (IBA GmbH).
Two similar constructs were designed for expression of the
Gc ectodomain, the first encoding amino acids 1041–1596 of
the GPC and the second encoding amino acids 1041–1579.
These proteins were named Gc ectodomain (Gc-e) and Gc
ectodomain of improved solubility (Gc-eD), respectively.

Expression and purification of the CCHFV Gn
and Gc ectodomains

Plasmids pMT-Gn, pMT-Gc-e, and pMT-Gc-eDwere each
co-transfected into S2 cells with the blasticidin resistance
vector pCoBlast (Invitrogen) at a ratio of 19:1 using Cellfectin
II Transfection Reagent (Invitrogen). Stably transformed cells
were selected in serum-free InsectXpress Medium (Lonza,
Westburg, Leusden, The Netherlands) containing 25 lg/mL
blasticidin (Invitrogen) and maintained in culture medium
containing 10 lg/mL blasticidin. For protein expression,
cells were seeded at a density of 1.6 · 107 cells/mL in T150
flasks and induced by addition of copper sulfate (500 lM) to
the culture medium. After incubation of 8–9 days at 28�C,
supernatant was collected and stored at 4�C until protein pu-
rification. When required, cells were reseeded for a second
induction.

Due to poor yield and solubility of the Gc-e protein, su-
pernatant containing this protein was concentrated 10· using
30-kDa Amicon filters (Millipore) to obtain sufficient protein
for vaccination of mice. In contrast, the Gc-eD and Gn-e
proteins were highly soluble and could be purified efficiently
using Strep-Tactin� Superflow� High-Capacity cartridges
with a 1-mL bed volume (IBA GmbH) and an ÅKTA fast
protein liquid chromatography (FPLC) purification system.
Before loading onto the columns, the culture medium was
incubated with avidin to prevent binding of contaminating
biotinylated proteins. After 40 min incubation at 37�C with
25 lg/mL avidin, supernatants were cleared by slow-speed
centrifugation. Purification was performed according to the
instructions of the manufacturer (IBA GmbH).

To determine protein yields, samples were mixed with
Laemmli sample buffer and loaded onto 4–12% NuPAGE
gels. Proteins were visualized with GelCode Blue (Pierce)
and protein concentrations were determined using a bovine
serum albumin (BSA) standard.

Vaccination and challenge of mice

Female 4- to 6-week-old 129S6/SvEv-Stat1tm1Rds mice
(STAT129, Taconic, Germantown, NY) were randomized
and implanted with subdermal ID transponders to monitor
body temperatures (Biomedic Data Solutions, Seaford, DE).
CCHFV proteins were formulated with the Sigma Adjuvant
System according to the instructions of the manufacturer

(Sigma). Animals were kept under sterile barrier conditions
in environmentally enriched ventilated cages (Tecniplast,
Italy) with sterile food and water provided ad libitum.

In the first experiment, a group of five mice was vaccinated
via the intraperitoneal route with a volume of 200 lL (100 lL
in each of two caudal abdominal quadrants) containing 1.4 lg
Gc-e on days 0 and 21. One group of mice (n = 5) received
adjuvant only. Serum was collected by retro-orbital bleeds 3
weeks after the second vaccination and evaluated for the
presence of neutralizing antibodies. On day 35, the mice were
moved into the biosafety level 4 (BSL4) laboratory and al-
lowed to acclimate for 7 days before challenge. On day 42,
mice were challenged intraperitoneally with 100 pfu CCHFV
strain IbAr10200 in a volume of 100 lL, which was expected
to result in death of mock-vaccinated mice after 3–5 days
(Bente et al. 2013).

In the second experiment, groups of 10 mice were vacci-
nated with a volume of 200 lL (100 lL in each of two caudal
abdominal quadrants), containing 7.5 lg purified Gc-eD or
15 lg Gn-e per mouse on days 0 and 21. One group of five
mice was inoculated with adjuvant only. On day 35, the mice
were moved into the BSL4 laboratory and allowed to accli-
mate for 7 days until subcutaneous challenge (day 42). The
titer and volume of the challenge inoculum were identical as
in the first experiment. Blood samples were collected by
retro-orbital bleed on days 0, 21, and 42 and serum was
separated by centrifugation.

All animal work was reviewed and approved by the Institu-
tional Animal Care and Use Committee and Institutional Bio-
safety Committee of the University of Texas Medical Branch.

Virus neutralization test

Fifty microliters of L-15 medium containing 5% FBS, 1%
l-glutamine, and 1% penicillin-streptomycin was added to
each well of a 96-well plate. Subsequently, 50lL of prediluted
mouse sera (1:5) was added to the first row and diluted by two-
fold dilution steps. Next, 50 lL of diluted CCHFV stock (103

50% tissue culture infective dose [TCID50]/mL) was added to
each well, after which the plates were incubated at room
temperature for 2 h. Consequently, 50 lL of SW-13 cell sus-
pension containing 800,000 cells/mL was added to each well,
resulting in 40,000 cells per well. Plates were sealed and placed
in an incubator at 37�C. After 4 days, plates were stained with
Crystal Violet in 10% buffered formalin and 80% end-point
titers determined using the Spearman–Kärber method.

Results

Production and vaccine efficacy of the Gc ectodomain

A Drosophila Schneider 2 (S2) cell line stably expressing
Gc-e was readily created. However, analysis of supernatant
by polyacrylamide gel electrophoresis (PAGE) demonstrated
that the Gc-e protein was of low yield and poorly soluble.
Accordingly, detection of the protein on polyacrylamide gels
required preincubation of culture medium with 1% Triton
X-100 (data not shown). Protein concentrations were deter-
mined using a BSA standard. To obtain sufficient Gc-e pro-
tein for vaccination, culture supernatant was concentrated
using Amicon filters (Millipore).

Prime-boost vaccination of STAT129 mice (n = 5) with a
1.4-lg Gc-e/dose resulted in an average 80% end-point titer
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of 333, whereas no neutralizing antibodies were detected
in mice inoculated with adjuvant only. To our surprise,
despite the presence of neutralizing antibodies, intraperi-
toneal challenge of the vaccinated mice resulted in elevated
temperatures on 2 days postinfection (dpi), hypothermia on
4 dpi, and significant weight loss (>10%) as previously
described for CCHFV challenge of naı̈ve STAT129 mice
(Bente et al. 2010), and all mice succumbed to the infection
(Fig. 2).

FIG. 2. Vaccination with the Gc ectodomain is not pro-
tective in a lethal Crimean–Congo hemorrhagic fever
(CCHF) challenge model. STAT129 mice (n = 5/group)
were vaccinated via the intraperitoneal route two times, with
a 3-week interval, with purified Gc ectodomain (Gc-e) for-
mulated with the Sigma Adjuvant System or with adjuvant
only (mock). Mice were challenged 3 weeks after the second
vaccination with Crimean–Congo hemorrhagic fever virus
(CCHFV) strain IbAr10200 via the intraperitoneal route.
Body temperatures (A), % weight loss (B), and % survival
(C) are depicted. Error bars represent standard error (SE).
DPC, days postinfection.

FIG. 3. Vaccination mice with Gc and Gn ectodomains
does not protect mice from a sublethal Crimean–Congo
hemorrhagic fever virus (CCHFV) infection. Mice were
vaccinated via the intraperitoneal route two times, with a 3-
week interval, with purified Gn ectodomain (Gn-e) or Gc
ectodomain lacking the stem region (Gc-eD), formulated
with the Sigma Adjuvant System. Virus neutralization tests
were performed on individual sera collected 3 weeks after
the second immunization. The results are depicted as 80%
end-point titers (n = 10). Titers were calculated using the
Spearman–Kärber method (A). Mice were challenged 3
weeks after the second vaccination with CCHFV strain
IbAr10200 via the subcutaneous route. Body temperatures
(B) and % weight loss (C) are depicted. Error bars represent
standard error (SE). Gn-eD, Gc ectodomain of improved
solubility; Gn-e, Gc ectodomain.
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Production and vaccine efficacy of a Gc ectodomain
of improved solubility and the Gn ectodomain

The absence of any vaccine-mediated protection in the
face of neutralizing antibody responses led us to suggest that
intraperitoneal challenge may be too intense in this model to
evaluate the efficacy of candidate subunit vaccines. To elu-
cidate if the neutralizing antibodies would protect against a
less rigorous virus challenge, we decided to perform another
vaccination experiment in which mice are challenged via the
subcutaneous route, which leads to a later onset of disease
and only occasionally results in mortality (Bente, unpub-
lished observation). Because uniform lethality cannot be used
as a read-out in this model, efficacy was assessed by moni-
toring temperature, weight loss, and clinical signs. To im-
prove the solubility of the Gc ectodomain and thereby
facilitate production of a new vaccine batch, we truncated the
protein by 17 carboxy-terminal amino acids, corresponding
to the membrane-proximal stem region (FFYGLKNMLS-
GIFGNVF). Considering that antibodies against Gn can also
be protective (Bertolotti-Ciarlet et al. 2005), a cell line con-
stitutively producing the Gn ectodomain (Gn-e, amino acids
520–694 of the M segment open reading frame [ORF]) was
also developed. The resulting Gc-eD and Gn-e proteins were
found to be highly soluble and could be purified efficiently
from the culture medium using Strep-Tactin beads by virtue
of a carboxy-terminally added triple Strep-Tags. Proteins
were detected with GelCode Blue (Pierce), and protein con-
centrations were determined using a BSA standard. Purified
Gn-e and Gc-eD proteins migrated at the *26-kD and *60-
kD positions, respectively, in NuPAGE gels (Fig. 1C, D).

Serum was collected 3 weeks after the first and second
vaccinations and evaluated for the presence of neutralizing
antibodies. All sera were found to contain neutralizing anti-
bodies at 3 weeks after the first vaccination, and antibody
levels were boosted by the second vaccination (Fig. 3A).
Whereas Gn-specific antibody levels increased from an mean
80% end-point titer of 40–62, mean Gc-specific neutralizing
antibody titers increased from 98 to 5120. This result sug-
gests that the Gc-e formulation was most immunogenic. Mice
were challenged 3 weeks after the second vaccination with
CCHFV strain IbAr10200. All mice displayed rises and
subsequent drops in body temperatures (Fig. 3A) as well as
significant weight loss (Fig. 3B) and clinical signs (data not
shown) similar to the mock control group, demonstrating that
vaccination did not change the clinical course of the infec-
tion. One of the Gc-e-vaccinated mice reached the previously
defined humane end point (Bente et al. 2010) on day 6
postinfection and was euthanized by cervical dislocation af-
ter inhalation of isoflurane. Even in this less severe challenge
model, vaccination with the candidate subunit vaccines did
not protect from disease.

Discussion

Structural glycoproteins of bunyaviruses are the targets for
neutralizing antibodies and are therefore preferred candidates
for subunit vaccine development (Pekosz et al. 1995, de Boer
et al. 2010, Brown et al. 2011). Previous studies on mono-
clonal antibodies (mAbs) capable of neutralizing CCHFV
have, however, suggested that the correlation between neu-
tralization and protection is complex. Comprehensive studies
on CCHFV neutralization were performed by Bertolotti-

Ciarlet and co-workers, who demonstrated that Gc is the
dominant target for neutralizing antibodies (Bertolotti-
Ciarlet et al. 2005). Surprisingly, some of these Gc-specific
neutralizing mAbs were relatively poorly protective in
suckling mice. These authors also demonstrated that anti-
bodies against Gn were generally more protective, even
though these antibodies did not neutralize infectivity of the
virus on SW-13 cells. The imperfect correlation between
neutralization and protection, as observed in these previous
studies as well as in the current work, can be explained by a
mechanistic difference between virus infection in vitro and
in vivo.

The recently published study of Buttigieg and co-workers
demonstrated that a prime homologous boost with an MVA
vector expressing the CCHFV GPC (MVA-GP) fully pro-
tects type I interferon receptor knockout mice from a lethal
challenge dose (Buttigieg et al. 2014). Vaccination was
shown to induce both cellular and humoral immune re-
sponses, although neutralizing activity of the antibodies was
not reported. It is important to note that not all vaccinated and
subsequently challenged mice developed a detectable anti-
body response, suggesting that protection did not correlate
with antibodies. Although further studies are required to
firmly establish correlates of protection from CCHFV in-
fection, the combined results of our work and those of
Buttigieg underscore the previous conclusion of Bertolotti-
Ciarlet that there is an imperfect correlation between neu-
tralization and protection from CCHFV infection, at least in
sucking mice and adult mice with defective interferon re-
sponse pathways.

Despite the absence of type I and II interferon function,
STAT129 mice were shown to develop strong adaptive im-
mune responses to virus infections (Vancott et al. 2003,
Franceschi et al. 2015) or vaccination with experimental
subunit vaccines (Vancott et al. 2003, Raymond et al. 2011).
Although this suggests that the model is suitable for the
evaluation of candidate vaccines, the high susceptibility of
STAT129 mice to virus infection may result in undervaluing
the vaccine potential of experimental vaccines. Therefore, it
is important to continue efforts to develop alternative CCHF
animal models that can be used to evaluate the efficacy of
glycoprotein-based subunit vaccines.
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