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Crimean-Congo hemorrhagic fever (CCHF) is a priority emerging disease.
CCHF, caused by the CCHF virus (CCHFV), can lead to hemorrhagic fever in
humans with severe cases often having fatal outcomes. CCHFV is maintained
within a tick-vertebrate-tick cycle, which includes domestic animals. Domestic
animals infected with CCHFV do not show clinical signs of the disease and the
presence of antibodies in the serum can provide evidence of their exposure to
the virus. Current serological tests are specific to either one CCHFV antigen or
the whole virus antigen. Here, we present the development of two in-house
ELISAs for the detection of serum IgG that is specific for two different CCHFV
antigens: glycoprotein Gc (CCHFV Gc) and nucleoprotein (CCHFV NP). We
demonstrate that these two assays were able to detect anti-CCHFV Gce-specific
and anti-CCHFV NP-specific IgG in sheep from endemic CCHFV areas with
high specificity, providing new insight into the heterogeneity of the immune
response induced by natural infection with CCHFV in domestic animals.
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FIGURE 1

CCHFV Gc-specific and CCHFV NP-specific IgG sero-reactivity in sheep sera from endemic CCHFV areas. Sheep sera were collected as part of a

cross-sectional study in an endemic CCHFV area (Bulgaria, n = 1,200) and tested for anti-CCHFV Gc-specific IgG levels (A) and anti-CCHFV
(Continued)
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FIGURE 1 (Continued)

NP-specific IgG levels (B) by in-house ELISAs. Data are represented as a histogram of the distribution of the OD4s¢ values frequency (gray bars).
Non-parametric estimation of the distribution (solid blue lines) and finite-mixture model (dashed blue lines) with estimated cut-off (red solid
line). (C) Relationship between levels of anti-CCHFV Gc-specific and anti-CCHFV NP-specific IgG represented as correlation analysis (Spearman
rank test) with red solid lines representing the estimated cut-off by finite mixed model. (D) Heatmap of data normalized across anti-CCHFV Gc
and anti-CCHFV NP-specifc IgG using min-max normalization where minimum was defined as the cut-off specific for the assay as descriptive
representation of the correlation at individual level. Each row represents data from one animal. Animals below the cut-off represented as gray
and animals above the cut-off as different shades of red defined in the legend.

antigen-specific IgG responses in sheep sera (n=1,200) sourced
from endemic CCHFYV areas in Bulgaria using a cross-sectional
probabilistic study design. Frequency distributions of OD
values for anti-CCHFV Gec-specific and anti-CCHFV NP-
specific IgG were plotted (Figures 1A,B). Cut-offs estimated
using a finite mixture model were 0.234 (0.232-0.236 95%
CIL) for anti-CCHFV Gec-specific-IgG and 0.225 (0.224-
0.227 95% C.I.) for anti-CCHFV NP-specific IgG. After
applying antigen-specific cut-offs, there were 38.417% of anti-
CCHFV Ge-specific IgG sero-reactive animals above the cut-
off (461/1,200) and 34.417 % of anti-CCHFV NP-specific
IgG sero-reactive animals above the cut-off (413/1,200), while
there were 23.333% (280/1,200) of animals that were sero-
reactive to both CCHFV antigens. The 15.083% (181/1,200)
of the animals were only sero-reactive to CCHFV Gc, while
11.083% (122/1,200) were sero-reactive only to CCHFV NP.
And 50.5% (606/1,200) animals were below the cut-off for
both antigens. Anti-CCHFV Gc-specific IgG levels showed a
significant positive correlation with anti-CCHFV NP-specific
0.600, P < 0.0001) (Figure 1C).
To allow visual comparison of individual animals across

IgG levels (Spearman r =

both assays, we generated a heat map that demonstrates
the heterogeneity of the dataset (Figure 1D). When testing
sheep sera from other CCHFV endemic areas (Tanzania, n =
12) with the same in-house ELISAs, results revealed similar
anti-CCHFV Ge-specific and anti-CCHFV NP-specific sero-
reactivity (Supplementary Figure 1).

Under controlled conditions, in sheep that were immunized
using a prime/boost regimen with a candidate vaccine against
CCHFV (CCHFV GP MVA vaccine), there was a modest
increase in anti-CCHFV Ge-specific IgG, determined by anti-
CCHFV Ge-specific in-house ELISA, 40 days post initial
immunization in animals that received two doses of vaccine
(group 2: 6 x 107 pfu DO vs. D40 P = 0.019 and D28
vs. D40 P = 0.035; group 3: 2 X 108 pfu DO vs. D40
P = 0.005 and D21 vs. D40 P = 0.035; Friedman test
with Dunn’s post-hoc analysis) (Supplementary Figure 2A). In
addition, there was no increase in anti-CCHFV NP-specific
IgG measured by the anti-CCHFV NP-specific in-house ELISA
in all experimental groups, which was expected as the
CCHF MVA vaccine encodes full-length CCHFV GP only
(Supplementary Figure 2B).
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Diagnostic specificity and reproducibility
of anti-CCHFV Gc-specific and
anti-CCHFV NP-specific in-house assays

To estimate the diagnostic specificity of both assays, we
tested sheep sera (n = 200) from a CCHFV non-endemic
area, presented here as frequency distribution of OD values
for anti-CCHFV Ge-specific and anti-CCHFV NP-specific IgG
(Figures 2A,B). Diagnostic specificity for anti-CCHFV Ge-
specific and anti-CCHFV NP-specific IgG in-house ELISAs
estimated after the application of specific cut-offs evaluated
by finite mixture model was 95.0% (95% C.I. 92.9-98.0%) for
anti-CCHFV Ge-specific and 94.0% (95% C.I. 90.7-97.3%) for
anti-CCHFV NP-specific ELISA.

Inter-assay coeflicient of variation was 0.182 and 0.268 for
CCHFV NP positive and negative controls, respectively, and
0.211 and 0.246 for CCHFV Gc positive and negative controls,
respectively. The average intra-assay coeflicient of variation was
0.051 for anti-CCHFV Gec-specific and 0.041 for anti-CCHFV
NP-specific IgG ELISA demonstrating high precision of these
assays (Supplementary Table 1).

Comparative assessment of anti-CCHFV
Gce-specific and NP-specific in-house
assays and commercial

VectoCrimean-CHF IgG and ID Screen®
CCHF double antigen multi-species kits

A subset of sheep sera from endemic CCHFV areas
in Bulgaria (n = 80) tested with anti-CCHFV Gc-specific
and anti-CCHFV NP-specific in-house ELISAs were also
tested using commercially available VectoCrimean-CHF IgG
and ID Screen® CCHF Double Antigen Multi-species Kits.
VectoCrimean-CHF IgG commercial kit is intended for the
detection of IgG to CCHFV antigen and we compared results
following VectoCrimean-CHF IgG commercial kit with both
in-house assays, anti-CCHFV Gc-specific and anti-CCHFV NP-
specific IgG ELISAs. ID Screen® CCHF Double Antigen Multi-
species kit is a sandwich ELISA that is specific to a single
antigenic target, CCHFV NP, which is also used as a detection
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FIGURE 2

(same as Figure 1) is presented as a red solid line.

Anti-CCHFV Gc-specific and NP-specific IgG in sheep sera from non-endemic CCHFV areas. Sheep sera were collected from a non-endemic
CCHFV country (n = 200) and tested for anti-CCHFV Gc-specific (A) NP-specific (B) IgG sero-reactivity by in-house assays. Data are represented
as histograms of the distribution of the ODgysg values frequency (blue bars). Estimated cut-off from finite-mixture model in an endemic area
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agent in this assay (17). Therefore, a comparison between
this assay and anti-CCHFV Gec-specific in-house ELISA was
not performed.

Using specific cut-offs according to the manufacturer’s
instructions of both commercial kits, samples were classified
into positive and negative, and receiver operating characteristic
(ROC) analysis was performed. The values for the area under
the curves (AUC) were as follows: (i) 0.904 for anti-CCHFV
Ge-specific in-house assay when using positive (n = 41) and
negative (n = 39) samples evaluated by the VectoCrimean-CHF
IgG assay (Figure 3A, right panel); (ii) 0.790 for anti-CCHFV
NP-specific in-house assay when using positive (1 = 41) and
negative (n = 39) samples evaluated by the VectoCrimean-
CHF IgG assay (Figure 3B, right panel) and (iii) 0.841 for
anti-CCHFV NP-specific in-house assay when using positive
(n = 35) and negative (n = 45) samples evaluated by the ID
Screen® CCHF Double Antigen Multi-species assay (Figure 3C,
right panel).

When comparing theVectoCrimean-CHF kit
with anti-CCHFV Gc IgG in-house assay results, there
on both assays

results

were 32 samples that were positive
(78.0%, Supplementary Figure 3A, left panel), while there
were 36 samples tested negative on both assays (92.3%,
Supplementary Figure 3A, right panel), resulting overall in a
high positive correlation between two assays (Spearman r =
0.775, P < 0.0001, Figure 3A, left panel). When comparing
the same VectoCrimean-CHF kit results to anti-CCHFV NP
IgG in-house assay results, there were 13 samples that were
positive on both assays (31.7%, Supplementary Figure 3B, left
panel), while 34 samples tested negative on both assays (87.2%,
Supplementary Figure 3B, right panel), resulting overall in

moderate positive correlation between two assays (Spearman
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r = 0.505, P < 0.0001, Figure 3B, left panel). Comparative
analysis of ID Screen® CCHF Double Antigen Multi-species
kit and anti-CCHFV NP IgG in-house assay revealed 13
samples that were positive (37.1%, Supplementary Figure 3B,
left panel) and 40 samples tested negative on both assays (88.9%,
Supplementary Figure 3B, right panel), resulting overall in a
moderate positive correlation between two assays (Spearman r
=0.588, P < 0.0001, Figure 3C, left panel).

Discussion

Domestic animals do not show clinical signs following
infection with CCHFV but develop antibody responses against
CCHFV (9). Serological assays have been used to indicate
the presence of circulating CCHFV in areas where individuals
might be at risk of exposure and infection. CCHFV NP has
been considered highly immunogenic (26) and therefore used
in the majority of serological assays as a detection antigen.
Our study provides an assessment of two separate anti-CCHFV
antigen-specific in-house assays, detecting IgG directed against
CCHFV Gc and CCHFV NP. This is an important advance
on previous serological tests available (commercial and in-
house) that are specific to either one antigen (CCHFV NP)
or whole CCHFV. Having assays that are detecting antibodies
to different antigens would improve our understanding of the
immunogenicity of CCHFV and the nature of antibody response
in endemic settings.

In this study, we used anti-CCHFV Gc-specific and anti-
CCHFV NP-specific IgG in-house ELISAs to determine the
sero-reactivity toward CCHFV in endemic areas. In the absence
of known positives and negatives from the affected area, we

frontiersin.org
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FIGURE 3 (Continued)

with ID Screen® CCHF Double Antigen Multi-species.

cross-sectional study in an endemic CCHFV area (n =8 0) was tested for anti-CCHFV Gc-specific IgG and anti-CCHFV NP-specific IgG by
in-house ELISAs and with VectoCrimean-CHF IgG and ID Screen® CCHF Double Antigen Multi-species commercial kits. Left panel shows
spearman correlations between responses evaluated by: (A) anti-CCHFV Gc-specific IgG in-house ELISA and VectoCrimean-CHF IgG, (B)
anti-CCHFV NP-specific IgG in-house ELISA and VectoCrimean-CHF IgG, or (C) ID Screen® CCHF Double Antigen Multi-species. Right panel
shows ROC curves generated using: (A) anti-CCHFV Gc-specific in-house ELISA OD measured at 450 nm and positive (n = 41) and negative (n =
39) sera results obtained with VectoCrimean-CHF IgG; (B) anti-CCHFV NP-specific in-house ELISA OD measured at 450 nm and positive (n =
41) and negative (n = 39) sera results obtained with VectoCrimean-CHF IgG, or (C) positive (n = 35) and negative (n = 45) sera results obtained

applied a finite mixture model to determine the cut-off. This
method assumes that each dataset has a bimodal distribution,
one representing a sero-positive and the other a sero-negative
population. Identification of positive and negative populations
within the results determines a cut-off as a best-fit value to
discriminate between these two groups (24). This approach is
more suitable to determine the cut-off when a serosurvey is
performed in endemic areas and large number of samples are
collected. A limitation of this method is that the cut-off might
change when samples are collected in other endemic areas and
therefore, should be estimated for each population.

Data presented here showed that both assays had high
diagnostic specificity when considering non-vaccinated, non-
infected animals from non-endemic CCHFV areas as true
negatives; 95% for anti-CCHFV Gc-specific and 94% for the
anti-CCHFV NP-specific IgG in-house ELISA. Anti-CCHFV
NP-specific in-house ELISA diagnostic specificity is aligned with
diagnostic specificity reported in other anti-CCHFV NP-specific
assays (17, 27). However, assay protocols and methodologies
to estimate diagnostic specificity differ across studies, including
differences in species tested, study design, and sample size, and
therefore they are not directly comparable. The same needs to
be taken into account when comparing commercially available
and in-house assays; relatively low accordance of anti-CCHFV
NP IgG in-house ELISA positive results to both commercial
kits used could be explained by differences in methodologies
resulting in different assay performances. For example, the
coating antigen concentration of CCHFV NP in ID Screen®
CCHF Double Antigen Multi-species kit is 5 ug/ml (17) while
in anti-CCHFV NP in-house ELISA is 1 ug/ml.

It was not possible to estimate the assays diagnostic
sensitivity given that well-characterized positive reference sera
in domestic animals were not available. In humans, the
diagnostic sensitivity of the test can be evaluated against
different stages of clinical disease (28). Previous studies in
livestock and wild animals have used “positive” field samples
as “true” positives; however, given that domestic animals do
not show clinical signs, using field samples as true positives
is questionable. Ideally, challenge studies should be conducted
first to determine initial analytic and diagnostic sensitivity and
specificity under controlled settings and complete the validation
of the assays; however, as CCHFV is a BSL-4 pathogen,
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conducting studies like this in domestic animals is challenging.
In this study, sheep immunized under controlled conditions
using a prime/boost regimen with a candidate vaccine encoding
full-length CCHFV GP only, showed modest anti-CCHFV
Ge-specific IgG and absence of anti-CCHFV NP-specific IgG
response, demonstrating our in-house assays have a good
analytic specificity. The low post-immunization seroconversion
observed may be the result of the MVA platform technology
not inducing sufficient levels of immunogenicity in sheep,
unlike if using other viral vectors for antigen delivery. For
instance, it has been shown that immunization of mice with
a single dose of a chimpanzee adenovirus (ChAd) against
MERS-CoV can give humoral immunogenicity equivalent to
two doses of MVA against MERS (29). Furthermore, it may
be that in sheep, a heterologous prime-boost, with alternative
viral vectors for both doses, maybe a preferable strategy to
achieve increased seroconversion for more potent vaccine-
induced humoral responses (30, 31).

In the sample sets from endemic CCHFV areas, we observed
similar overall levels of sero-reactivity toward CCHFV Gc
and CCHFV NP. However, these antibody responses show
heterogeneity that might be caused by various factors, such as
animal age, phase of the infection, time between exposure or
different localities, and different decay rates of the antibody
responses. The dynamic of the humoral immune response
toward different CCHFV antigens in domestic animals is
not known, specifically, whether animals develop anti-CCHFV
NP and anti-CCHFV Gc specific antibodies at similar time
points post-infection and how long both remain over time.
In humans, data are suggesting that during different phases
of CCHFV infection, there are IgG-specific responses directed
against different CCHFV antigens, where IgG responses directed
against CCHFV Gc were generated during acute infection (32),
followed by IgG response toward CCHFV NP. Further analysis
to formally assess potential differences in animals should be
conducted. In addition, CCHFV shares antigenic similarities
with other nairoviruses, such as the Nairobi sheep disease virus,
Dugbe virus, Qalyub viruses, and Hazara virus (9, 33, 34). As a
result, a cross-reaction might occur in places where these viruses
are circulating simultaneously, or due to previous exposure,
with important implications for seroprevalence estimations,
surveillance programmes and vaccine development.
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Conclusion

The present study shows the development of two separate
in-house assays, for the detection of anti-CCHFV Gc-specific
and anti-CCHFV NP-specific IgG. To the best of our knowledge,
this is the first report of an anti-CCHFV Gc-specific assay for
the detection of IgG in domestic animal sera. Future studies
using anti-CCHFV Gc-specific and anti-CCHFV NP-specific
IgG in-house assays should reveal more details about the nature
of antibody response following exposure to CCHFV to further
support vaccine development, especially where differentiation
between infected and vaccinated animals (DIVA) is preferable.
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SUPPLEMENTARY FIGURE 1

CCHFV Gc-specific and CCHFV NP-specific IgG sero-reactivity in sheep
sera from endemic CCHFV areas. Sheep sera were collected from
endemic CCHFV areas (Tanzania, n = 12) and tested for anti-CCHFV Gc
specific IgG levels (A) and anti-CCHFV NP-specific IgG levels (B) by
in-house ELISAs. Individual data points were expressed as OD measured
at 450 nm and shown here as an aligned dot plot with bold horizontal
lines showing the median. (C) Relationship between levels of
anti-CCHFV Gc and anti-CCHFV NP-specific IgG represented as
correlation analysis (Spearman rank test).

SUPPLEMENTARY FIGURE 2

Anti-CCHFV Gc-specific and anti-CCHFV NP-specific IgG response
induced by CCHFV GP Modified Vaccinia virus Ankara (MVA) vaccine
candidate. Sheep were primed (D0) with 2 x 108 pfu (gray) or primed
and boosted (D0/D28) with 6 x 107 pfu (blue) or 2 x 108 pfu (red) of
CCHFV GP MVA vaccine candidate. Anti-CCHFV Ge-specific (A) and
anti-CCHFV NP-specific (B) IgG response in sheep serum was quantified
by in-house assays. Individual data points were expressed as OD
measured at 450 nm and shown here as an aligned dot plot with bold
lines showing the median with IQR. Dashed lines connect samples from
the same animal. Assays were performed at DO, D14, D21, D28, and D40
post vaccination (n = 6 for all time points).

SUPPLEMENTARY FIGURE 3

VectoCrimean-CHF or ID Screen® CCHF positive (right panel) or
VectoCrimean-CHF or ID Screen® CCHF negative (left panel) results
were presented in relation to (A) anti-CCHFV Gce-specific IgG or (B)
anti-CCHFV NP-specific IgG obtained by in-house ELISAs indicated
either as gray (negative) or positive (red) based on the applied cut-off
(dashed line). % in green indicate % of animals that are positive on both

frontiersin.org


https://doi.org/10.3389/fvets.2022.913046
https://www.frontiersin.org/articles/10.3389/fvets.2022.913046/full#supplementary-material
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org

Belij-Rammerstorfer et al.

commercial kit and in-house ELISA, whereas the % in the yellow box
indicates % of animals that are negative only on both assays.
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