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Currently, the outbreak of serotype 4 fowl adenovirus (FAdV-4) has spread worldwide and

caused tremendous economic loss to the poultry industry. Although inactivated vaccines

have been licensed against FAdV-4 in China, a rapid and efficient serological method for

measuring the titer of neutralizing antibodies (NAbs) specific for FAdV-4 post-infection

or vaccination is rarely reported. Classical virus neutralization test (VNT) is superior in

sensitivity and specificity for detecting NAbs but is either time-consuming or laborious. In

this study, a recombinant virus FA4-EGFP expressing EGFP-fiber-2 fusion protein, rather

than wild type (WT) FAdV-4 was used to develop a novel VNT for detecting FAdV-4 NAbs.

Specificity analysis showed that the approach only reacted with the sera against FAdV-4,

not with the sera against other avian pathogens tested. The novel VNT was effective in

the detection of NAbs against FAdV-4 in sera from both experimentally infected and

clinically vaccinated chickens, and had good linear correlation with the classical VNT.

Moreover, the novel VNT not only significantly simplifies the procedure for detection of

NAbs, but also shortens the timeline to 24 h in comparison with the classical VNT with 3-4

d. All these data demonstrate that the FA4-EGFP based VNT developed here provides

an efficient diagnostic method for monitoring the immunological state of the vaccination

or diagnosing the clinical infection of FAdV-4 in a quick and funding-saving manner.

Keywords: serotype 4 fowl adenovirus, virus neutralization test, recombinant virus, serological detection, high

efficacy

INTRODUCTION

Based on the genome sequence and sera cross-neutralization assay, fowl adenovirus (FAdV) has
been clustered into 5 species (FAdV-A to FAdV-E) and 12 serotypes, respectively (1, 2). Generally,
chickens infected with FAdVs are characterized as subclinical symptoms while the acute infections
are responsible for inclusion body hepatitis (IBH), hepatitis-hydropericardium symptom (HPS),
and gizzard erosion and ulceration (GEU) (3–5). Among these 12 serotypes, FAdV-4 is the
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main pathogen for HPS and has caused huge economic loss
to the poultry industry worldwide since 2015 (6). Therefore,
several vaccines or vaccine candidates against FAdV-4 including
inactivated vaccines, sub-unit vaccines, and live-attenuated
vaccine have been developed (7–13). However, few serological
methods for monitoring the protective efficacy of the vaccination
against FAdV-4 are available. Antibodies specific for FAdV-
4 can be detected by variant methods, including enzyme-
linked immunosorbent assay (ELISA), virus neutralization test
(VNT), and immunofluorescence assay (IFA). One ELISA
is commercialized by the company Biochek (Netherlands)
and several promising experimental methods for detection of
antibodies specific to FAdV-4 have been developed, mainly based
on the detection of antibodies against the structural protein
fiber (14–16). Testing the level of neutralizing antibodies (NAbs)
against FAdV-4 is an efficient way to evaluate the effectiveness of
vaccination or the status of the infection. However, fiber contains
only partial neutralizing epitope of FAdV-4, and whether these
methods can be used to measure the NAbs against FAdV-4
remains to be determined (14, 17). The virus neutralization
test (VNT), superior in sensitivity and specificity, is considered
as the standard method to measure virus NAbs and evaluate
the vaccination status. Generally, the classical VNT is based
on neutralization of the standard amount of virus in the
cell culture. The NAbs titer determination was based on the
presence or the absence of the cytopathic effect (CPE) or the
evidence of viral infection by using IFA identification after 4–
6 d post-infection, and specific primary antibody and expensive
FITC labeled secondary antibody are required. Therefore, the
classical VNT is laborious, time- and funding-consuming, and
is not feasible for large-scale detection of VN. Recent studies
revealed that the recombinant pathogenic FAdV-4 with enhanced
green fluorescent protein (EGFP) could be used to detect the
neutralization activity against FAdV-4 in VNT (18, 19). However,
that method took 6 d as adjudication of the outcome, and
its specificity, sensitivity, and practical applicability in clinical
samples were not fully explored.

In our previous study, we reported that the fiber-2 gene played
a critical role in FAdV-4 pathogenicity and have used CRISPR-
Cas9 to generate a non-pathogenic FAdV-4 recombinant virus
FA4-EGFP expressing EGFP-fiber-2 fusion protein (12, 13).
In this study, we investigated the ability of this recombinant
virus FA4-EGFP for developing an efficient and rapid VNT for
detecting NAbs against FAdV-4.

RESULTS

Development of a Novel FA4-EGFP-Based
VNT
To generate a rapid and specific approach for detection of FAdV-
4 NAbs, FA4-EGFP was used in the VNT, and the optimal
conditions of the VNT procedure were determined as described
in Figure 1. To determine which dose of virus is the best for
establishing a rapid VNT, different doses of the FA4-EGFP were
tested for one positive serum and one negative serum in VNT.
As shown in Figure 1A, the positive serum could completely

neutralize the different doses of FA4-EGFP whereas the negative
serum could not. The EGFP could be obviously found in the
LMH cells inoculated with the mixture of the negative serum and
viruses with the dose of 20,000 TCID50 at 36 h post-inoculation
(hpi). Based on this, the dose of 20,000 TCID50 was used to
determine the best time point for the VNT. As described in
Figure 1B, the EGFP positive cells were increased in the negative
serum group from 12 to 36 hpi whereas no EGFP positive cells
could be found in the positive serum group. Since enough EGFP
positive cells could be found in the negative serum group at
24 hpi, 24 h was selected as the efficient time point for the
VNT. Using these conditions, the neutralizing activity (NT) of
the positive serum could be rapidly and efficiently tested in the
VNT as shown in Figure 1C within 24 h. Sera samples with the
Log2 NT titer equal or higher than 2 Log2 were considered
as positive.

Specificity and Sensitivity of the Novel VNT
To evaluate the specificity of the novel VNT developed here,
a panel of antisera, including sera against different serotypes
fowl adenovirus (FAdV-1 to−8a,−8b to−11) and other avian
viruses (H9N2 AIV, ALV-J, NDV, IBV, and EDSV) and sera
from SPF chickens were tested. As described in Figure 2, the
FA4-EGFP based VNT reacted only with the positive sera
against FAdV-4, not with sera against other pathogens tested
including FAdV-10. To investigate the sensitivity of the novel
VNT for detection of FAdV-4 NAbs, the sera from 5 survival
chickens infected with FAdV-4 at different days post-infection
(dpi) were detected by both the novel VNT and the classical
VNT. The NAbs against FAdV-4 could be detected as early
as 7 dpi, peaked at 21 dpi, and then declined gradually,
indicating the ability of the novel VNT to detect early infection
of FAdV-4 (Figure 3A). Remarkably, the Log2 NT titer of
these sera detected by the novel VNT were all higher than
that by the classical VNT, which demonstrates that the novel
VNT had higher sensitivity compared to the classical VNT.
The data of the novel VNT agreed on the result with the
classical VNT 100%. Moreover, the correlation coefficient of all
experimental sera tested with these two methods was 0.9361
(Figure 3B).

Detection of Experimental or Clinical Sera
Samples Using the Novel VNT
To evaluate the feasibility of the established novel VNT for
monitoring the immunological state, sera were collected from
chickens experimentally vaccinated with the inactivated FAdV-
4 vaccine at different days post-vaccination (dpv). As described
in Figure 4A, the NAbs could be detected in 14, 21, and 28 dpv
efficiently, and the positive rate of these samples was 90, 100, and
100%, respectively. The Log2 NT titer of these samples in the
novel VNT was 3.3, 4.2, and 8.9, respectively, highlighting the
feasibility of the novel VNT for monitoring the immunological
state of the vaccinated chicken flocks. To further evaluate the
practical applicability of the novel VNT in a clinical sample, sera
collected from commercial chicken flocks vaccinated with the
inactivated vaccine for single-dose (n = 30) or double-dose (n =

20) at 21 dpvwere tested by our novel VNT, unvaccinated chicken
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FIGURE 1 | Determination of the VNT procedure. In the novel VNT, the optimal dose of FA4-EGFP (A) and detection time point (B) were determined by reference

positive and negative serum. The neutralizing activity (NT) of the positive serum, but not negative serum, could be efficiently titrated at the final dose of 20,000

TCID50/well of FA4-EGFP at 24 dpi (C).

sera (n = 10) were used as a negative control. As described
in Figure 4B, sera from both the double-dose and single-dose
group were all positive in our VNT whereas the sera (n = 10)
from the unvaccinated group remained negative. Notably, the
Log2 NT titer of the double-dose group were much higher than
these from the single-dose group. The vaccine dose dependent
NT titer further highlighted the FAdV-4 specificity of the novel
VNT. In order to confirm the data from our novel VNT, these
60 sera samples were also tested by the classical VNT, 20 of 20
sera from the double-dose group and 28 of 30 sera from the
single-dose group were positive, respectively. The novel VNT
and classical VNT agreed on the result as “positive” in 48 of
60 (80%) or “negative” in 10 of 60 (16.7%) for these clinical
sera from the vaccinated chickens. Thus, the concordance of
the two VNTs is 96.7% (80.0 + 16.7%). Again, these average
Log2 NT titer in the novel VNT were higher than those in the
classical VNT accordingly. All these highlight the high efficacy
of the novel VNT in detecting the neutralizing antibody for
evaluating the immune response in chicken after vaccination
with FAdV-4.

DISCUSSION

Hepatitis-hydropericardium syndrome caused by the highly
pathogenic FAdV-4 has resulted in substantial economic losses
to the poultry industry globally. To control the disease,
the inactivated vaccines against FAdV-4 have been recently
developed in China. Testing the level of antibodies or
neutralizing antibodies against FAdV-4 is an efficient way to
evaluate the effectiveness of the vaccination. However, classical
methods commonly applied to detect antibodies against FAdV-
4 are either laborious (such as VNT and IFA) or lack adequate
serotype-specificity (like AGPT and whole virus-based ELISA)
(20, 21). Although indirect ELISAs for FAdV-4 based on
recombinant proteins or peptide (structural protein fiber-2,
non-structural protein peptide 22K) were reported (16, 22), it
remains to be determined whether these methods can be used
to quantify the NAbs against FAdV-4. Previously, we generated
a recombinant virus FA4-EGFP expressing EGFP-fiber-2 fusion
protein (12). The FA4-EGFP shows only slightly lower replication
compared with WT FAdV-4 but is highly attenuated in vivo
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FIGURE 2 | Specificity assay of the novel VNT. Positive sera against

FAdV-1-7,−8a,−8b,−9-11, influenza A (H9N2) virus (AIV), avian leukosis virus

subgroup J (ALV-J), Newcastle disease virus (NDV), infectious bronchitis virus

(IBV), and egg-drop syndrome virus (EDSV), and sera from the SPF chicken

were used to evaluate the specificity of the novel VNT. The EGFP could be

found in the LMH cells with the incubation of FA4-EGFP with positive sera

against other viruses at 24 hpi, but not be found in that with FAdV-4 chicken

positive sera.

(12). In this study, the FA4-EGFP rather than WT FAdV-
4 was used to develop a novel VNT for detection of NAbs
against FAdV-4. Our data showed that the novel VNT developed
here only showed reaction with FAdV-4 positive sera, not with
other FAdV serotypes positive sera tested. As expected, the
novel VNT also did not react with antisera of other avian
viruses including H9N2 AIV, ALV-J, IBV, and EDSV. Notably,
although FAdV-4 and non-pathogenic FAdV-10 both belong to
the same species FAdV-C (23, 24), the novel VNT developed
here showed no cross-reaction with the sera against FAdV-10,
further demonstrating the serotype-specificity of our VNT for
FAdV-4. Given that the adenovirus serotypes are differentiated
on the basis of neutralization assays, a serotype is defined as
one that either exhibits no or only partial cross-neutralization
reaction with another. Therefore, the specificity analysis of the
novel VNT was as expected (25, 26). Notably, Pan et al. described
an ELISA using high purity virions of FAdV-4 as antigen to
detect antibodies against all group I FAdV (20). This serological

cross-reactivity was caused by the genus-, group-, or species-
specific common epitopes on virons of FAdV-4 (20, 25). In
comparison with the classical VNT, the novel VNT not only
showed higher sensitivity, but also significantly shortened the
time line for the detection of NAbs against FAdV-4. The classical
VNT generally takes 3-4 d for the detection of NAbs whereas the
novel VNT only needs 24 h. Our data also demonstrate that the
novel VNT can be efficiently applied for detection of NAbs from
chickens vaccinated with inactivated FAdV-4 vaccine or infected
with the WT FAdV-4. Notably, we found that the infection of
FAdV-4 could induce higher NAbs at early time points than the
inactivated FAdV-4.

In conclusion, this is the first systematic evaluation of a novel
VNT for detection of NAbs against FAdV-4. In this VNT, the
recombinant virus FA4-EGFP expressing EGFP-fiber-2 fusion
protein rather than the WT FAdV-4 was used as an efficient
target virus. This novel VNT with high sensitivity and specificity
requires less time and funding, and significantly simplifies the
procedure for detection of NAbs against FAdV-4 in comparison
with the classical VNT. The feasibility of this novel VNT for
detection of the NAbs of FAdV-4 in sera from chickens either
vaccinated with the inactivated FAdV-4 or infected with the WT
FAdV-4 highlights its power for clinical application for rapid
evaluation of the vaccine efficacy and efficient diagnostics of the
infection for FAdV-4.

MATERIALS AND METHODS

Cells and Viruses
Chicken hepatoma cell (Leghorn male hepatoma, LMH) was
purchased from American Type Culture Collection (Manassas,
VA) and cultured in F12-Dulbecco’s Modified Eagle Medium
(DMEM) (Gibco, NY) supplemented with 10% fetal bovine sera
(FBS) (Lonsera, Shanghai, China) in a 5% CO2 incubator at
37◦C, and passaged every 3 d. The recombinant virus FA4-EGFP
expressing EGFP-fiber-2 fusion protein was generated and stored
in our laboratory (12).

Antisera Against Different Avian Pathogens
Positive sera against all fowl adenovirus 12 serotypes (FAdV-
1 to−8a,−8b to−11), influenza A (H9N2) virus (AIV),
avian leukosis virus subgroup J (ALV-J), Newcastle disease
virus (NDV), infectious bronchitis virus (IBV), and egg-drop
syndrome virus (EDSV), and sera from SPF chickens were
either preserved in our laboratory or kindly provided by Dr.
Junping Li (China Institute of Veterinary Drugs Control). The
above positive sera were all prepared by immunization with the
corresponding whole virus.

Sera From Chickens Experimentally
Vaccinated or Infected With FAdV-4
Chickens in the infection group were inoculated intramuscularly
with 0.2mL F12/DMEM containing 1 × 104 TCID50 FAdV-4
(strain SD15) virus per chicken. Chickens in the vaccinated
group were immunized intramuscularly with an oil-emulsion,
inactivated FAdV-4 vaccine using whole virus FAdV-4. The
formaldehyde-inactivated FAdV-4 antigen solution was
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FIGURE 3 | The novel VNT for detection of sera from chickens (n = 5) experimentally infected with FAdV-4. (A) Sera were collected and tested at 0, 7, 14, 21, and 28

d post infection (dpi) by both the novel VNT and the classical VNT. (B) The correlation coefficient of experimental sera tested with the classical VNT and the novel VNT

was 0.9361.

FIGURE 4 | The novel VNT for detection of sera from chickens vaccinated with the inactivated FAdV-4 vaccine. (A) The neutralizing antibodies of sera from the

experimentally vaccinated chickens could be efficiently detected at 14, 21, and 28 d post-vaccination (dpv). (B) The neutralizing antibodies of sera from the clinically

vaccinated chickens could be efficiently detected at 21 dpv.

emulsified with oil adjuvant at a ratio of 25:75 (w/w); the
final dose of the vaccine was 5×106 TCID50 per chicken. The
SPF chickens and vaccine candidate used above were from
Sinopharm Yangzhou Vac Biological Engineering.

Clinical Sera
Sixty sera were randomly collected from commercial chicken
farms (Hebei and Jiangsu Province, China). Of which, 20
sera were from chickens vaccinated with a double-dose of the
inactivated FAdV-4 vaccine, whereas 30 sera were from chickens
vaccinated with a single-dose of the inactivated FAdV-4 vaccine,
10 sera from unvaccinated chickens were used as a negative
control. Blood samples were collected at 21 d after vaccination.

Novel Virus Neutralization Test
FA4-EGFP was used as the target virus in the VNT, and
the optimal condition of all required VNT procedures was
determined. Briefly, serial dilutions (50 µL) of chicken sera
incubated with 1250, 2500, 5000, 10,000, and 20,000 TCID50

of FA4-EGFP in F12-DMEM (Gibco) with 1% fetal bovine
sera (50 µL) for 1 h in 37◦C, respectively. Subsequently, the
mixtures were added to the 96-well plate with LMH cells and
cultured without washing, and then the expression of EGFP
in cells was detected directly by fluorescence microscope at
12, 18, 24, 30, and 36 h, respectively. Sera samples with the
Log2 NT titer equal or higher than 2 Log2 were considered
as positive.
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Classical VNT
Different dilutions of the sera were first mixed with 200 TCID50

of FAdV-4 and incubated for 1 h at 37◦C. Then, themixtures were
added to the 96-well plate with LMH cells and incubated for 2 h at
37◦C. After washing once, the cells were cultured in F12-DMEM
with 1% fetal bovine sera. After culturing for 96 h, the cells were
fixed and subjected to IFA analysis by using mAb 3C2 against
fiber-2 of FAdV-4 as previously described (27). Sera samples with
the Log2 NT titer equal or higher than 2 Log2 were considered
as positive.
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