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Duck hepatitis A virus 1 (DHAV-1) infection in mature ducks has previously been pro-
posed as a small-animal model for human hepatitis A. However, basic research on 
the outcome of DHAV-1 infection in mature ducks is limited. Here, we examined the 
course of viremia, the characteristics of antibody responses, and the profiles of plasma 
cytokines in mature ducks infected with DHAV-1. During the course of infection, the 
viremia was detectable soon after infection and persisted for 196 days, however, the 
ducks presented as clinically asymptomatic. Specific and timely immunoglobulin G (IgG), 
IgM, and IgA1 responses were elicited. At the same time, extensive inhibition of viral 
replication was observed with increasing IgG concentration. With respect to pattern-rec-
ognition receptors, TLR-7 was mainly involved in triggering the innate defense against 
the DHAV-1 infection. In addition, plasma immune analytes were measured and were 
determined to have bidirectional roles in virus clearance. It was concluded that DHAV-1 
spreads quickly in blood. The spontaneous clearance of DHAV-1 during asymptomatic 
infection in mature ducks depends on the cooperation of timely antibody responses and 
alert innate immune responses. Moreover, the delayed clearance may be associated 
with a weak interferon-γ-producing CD8+ T cell response. This study allows us to reveal 
the mechanism of clearance and persistence of DHAV-1 infection in mature ducks. We 
anticipate that it will provide a basis for future studies focused on defining the nature 
mechanisms involved in the clearance and persistence of human hepatitis virus.

Keywords: duck hepatitis A virus 1, hepatitis model, course of viremia, antibody responses, innate immune 
responses, virus clearance

INTRODUCTION

Duck hepatitis A virus 1 (DHAV-1), a single-stranded positive-sense RNA virus categorized in the 
genus Avihepatovirus in the family Picornaviridae, was first reported in Long Island, New York, by 
Levine and Hofstad in 1945 and it subsequently spread around the world (1, 2). It is the causative agent 
of Duck Viral Hepatitis in both young ducklings and adult ducks. Pathogenicity studies of DHAV-1 
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have customarily focused mainly on young ducks, which usually 
manifest an acute infection and high mortality with depression 
and feather disorders observed in the clinic, and hemorrhages 
and liver necrosis revealed through pathology (3, 4). Although 
the host innate immune responses in the development of acute 
hepatitis in DHAV-1-infected ducklings had been investigated 
adequately (3, 5, 6), corresponding research on adult ducks is rare 
(7). Recently, however, based on pathological research, mature 
ducks infected with DHAV-1 have been proven as small-animal 
models for human hepatitis A (8). Thus, advanced research on 
virus–host relationships in DHAV-1 infection in mature ducks 
is especially valuable, which will be beneficial in illuminating the 
development of human hepatitis.

The innate immune response is the first line of host defense, 
initiated by the rapid recognition of viral components by pattern-
recognition receptors (PRRs), such as toll-like receptor (TLR) 7 
and 3, retinoic acid inducible gene 1 (RIG-1), and melanoma 
differentiation factor 5 (MDA5), all of which are usually involved 
in combatting RNA virus infection (9–12). All four PRRs are 
involved in DHAV-1 infection in young ducklings in the acute 
infection phase (3). The activation of the innate immune system 
induces an antiviral state by producing type I interferons (IFNs) 
and pro-inflammatory cytokines, which are critical mediators of 
antiviral defenses (13, 14). In DHAV-1-infected ducklings, type 
I and II IFNs and certain interleukins (ILs) such as IL-2 and 
IL-6 are significantly induced (3, 5, 6). However, the expression 
of cytokines such as IFN-α and IL-6 could be influenced by the 
age of the ducks, similar to the situation observed for the above-
mentioned PRR expression (3). Moreover, most innate immune 
factors showed tissue expression differences in DHAV-1 infection 
ducks (7). Therefore, it is necessary to determine the expression 
profiles of innate immune factors and their relationships with 
DHAV-1 infection in mature ducks.

Adaptive immunity is crucial in protecting the host from infec-
tion and in eliminating pathogens. A strong IFN-γ-producing 
CD8+ T  cell response is associated with viral clearance (15). 
Serum antibodies are also routinely tested as part of the investi-
gation of subjects with suspected liver disease, and a polyclonal 
increase in serum immunoglobulin levels is frequently seen in 
patients with liver cirrhosis (16). Moreover, increases in different 
classes of antibody can be affected by the causative agent and 
the degree of liver disease (17, 18). To date, studies of antibodies 
against DHAV-1 have usually been limited to the establishment 
of detection methods (19, 20) or to the rate of vaccine protection 
against DHAV-1 in ducklings (21). However, the dynamics of 
DHAV-1-specific antibodies and their role in DHAV-1 infection 
have been paid little attention.

In this study, the longitudinal infection course of viremia 
and the immunological responses in model ducks infected 
with DHAV-1 were investigated. We analyzed the relation-
ships between the kinetics of viral spread and the induction of 
humoral and innate immune responses to DHAV-1 in circulation. 
The results demonstrated that a prolonged, acute infection was 
developed despite the spontaneous clearance of virus mediated by 
the immediate induction of immunoglobulin G (IgG) and IL-6 in 
blood. Moreover, several immunological parameters were identi-
fied as likely determinants of the delayed clearance.

MATERIALS AND METHODS

Virus
The DHAV-1 H strain (GenBank: JQ301467.1) was selected to 
investigate its replication and effects on the immune responses 
of adult ducks. The virus was propagated in 10-day-old duck 
embryos by standard procedures and harvested from allantoic 
fluids of deceased duck embryos at 36–72 h post-infection (4, 22). 
Virus at a concentration of 4.56 × 108 copies/mL determined by 
quantitative real-time PCR (qPCR) was used to infect ducks (23). 
Collected virus was stored sterile at −80°C until use.

Ducks and Infections
One hundred five 160-day-old female Peking ducks (Anas platy-
rhynchos domesticus), which had been vaccinated with CH60 
(DHAV-1-attenuated vaccine) at 1-day-old, were purchased from 
commercial hatcheries and divided randomly into an experimen-
tal group (100 ducks) and a control group (5 ducks). All the ducks 
were confirmed free of the DHAV-1 pathogen as the viral loads 
were too low to be detected by the established qPCR technique 
(23), but were positive for IgG, with a titer of 1:950 detected by 
an established indirect ELISA (19). The ducks in the experimental 
group were inoculated by intramuscular injection with 1 mL of 
allantoic fluid containing 4.56 ×  108.0 virus copies. The control 
ducks were injected with an equal volume of 0.85% physiologi-
cal saline. The ducks were carefully reared on a free-range farm 
without history of DHAV-1.

Samples
Plasma and sera were drawn randomly from five experimental 
ducks at 0.5, 1, 2, 4, 6, 8, 10, 12, 14, 21, 28, 56, 84, 112, 140, 168, 
196, 224, 252, and 280  days post-infection (dpi), respectively. 
Corresponding specimens were gathered from the control group, 
termed 0 dpi. In detail, 150 µL of plasma was added into 1 mL of 
RNAiso Plus (9108, Takara, Japan) as soon as it was pumped from 
the external jugular vein, and then stored at 4°C pending RNA 
isolation. Sera were stored sterile at −20°C pending the detection 
of antibodies.

RNA Isolation and cDNA Preparation
Total cellular RNA was extracted from 150 µL of plasma using 
the RNAiso Plus (9108, Takara, Japan) according to the manu-
facturer’s instructions. An amount of 6  µL of RNA from each 
specimen was used to synthesize cDNA using the PrimeScript™ 
RT reagent kit (RR047, Takara, Japan) according to the manufac-
turer’s protocols, to detect immune-related genes.

Quantitative Real-time PCR
Viral copies in the isolated RNA were detected according to a 
previously established one-step real-time Taqman PCR proce-
dure in our laboratory (23). The detection limit of this assay was 
166 RNA copies/mL. Expression levels of 17 immune-related 
genes, IL-1β, IL-2, IL-4, IL-6, IFN-α, IFN-β, IFN-γ, major histo-
compatibility complex (MHC)-I, MHC-II, C-C motif chemokine 
ligand (CCL)-19, CCL-21, B  cell activating factor (BAFF), β-
defensin, TLR-3, TLR-7, RIG-1, and MDA5, and a housekeeping 
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Figure 1 | Course of duck hepatitis A virus 1 viremia (Log10 viral RNA copies/mL) in mature ducks after acute infection. The control group is shown as 0 dpi. 
Percentages represent the number of ducks with positive viremia. The number of ducks evaluated at each time point was 5, except for four ducks at 196 dpi.  
The dotted line represents the low limit of detection.
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gene (glyceraldehyde-3-phosphate dehydrogenase, GAPDH) 
were determined using the transcriptional cDNA as templates 
according to previously described protocols (24). The primer 
sequences for GAPDH, IL-1β, IL-2, IL-6, IFN-α, IFN-β, IFN-γ, 
MHC-I, MHC-II, and TLR-7 have been reported by Adams et al. 
(25) (Table S1 in Supplementary Material). The primer sequences 
for IL-4, CCL-19, CCL-21, BAFF, β-defensin, TLR-3, RIG-1, 
and MDA5 have been reported by Ou et  al. (24) (Table S1 in 
Supplementary Material).

ELISA
The production of specific antibodies (including IgG, IgM, and 
IgA1) was detected as previously described (19). According to the 
standard procedures for indirect ELISA, purified viral granules 
of DHAV-1 were coated overnight at 4°C at the concentrations 
of 1.79, 2.23, and 2.23 µg/mL for the detection of specific IgG, 
IgM, and IgA1 in serum, respectively. In addition, serum samples 
were diluted at 1:80, 1:40, and 1:40 for the detection of IgG, IgM, 
and IgA1, separately. The diluted samples were incubated at 
37°C for 1 h. Goat anti-duck IgG-horseradish peroxidase (HRP) 
conjugate (KPL, Gaithersburg, MD, USA), goat anti-duck IgM-
HRP conjugate (ABIN568547, Antibodies-online), and mouse 
anti-duck IgA1 (Abd Serotec, Kidlington, UK) labeled using a 
Lightning-Link™ HRP Conjugation Kit (Innova Biosciences, 
Cambridge, UK) were used at a concentration of 1:300, 1:1,800, 
and 1:800, respectively. The optical density (OD) value was meas-
ured at double wavelengths of 450 and 630  nm (OD450–OD630) 
with a micro-plate spectrophotometer (Model 680, Bio-Rad).  
The antibody titers were calculated using the established equa-
tions, y  =  1.363  +  1.954 x (r2  =  0.983), y  =  1.141  +  2.228 x 
(r2 = 0.970), and y = 1.103 + 1.559 x (r2 = 0.995) for IgG, IgM, 
and IgA1, respectively, on the basis of each OD value.

Statistical Analyses
Relative expression data for immune-related genes were ana-
lyzed using the 2−ΔΔCt method (26). Figures were generated by 

GraphPad Prism 6 software. Correlation of immune-related 
genes, virus, and antibodies was determined using Pearson cor-
relation analysis by SPSS software (IBM, Armonk, NY, USA) (27). 
These correlated factors were visualized as a regulatory network 
by Cytoscape software (28).

RESULTS

Course of Acute DHAV-1 Infection  
in Mature Ducks
The mature ducks in this study were asymptomatic without 
significantly elevated serum bilirubin, but with elevations of 
serum alanine aminotransferase (ALT) activity as described 
previously (8). This permitted us to study features of asympto-
matic hepatitis. Serial viral load monitoring of DHAV-1 RNA in 
the blood showed these ducks were viremic as soon as 0.5 days 
after exposure, and viral load increased very rapidly, reaching a 
peak titer of 107.7 RNA copies/mL by day 2 (Figure 1), preceding 
significant increases in serum IgG anti-DHAV-1 (Figure  2A). 
Afterward, the viral titer was rapidly decreased by >103-fold 
by day 10 with little rise in serum ALT, followed by a gentle 
decline of viral titer with only a 6-fold decrease by day 28 but 
with a surge in serum ALT activity, probably indicating the 
non-cytopathic nature of DHAV-1. Subsequently, the virus titer 
rebounded briefly at 56  dpi and remained relatively stable for 
the next 2 months. From 140 dpi, the viral copies declined again 
and finally became undetectable from 224 dpi onward. Hepatitis 
was first detectable as significantly elevated serum ALT activity 
at 28 dpi (8).

Indeed, these subjects spontaneously cleared the virus, 
however, the DHAV-1 RNA remained positive at 196 dpi, more 
than 6 months after infection, which is considered the common 
boundary between acute and chronic hepatitis. The delayed 
elimination of virus in mature ducks showed a competence of 
DHAV-1 to progress to chronicity, which provide the possibility 
to study chronic hepatitis.
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Figure 2 | Kinetics of specific antibody interactions with duck hepatitis A virus 1 in blood. The base levels of immunoglobulin G (IgG) (A), IgM (B), and IgA1  
(C) were 1:126, 1:60, and 1:40, respectively, which were calculated on the basis of their individual cutoff points (19). The antibody titers at 0 dpi represent the 
residual levels induced by previous immunization with titers of 1:950 ± 620, 1:57 ± 29, and 1:69 ± 28 for IgG, IgM, and IgA1, respectively.
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Specific IgG, IgM, and IgA1 Antibodies 
Were Induced Effectively by DHAV-1 
Infection in Mature Ducks
Patterns of elevation of serum antibodies were observed to mon
itor the protection characteristics of humoral immune responses 
against DHAV-1 infection in mature ducks (Figure  2). The 
early IgG titer resulting from the preexisting IgG anti-DHAV-1 

decreased gradually, accompanied by the replication of virus, until 
day 2 after inoculation (Figure 2A). At 4 dpi, the remembered IgG 
response was recalled and evident, which has been reported previ-
ously for the activation of secondary humoral immune responses 
(29). Subsequently, serum levels of IgG anti-DHAV-1 antibody 
increased rapidly, reaching a maximum titer by day 6, later than 
the viral peak, and remained remarkably stable for the next 4 days, 
coinciding with an expectably rapid decrease in viral burden. 
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Figure 3 | Innate immune responses induced in mature ducks by duck hepatitis A virus 1 infection in the blood. Expression levels of immune-related genes were 
calculated by the 2−ΔΔCt method using 1 as the baseline. The changes of PRRs (A), Interleukins (B), Interferons (C), MHCs and BAFF (D), and CCLs and β-defensin 
(E) within 1 month post-infection were shown.
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Another period of stable IgG levels followed, with a relatively lower 
titer preceding a rebound on day 84 responding to the rebound in 
viremia at 56 dpi. The IgG level was attenuated slightly toward the 
end of the infection but was maintained at a relatively high level. 
Note that there was no surge in IgG when the serum ALT varied. 
More importantly, the dynamic IgG antibody was inversely cor-
related with the DHAV-1 RNA load (P < 0.01) (Figure 4) in blood.

The specific IgM response was timely and quickly mounted 
to its peak by 1  day after exposure, preceding the viral peak 
(Figure 2B). The titer of IgM was remarkably stable for the dura-
tion of viremia, falling less than threefold by day 196. Note that 
it was rebounded briefly at 56 dpi in response to the rebound in 
viremia. Coinciding with undetectable levels of virus, specific IgM 
fell gradually toward normal. The kinetics of the IgM response 
were significantly parallel with the change in viral loads in blood 
(P < 0.05) (Figure 4).

The specific IgA1 response was also positive and rose rapidly, 
reaching its peak at 1  dpi simultaneous with the IgM peak 
but with a lower titer and then decreasing gradually to day 14 
coincident with the decline of viral burden. Subsequently, in 
accordance with the rebound of virus at 56 dpi, the titers of IgA1 
and IgM rebounded. After which the IgA1 levels declined but 
peculiarly remained above the baseline for the duration of the 

study (Figure 2C). However, there was no correlation between 
specific IgA1 and DHAV-1 (P > 0.05), but a significant correlation 
between IgM and IgA1 (P < 0.01) (Figure 4).

Several aspects of the humoral immune responses should be 
noted. First, three subtypes of antibodies were completely respon-
sive and each soon reached a peak, suggesting that the humoral 
immune system was not impaired markedly by DHAV-1. Second, 
the peak times of IgM and IgA1 were before the viral peak time, 
which was followed by the peak in IgG after which the viral titer 
soon declined, implying that the IgG antibody was mainly respon-
sible for the clearance of virus. Third, serum ALT did not surge 
when levels of IgG, IgM, and IgA1 shifted significantly within 
10 days (8), suggesting that non-cytolytic antiviral mechanisms 
were contributed to viral clearance during that period.

TLR-7 Played a Vital Role in the 
Recognition of DHAV-1 Infection  
in Mature Ducks
To assess the properties of the innate immune response in 
asymptomatic DHAV-1 infection in mature ducks, the expres-
sion of immune-related genes was measured (Figure 3). In this 
study, TLR-7 expression was highly upregulated by day 2 after 
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Figure 4 | Regulatory networks of innate and humoral immune responses, and the game between duck hepatitis A virus 1 and the host immune system were  
(A) analyzed using Pearson correlation analysis and (B) visualized by Cytoscape software (P < 0.05 at least). Red lines represent negative correlation, while the 
black lines represent positive correlation. The thickness of the border represents the intensity of the relationship.
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infection, but showed a decreasing tendency which was inverse 
to the increase in viral titers (Figure  3A). It then began to 
decline at 4 dpi when the anamnestic IgG response was revived 
(Figure 2A), falling quickly into the negative detection range in 
spite of a rebound <3-fold at 12 dpi without a surge of viral bur-
den (Figure 1). Moreover, the TLR-7 response in the blood did 

not correlated directly with significantly better control of virus 
replication (P > 0.05) (Figure 4). MDA5 was slightly upregulated 
only at 0.5 dpi, while TLR-3 and RIG-1 were downregulated for 
the duration of the experiment. These data indicated that TLR-7 
plays a vital role in initiating the innate response to DHAV-1 
infection in mature ducks.
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IL and IFN Gene Expression Was 
Upregulated during DHAV-1 Infection  
in Mature Ducks
Interleukins (IL-1β/2/4/6) (Figure  3B) and IFNs (IFN-α/β/γ) 
(Figure  3C) were induced with characteristic expression pat-
terns. IL-4 was the most strongly elevated among these immune-
related genes, which was observed as a sustained increase for the 
duration of the experiment regardless of the variation in viremia. 
IL-1β exhibited the lowest expression levels among the ILs tested, 
being downregulated nearly the entire time and upregulated 
briefly at 0.5 and 28  dpi. Contrary to IL-1β, the expression of 
IL-2 was highly upregulated for most of the time between days 
2 and 28, although with a transient decline at 4 dpi. In addition, 
IL-6 was also upregulated for most of the time with various 
expression forms.

Resembling the expression of IL-1β, IFN-α expression was 
downregulated over the duration of the experiment except for 
a fivefold upregulation solely at 0.5 dpi. IFN-β increased coin-
cidentally with the replication of virus and reached a peak level 
at 2  dpi. From 4  dpi on, the upregulation of IFN-β remained 
steady with an exception at 6  dpi. Different from the prompt 
upregulation of type I IFN genes, an increase in IFN-γ mRNA 
levels was observed first at day 6, nearly 1 week after the onset of 
viremia. Although it was upregulated continuously from 10 dpi 
accompanied by a decline in virus titer, IFN-γ expression did not 
correlate directly with viral clearance (P > 0.05). Notably, among 
these immune-related genes, only IL-6 was correlated directly 
with spontaneous clearance of the virus (P < 0.05) (Figure 4).

MHCs but Not BAFF Gene Expression  
Was Elevated in Mature Ducks Exposed  
to DHAV-1 Infection
To confirm whether MHC-I and MHC-II molecules were 
involved in the host immune responses to DHAV-1, we examined 
their gene expression within 1 month after infection (Figure 3D). 
The expression of MHC-I was promptly highly upregulated at 
0.5 dpi. Meanwhile, MHC-II was highly upregulated from 0.5 to 
10  dpi except for a sudden downregulation at 6  dpi. Although 
the expression of both genes was highly elevated at the onset of 
viremia, only MHC-II levels were correlated with the virus titer 
(P < 0.05) (Figure 4). Moreover, the expression level of MHC-II 
was higher than that of MHC-I overall. In addition, BAFF showed 
a distinctly unique pattern without any upregulation for the dura-
tion of the experiment.

Expression Patterns of β-Defensin  
and Chemokines in DHAV-Infected  
Mature Ducks
Parallel to IL-4, expression of β-defensin showed a constant 
increase from the onset of viremia (Figure 3E) and did not cor-
relate directly with spontaneous clearance of the virus (Figure 4). 
Although CCL-19 failed to respond to the virus for the duration 
of the experiment, the expression of CCL-21 was upregulated 
from 8 to 12 dpi (Figure 3E).

Interaction between the Virus  
and the Immune System
To understand the impact of the virus on immune networks, 
and the interaction between the innate immune system and the 
humoral immune response, the Pearson correlation analysis 
was adopted (Figure 4). In total, 53 pairs of factors were highly 
correlated (P  <  0.05 at least). Based on the analysis, coadjust-
ments between the innate and adaptive immune systems were 
confirmed. Although TLR-3 was downregulated over the dura-
tion of the experiment, TLR-3 and TLR-7 were the two PRR 
genes whose expression was most correlated with that of other 
cytokines. Moreover, three subtypes of antibody were also cor-
related positively or negatively with certain innate cytokines. 
Notably, the only factors that were involved in viral clearance 
directly were IL-6 and IgG antibody.

DISCUSSION

Duck hepatitis A virus 1 infection in mature ducks has been 
proposed as an attractive small-animal model for research of 
human hepatitis A virus (HAV) (8). This study provides critical 
detailed virological and immunological information that clarifies 
the outcome of DHAV-1 infection in mature ducks. Our studies 
on the clinical signs have shown that adult ducks infected with 
DHAV-1 are asymptomatic, although with an elevated serum 
ALT but a normal bilirubin (8). This undramatic infection pat-
tern with a lack of visible evidence of disease seems to be one 
aspect of the “host–parasite” relationship between adult ducks 
and the hepatitis virus. It offers an advantage for dissecting the 
host response in asymptomatic hepatitis.

An important observation is that the ducks infected with 
DHAV-1 experienced acute as well as persistent phases of 
viremia, providing an opportunity to research the contributors 
to the distinctive outcome of DHAV-1 infection, and indicating 
that this model can also be used to study the underlying mecha-
nism of chronic infection, which will extend the current studies 
on chronic hepatitis (30, 31). Studies involving hepatitis B virus 
(HBV) and hepatitis C virus (HCV) have showed that their RNAs 
cannot be detected until weeks later, which is usually associated 
with a latent phase of infection (32, 33). Our study showed that 
DHAV-1 RNA could be detected and reached the maximal level 
in the plasma within days after exposure, similar to the HAV 
infection in which the viral RNA was able to be detected at the 
early phase of infection without a latent phase (34). Notably, the 
maximum viral load detected during the studies of replication 
kinetics was lower than the inoculated amount, which was due to 
the alert innate immune response and preexisting IgG. Another 
intriguing finding of DHAV-1 kinetics was that virus levels sig-
nificantly rebounded at 56 dpi, which was associated with virus 
re-propagation in the liver due to the generation of a large number 
of fibrocytes in which DHAV-1 was propagated massively at that 
time (8). Accompanying this rebound, levels of antibodies were 
increased again. Thus, the exact roles of this phenomenon in viral 
persistence or clearance needs further investigations.

The humoral immune response has been certified to clear 
hepatitis G virus spontaneously from the host (35), and a delayed 
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humoral immune response has been reported to be associated 
with the persistence of HCV (36). The viremia of HAV was also 
terminate about the time that humoral immunity was detected 
(37). Detection of the various antibody classes proved that specific 
IgG, IgM, and IgA1 were all generated timely. Because specific 
antibody classes mediate different immune effector functions, 
a diverse repertoire of antibody classes is probably necessary 
to control viral infection (38, 39). Pearson correlation analysis 
suggested different relationships between specific antibodies and 
DHAV-1 in our study. Although the ducks had been vaccinated 
previously, the magnitude of the antibody response would not 
be enhanced in the experimental DHAV-1 infection. It has been 
previously reported that antibody responses to trinitrophenol 
and H5N1-inavtivated vaccine, while robust, were no greater 
evidently than the initial response (40, 41). The general nature of 
the duck antibody response ensures an actual interaction between 
the ducks and the virus. The antibody response of ducks was acti-
vated soon after infection. It was reported that the neutralization 
antibodies at a protective titer could be detected at 5 dpi (5). As 
expected, IgG was produced quickly and abundantly at 4 dpi as 
the predominant antibody in response to DHAV-1 in terms of 
the magnitude and longitude. Coinciding with the increase in 
the level of IgG, the viral burden began to decrease. Note that a 
second peak of IgG was observed at 84 dpi, which was caused by 
the recurrent viral replication at 56 dpi. The difference in magni-
tude of the two peaks was not significant (P > 0.05), validating 
the nature of the duck secondary antibody response. Whatever, 
the timely production of a robust IgG response against DHAV-1 
infection, suggesting the ability of host responses to outpace virus 
propagation, ensures the ultimate clearance of DHAV-1 viremia.

Widely known, the existence of a specific IgM antibody is a 
mainstay marker of recent or ongoing infection (38, 42). The 
presence of any detectable antibody plus the absence of high-
titer, IgM-specific antibodies is used to differentiate between 
past and current infection. A level of specific IgM lower than the 
cutoff point at 0 dpi accompanied by a positive IgG anti-DHAV-1 
showed that the ducks selected had been vaccinated or exposed 
previously. Such a case is consistent with the vaccination of 
ducklings at 1-day-old and the absence of an outbreak of DHAV-1 
during farm feeding. IgM is usually considered the product of a 
primary immune response and is undetectable after revaccination 
(43). Our finding of a quick rise in IgM anti-DHAV-1 levels to 
a peak was expected in this asymptomatic infection, implying 
that IgM antibodies will be produced regardless of the disease 
severity and that IgM response follows clinical DHAV-1 infection 
independent of prior immunization status. Traditionally, IgM is 
observed quickly following exposure to antigens and soon disap-
pears. However, in this study, the IgM antibody persisted for a 
very prolonged period of time, as long as 224 days. The apparent 
persistence of IgM-specific HAV antibody in a number of patients 
after the disappearance of all clinical evidence of hepatitis has been 
well documented (44, 45). However, the intriguing unanswered 
question is whether the persistence of IgM-specific antibody cor-
relates with the persistence of antigen stimulation in a clinically 
dormant state. Studies have shown that the persistence of IgM 
anti-HAV is not due to high titers of hepatitis A IgG antibody 
nor to rheumatoid factors (45, 46). Moreover, the percentage of 

patients in which ALT was normalized before or by disappearance 
of IgM anti-HAV was 72 and 15%, respectively (45). Similarly, our 
study showed that there was no direct correlation between the 
levels of IgG anti-DHAV-1 or ALT and the persistence of positive 
IgM anti-DHAV-1. Notably, it was apparent that the duration of 
virus was related to the persistent positivity of IgM anti-DHAV-1 
(P < 0.05). In chronic hepatitis B infection, IgM-class antibody 
continues to be produced albeit usually at undetectable levels, 
which may be associated with immune suppression by HBV (47). 
Despite the level of persistent IgM anti-DHAV-1 being signifi-
cantly lower than that in the acute phase, IgM anti-DHAV-1 was 
detectable until the disappearance of the virus. These data show 
that IgM could be a reliable marker of recent DHAV-1 infection, 
and that the virus has no immune suppression effect on IgM 
response. In addition, it is more reliable to use the effective value 
of IgM rather than simply a positive or negative determination. 
Moreover, due to the persistence of IgM, the presence of IgM 
might not be enough to discriminate acute from chronic infec-
tion. Thus, the rapid increase in concentration is a reliable way to 
discriminate acute from persistent or ongoing infection.

In general, serum IgA levels tend to be higher than IgM levels 
but considerably lower than IgG levels, and more than 90% of 
serum IgA is in the form of IgA1 (39). IgA1 specific to DHAV-1 
was induced at the lowest level with respect to the levels of specific 
IgG and IgM, although the correlation with DHAV-1 level was not 
significant. A similar situation for serum immunoglobulin levels 
in chronic HCV infection has been described (18). Moreover, 
in cases with mild liver disease in chronic infection, serum IgA 
values approximated the controls (18), while in acute infection, 
serum IgA1 was elevated significantly (P  <  0.05) (17). Serum 
IgA1 specific to DHAV-1 was significantly elevated during the 
acute infection compared with the control (P < 0.0001), and there 
was a significant difference between the serum IgA1 levels in the 
acute phase and the persistent phase (P <  0.0001). Serum IgA 
level is a biomarker indicating advanced fibrosis and cirrhosis 
in chronic viral hepatitis and non-alcoholic fatty liver disease 
(48–50). However, there was no correlation between the level of 
serum IgA1 and the mild hepatic fibrosis that has been described 
previously (P > 0.05) (8). Thus, whether the detectable level of 
serum IgA1 after the disappearance of virus was caused by a 
hepatic disorder was unknown, because the liver acts as a physi-
ological disposer of circulating immune factors (17).

As anticipated, innate immune responses were active against 
the DHAV-1 infection in mature ducks. However, the innate 
immune defense was relatively weaker during the infection of 
mature ducks than in young ducklings, based on the magnitude 
and breadth of upregulation responses of PRRs that initiate the 
innate immune responses (3). As known, TLR-7 is an essential 
PRR to recognize single-stranded RNA viruses (51), thereby 
resulting in the generation of pro-inflammatory cytokines and 
IFNs. The upregulation of TLR-7 by several picornaviruses had 
been reported (52, 53). Moreover, TLR-7 played a role in activat-
ing the NK cells in foot-and-mouth disease virus (FMDV) infec-
tion, which are cytotoxic against FMDV-infected cells in  vitro 
(54). In this study, TLR-7 was upregulated against the infection 
of DHAV-1, although the upregulation was mainly within 4 days 
after infection, as IgG levels were negatively correlated with the 
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expression of TLR-7. Another upregulated PRR was MDA5, with 
a slight and transient elevation at 0.5 dpi. Clearly, the expression 
of TLR-3 and RIG-1/MDA5 in mature ducks was significantly 
distinct from the upregulations in ducklings against DHAV-1 
infection. The results approve the previous viewpoint that the 
age of ducks can affect the expression of PRRs (3). Moreover, the 
expression of TLR-3, RIG-1, and MDA5 showed tissue specificity, 
which were expressed in lymphoid organs mostly (7). TLR-3 and 
RIG-1/MDA5 are known to recognize double-stranded RNA 
(dsRNA) generated in the replication cycle of virus (11, 12, 55). 
However, most RNA viruses have evolved strategies to sequester 
dsRNA by diverse mechanisms to avoid activation of these antivi-
ral pathways. NS1 protein encoded by influenza virus is known to 
bind to dsRNA and therefore inhibits various antiviral pathways 
(56). HAV also has evolved an ability to suppress the production 
of type I IFNs by disrupting the signaling pathways of TLR-3 and 
RIG-1/MDA5 (57, 58). But the in-depth mechanism constrained 
the expression of TLR-3, RIG-1, and MDA5 by DHAV-1 or its 
products is still unknown. IFN-α, correlated with four PRRs, was 
expressed highly only at 0.5 dpi, while IFN-β was expressed for 
most of the time within 1 month after infection. Despite utilizing 
the same receptor, IFN-α and IFN-β have unique and distinguish-
able biological functions, with IFN-β being mainly responsible 
for promoting viral persistence by affecting T cell activity (59). 
A 1-week delay in IFN-γ expression was observed, which was 
usually associated with the absence of a vigorous CD8+ T cell 
response. Similarly, it was found that the function of CD8+ 
T cells improved slowly in HAV infection (60). The comparison 
of IL-4 to IFN-γ showed a remarkable incline to Th2 immune 
response in blood, which is involved in regulating the humoral 
immune response. Constitutive expression of IL-4 has delayed 
the clearance of respiratory syncytial virus and influenza virus in 
mice by delaying or suppressing the development of virus-specific 
cytotoxic T cells (61, 62). Moreover, in HCV infection in human, 
IL-4 was also suggested to play a role in the development of 
chronicity (63). Continuous and high-level expression of IL-4 was 
observed in our study, indicating that it may play a role in delayed 
DHAV-1 clearance. A low level of MHC-I also indicated a weak 
CD8+ T cell response. The re-elevation of IFN-β following return 
to a normal level of TLR-7 shows the existence of other induction 
pathways, e.g., a positive feedback of IFN-β to an IFN-β induc-
tion cascade with the virus as a cofactor (64). IL-6 production 
induced by injury or infection is an important SOS signal that 
coordinates activities of liver cells, macrophages, and lympho-
cytes. Recently, IL-6 has been identified as being associated with 
spontaneous clearance of HCV infection (65). The upregulation 
of IL-6 in our study immediately following infection, combined 
with the inverse correlation with DHAV-1, confirmed that IL-6 
was associated with spontaneous resolution of DHAV-1 infection. 
β-Defensin, a broad-spectrum antimicrobial peptide, has been 
shown to inhibit the replication of duck hepatitis virus in vitro 
(66). In vivo, β-defensin was indeed upregulated; however, there 
was no correlation between DHAV-1 titer and β-defensin. But, 
β-defensin and IL-2 cooperate to suppress the production of IgM 
and IgA1, and vice versa. This is because IL-2 can be bound to 
regulatory T cells expressing with IL-2 receptor and coexpressing 
CCR7, which is able to be recruited by the elevation of CCL-21 

and therefore signal the suppressor function (67–69). Collectively, 
these observations suggest that the cytokine networks are pleio-
tropic and crucial in the outcome of DHAV-1 infection.

In conclusion, this study documented the replication kinetics 
of DHAV-1, DHAV-specific antibody kinetics, and DHAV-
associated innate immune-related gene expression. Asymptomatic 
DHAV-1 infection in mature ducks produced acute as well as 
persistent hepatitis phases. Specific IgG antibody and IL-6 in 
blood promoted the spontaneous clearance of DHAV-1 infection. 
Several possible factors associated with persistent infection were 
evident, which will be validated in a future study. The current 
experiment confirmed that it is feasible to mimic the virological 
and immunological aspects of human viral hepatitis using mature 
ducks infected with DHAV-1. These data extend the information 
on model hepatitis and provide the basis for future studies focused 
on defining the nature of mechanisms involved in the clearance 
and persistence of human hepatitis virus.

ETHICS STATEMENT

This study was carried out in accordance with the recommen-
dations of the ARRIVE guidelines (http://www.nc3rs.org.uk/
arrive-guidelines). These experiments had been approved by the 
committee of experiment operational guidelines and animal wel-
fare of Sichuan Agricultural University, China (approved permit 
number XF2014-18). All ducks were handled in full compliance 
with the animal welfare regulations and maintained according to 
the standard protocols.

AUTHOR CONTRIBUTIONS

SM, XO, AC, and MW designed the experiments; AC and MW 
contributed materials and experimental platforms; SM, XO, and 
DS acquired data; SM, XO, DS, ML, QY, YW, KS, XC, and AC 
analyzed and interpreted data; SM and XO wrote the manuscript; 
SM, XO, DZ, SC, RJ, XZ, and ML proofread the draft; all authors 
approved the final version of the manuscript.

ACKNOWLEDGMENTS

We thank Nan Li in Chengdu BIO BRI Biological Technology Co., 
Ltd. for advice on data analysis.

FUNDING

The research was supported by grants from the National Key 
Research and Development Program of China (2017YFD0500800), 
National Natural Science Foundation of China (31472223), 
China Agricultural Research System (CARS-42-17), and Special 
Fund for Key Laboratory of Animal Disease and Human Health 
of Sichuan Province (2016JPT0004).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at 
http://www.frontiersin.org/article/10.3389/fimmu.2017.01574/
full#supplementary-material.

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
http://www.nc3rs.org.uk/arrive-guidelines
http://www.nc3rs.org.uk/arrive-guidelines
http://www.frontiersin.org/article/10.3389/fimmu.2017.01574/full#supplementary-material
http://www.frontiersin.org/article/10.3389/fimmu.2017.01574/full#supplementary-material


10

Mao et al. Properties of Model Duck Hepatitis

Frontiers in Immunology  |  www.frontiersin.org November 2017  |  Volume 8  |  Article 1574

REFERENCES

1.	 Levine P, Hofstad M. Report of the poultry diagnosis laboratory at Ithaca. 
In: Report of the New York State Veterinary College at Cornell University for 
the Year 1944-1945; Ithaca. Geneva, New York: W. F. Humphrey Press, Inc. 
(1946). p. 54–60.

2.	 Tseng C-H, Knowles NJ, Tsai H-J. Molecular analysis of duck hepatitis virus 
type 1 indicates that it should be assigned to a new genus. Virus Res (2007) 
123(2):190–203. doi:10.1016/j.virusres.2006.09.007 

3.	 Song C, Yu S, Duan Y, Hu Y, Qiu X, Tan L, et al. Effect of age on the pathogen-
esis of DHV-1 in Pekin ducks and on the innate immune responses of ducks 
to infection. Arch Virol (2014) 159(5):905–14. doi:10.1007/s00705-013-1900-7 

4.	 Tsai PRWaH-J. Viral infections of waterfowl. In: Swayne DE, Glisson JR, 
McDougald LR, Nolan LK, Suarez DL, Nair VL, editors. Diseases of Poultry. 
(Vol. 13), Oxford, UK: John Wiley & Sons, Inc (2013). p. 417–63.

5.	 Song C, Liao Y, Gao W, Yu S, Sun Y, Qiu X, et al. Virulent and attenuated strains 
of duck hepatitis A virus elicit discordant innate immune responses in vivo. 
J Gen Virol (2014) 95(Pt 12):2716–26. doi:10.1099/vir.0.070011-0 

6.	 Gu CQ, Xie CQ, Hu XY, Zhang WP, Bi DR, Cheng GF. Cytokine gene expres-
sion in the livers of ducklings infected with duck hepatitis virus-1 JX strain. 
Poult Sci (2012) 91(3):583–91. doi:10.3382/ps.2011-01743 

7.	 Ou X, Mao S, Cao J, Cheng A, Wang M, Zhu D, et  al. Comparative anal-
ysis of virus-host interactions caused by a virulent and an attenuated duck 
hepatitis A virus genotype 1. PLoS One (2017) 12(6):e0178993. doi:10.1371/ 
journal.pone.0178993 

8.	 Ou X, Mao S, Cao J, Ma Y, Ma G, Cheng A, et al. The neglected avian hepato-
tropic virus induces acute and chronic hepatitis in ducks: an alternative model 
for hepatology. Oncotarget (2017) 8:81838–51. doi:10.18632/oncotarget.19003 

9.	 Diebold SS, Kaisho T, Hemmi H, Akira S, Reis e Sousa C. Innate antiviral 
responses by means of TLR7-mediated recognition of single-stranded RNA. 
Science (2004) 303(5663):1529–31. doi:10.1126/science.1093616 

10.	 Jiao PR, Wei LM, Cheng YQ, Yuan RY, Han F, Liang J, et al. Molecular clon-
ing, characterization, and expression analysis of the Muscovy duck toll-like 
receptor 3 (MdTLR3) gene. Poult Sci (2012) 91(10):2475–81. doi:10.3382/
ps.2012-02394 

11.	 Feng Q, Hato SV, Langereis MA, Zoll J, Virgen-Slane R, Peisley A, et al. MDA5 
detects the double-stranded RNA replicative form in picornavirus-infected 
cells. Cell Rep (2012) 2(5):1187–96. doi:10.1016/j.celrep.2012.10.005 

12.	 Loo YM, Fornek J, Crochet N, Bajwa G, Perwitasari O, Martinez-Sobrido L, 
et al. Distinct RIG-I and MDA5 signaling by RNA viruses in innate immunity. 
J Virol (2008) 82(1):335–45. doi:10.1128/jvi.01080-07 

13.	 Kawai T, Akira S. The role of pattern-recognition receptors in innate 
immunity: update on toll-like receptors. Nat Immunol (2010) 11(5):373–84. 
doi:10.1038/ni.1863 

14.	 Kawai T, Akira S. Toll-like receptor and RIG-I-like receptor signaling. Ann  
N Y Acad Sci (2008) 1143:1–20. doi:10.1196/annals.1443.020 

15.	 Thimme R, Oldach D, Chang KM, Steiger C, Ray SC, Chisari FV. Determinants 
of viral clearance and persistence during acute hepatitis C virus infection. 
J Exp Med (2001) 194(10):1395–406. doi:10.1084/jem.194.10.1395 

16.	 Tomasi  TB Jr, Tisdale WA. Serum gamma-globulins in acute and chronic  
liver diseases. Nature (1964) 201:834–5. doi:10.1038/201834a0 

17.	 Hikata M, Tachibana K, Imai M, Naito S, Oinuma A, Tsuda F, et al. Immu
noglobulin A antibody against hepatitis B core antigen of polymeric and 
monomeric forms, as well as of IgA1 and IgA2 subclasses, in acute and chronic 
infection with hepatitis B virus. Hepatology (1986) 6(4):652–7. doi:10.1002/
hep.1840060418 

18.	 Gonzalez-Quintela A, Alende MR, Gamallo R, Gonzalez-Gil P, Lopez-Ben S, 
Tome S, et al. Serum immunoglobulins (IgG, IgA, IgM) in chronic hepatitis C.  
A comparison with non-cirrhotic alcoholic liver disease. Hepatogastroen
terology (2003) 50(54):2121–6. 

19.	 Mao S, Ou X, Zhu D, Chen S, Ma G, Wang M, et  al. Development and 
evaluation of indirect ELISAs for the detection of IgG, IgM and IgA1 against 
duck hepatitis A virus 1. J Virol Methods (2016) 237:79–85. doi:10.1016/j.
jviromet.2016.08.019 

20.	 Liu M, Zhang T, Zhang Y, Meng F, Li X, Hou Z, et al. Development and eval-
uation of a VP1-ELISA for detection of antibodies to duck hepatitis type 1 
virus. J Virol Methods (2010) 169(1):66–9. doi:10.1016/j.jviromet.2010.06.018 

21.	 Zou Z, Ma J, Huang K, Chen H, Liu Z, Jin M. Live attenuated vaccine based 
on duck enteritis virus against duck hepatitis A virus types 1 and 3. Front 
Microbiol (2016) 7:1613. doi:10.3389/fmicb.2016.01613 

22.	 Mason RA, Tauraso NM, Ginn RK. Growth of duck hepatitis virus in chicken 
embryos and in cell cultures derived from infected embryos. Avian Dis (1972) 
16(5):973–9. doi:10.2307/1588819 

23.	 Yang M, Cheng A, Wang M, Xing H. Development and application of a 
one-step real-time Taqman RT-PCR assay for detection of duck hepatitis 
virus type1. J Virol Methods (2008) 153(1):55–60. doi:10.1016/j.jviromet. 
2008.06.012 

24.	 Ou X, Mao S, Jiang Y, Zhang S, Ke C, Ma G, et al. Viral-host interaction in 
kidney reveals strategies to escape host immunity and persistently shed virus 
to the urine. Oncotarget (2017) 8(5):7336–49. doi:10.18632/oncotarget.14227 

25.	 Adams SC, Xing Z, Li J, Cardona CJ. Immune-related gene expression in 
response to H11N9 low pathogenic avian influenza virus infection in chicken 
and Pekin duck peripheral blood mononuclear cells. Mol Immunol (2009) 
46(8):1744–9. doi:10.1016/j.molimm.2009.01.025 

26.	 Livak KJ, Schmittgen TD. Analysis of relative gene expression data using 
real-time quantitative PCR and the 2−ΔΔCT method. Methods (2001) 25(4): 
402–8. doi:10.1006/meth.2001.1262 

27.	 Weaver B, Wuensch KL. SPSS and SAS programs for comparing Pearson 
correlations and OLS regression coefficients. Behav Res Methods (2013) 
45(3):880–95. doi:10.3758/s13428-012-0289-7 

28.	 Kohl M, Wiese S, Warscheid B. Cytoscape: software for visualization and 
analysis of biological networks. Methods Mol Biol (2011) 696:291–303. 
doi:10.1007/978-1-60761-987-1_18 

29.	 Fellah JS, Jaffredo T, Nagy N, Dunon D. Chapter 3 – Development of the avian 
immune system A2. 2nd ed. In:  Schat  KA,  Kaspers  B,  Kaiser  P, editors. Avian 
Immunology. Boston: Academic Press (2014). p. 45–63.

30.	 Ramsay JD, Evanoff R, Wilkinson  TE Jr, Divers TJ, Knowles DP, Mealey RH. 
Experimental transmission of equine hepacivirus in horses as a model for 
hepatitis C virus. Hepatology (2015) 61(5):1533–46. doi:10.1002/hep.27689 

31.	 Huang LR, Wu HL, Chen PJ, Chen DS. An immunocompetent mouse model 
for the tolerance of human chronic hepatitis B virus infection. Proc Natl  
Acad Sci U S A (2006) 103(47):17862–7. doi:10.1073/pnas.0608578103 

32.	 Major ME, Dahari H, Mihalik K, Puig M, Rice CM, Neumann AU, et  al. 
Hepatitis C virus kinetics and host responses associated with disease and 
outcome of infection in chimpanzees. Hepatology (2004) 39(6):1709–20. 
doi:10.1002/hep.20239 

33.	 Guidotti LG, Rochford R, Chung J, Shapiro M, Purcell R, Chisari FV. Viral 
clearance without destruction of infected cells during acute HBV infection. 
Science (1999) 284(5415):825–9. doi:10.1126/science.284.5415.825 

34.	 Bower WA, Nainan OV, Han X, Margolis HS. Duration of viremia in hepatitis 
A virus infection. J Infect Dis (2000) 182(1):12–7. doi:10.1086/315701 

35.	 Tacke M, Schmolke S, Schlueter V, Sauleda S, Esteban JI, Tanaka E, et  al. 
Humoral immune response to the E2 protein of hepatitis G virus is associated 
with long-term recovery from infection and reveals a high frequency of 
hepatitis G virus exposure among healthy blood donors. Hepatology (1997) 
26(6):1626–33. doi:10.1002/hep.510260635 

36.	 Netski DM, Mosbruger T, Depla E, Maertens G, Ray SC, Hamilton RG, et al. 
Humoral immune response in acute hepatitis C virus infection. Clin Infect  
Dis (2005) 41(5):667–75. doi:10.1086/432478 

37.	 Stapleton JT. Host immune response to hepatitis A virus. J Infect Dis (1995) 
171(Suppl 1):S9–14. doi:10.1093/infdis/171.Supplement_1.S9 

38.	 Magor KE. Immunoglobulin genetics and antibody responses to influenza 
in ducks. Dev Comp Immunol (2011) 35(9):1008–17. doi:10.1016/j.dci. 
2011.02.011 

39.	 Schroeder  HW Jr, Cavacini L. Structure and function of immunoglobu-
lins. J Allergy Clin Immunol (2010) 125(2 Suppl 2):S41–52. doi:10.1016/ 
j.jaci.2009.09.046 

40.	 Higgins DA, Ko OK, Chan SW. Duck antibody responses to keyhole limpet 
haemocyanin, human immunoglobulin G and the trinitrophenyl hapten. Evi
dence of affinity maturation. Avian Pathol (2001) 30(4):381–90. doi:10.1080/ 
03079450120066386 

41.	 Tian G, Zhang S, Li Y, Bu Z, Liu P, Zhou J, et al. Protective efficacy in chickens, 
geese and ducks of an H5N1-inactivated vaccine developed by reverse genet-
ics. Virology (2005) 341(1):153–62. doi:10.1016/j.virol.2005.07.011 

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.1016/j.virusres.2006.09.007
https://doi.org/10.1007/s00705-013-1900-7
https://doi.org/10.1099/vir.0.070011-0
https://doi.org/10.3382/ps.2011-01743
https://doi.org/10.1371/
journal.pone.0178993
https://doi.org/10.1371/
journal.pone.0178993
https://doi.org/10.18632/oncotarget.19003
https://doi.org/10.1126/science.1093616
https://doi.org/10.3382/ps.2012-02394
https://doi.org/10.3382/ps.2012-02394
https://doi.org/10.1016/j.celrep.2012.10.005
https://doi.org/10.1128/jvi.01080-07
https://doi.org/10.1038/ni.1863
https://doi.org/10.1196/annals.1443.020
https://doi.org/10.1084/jem.194.10.1395
https://doi.org/10.1038/201834a0
https://doi.org/10.1002/hep.1840060418
https://doi.org/10.1002/hep.1840060418
https://doi.org/10.1016/j.jviromet.2016.08.019
https://doi.org/10.1016/j.jviromet.2016.08.019
https://doi.org/10.1016/j.jviromet.2010.06.018
https://doi.org/10.3389/fmicb.2016.01613
https://doi.org/10.2307/1588819
https://doi.org/10.1016/j.jviromet.
2008.06.012
https://doi.org/10.1016/j.jviromet.
2008.06.012
https://doi.org/10.18632/oncotarget.14227
https://doi.org/10.1016/j.molimm.2009.01.025
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.3758/s13428-012-0289-7
https://doi.org/10.1007/978-1-60761-987-1_18
https://doi.org/10.1002/hep.27689
https://doi.org/10.1073/pnas.0608578103
https://doi.org/10.1002/hep.20239
https://doi.org/10.1126/science.284.5415.825
https://doi.org/10.1086/315701
https://doi.org/10.1002/hep.510260635
https://doi.org/10.1086/432478
https://doi.org/10.1093/infdis/171.Supplement_1.S9
https://doi.org/10.1016/j.dci.
2011.02.011
https://doi.org/10.1016/j.dci.
2011.02.011
https://doi.org/10.1016/
j.jaci.2009.09.046
https://doi.org/10.1016/
j.jaci.2009.09.046
https://doi.org/10.1080/03079450120066386
https://doi.org/10.1080/03079450120066386
https://doi.org/10.1016/j.virol.2005.07.011


11

Mao et al. Properties of Model Duck Hepatitis

Frontiers in Immunology  |  www.frontiersin.org November 2017  |  Volume 8  |  Article 1574

42.	 Seriwatana J, Shrestha MP, Scott RM, Tsarev SA, Vaughn DW, Myint KSA,  
et  al. Clinical and epidemiological relevance of quantitating hepatitis E 
virus-specific immunoglobulin M. Clin Diagn Lab Immunol (2002) 9(5): 
1072–8. doi:10.1128/CDLI.9.5.1072-1078.2002 

43.	 Erdman DD, Heath JL, Watson JC, Markowitz LE, Bellini WJ. Immunoglo
bulin M antibody response to measles virus following primary and secondary 
vaccination and natural virus infection. J Med Virol (1993) 41(1):44–8.  
doi:10.1002/jmv.1890410110 

44.	 Liaw YF, Yang CY, Chu CM, Huang MJ. Appearance and persistence of hep-
atitis A IgM antibody in acute clinical hepatitis A observed in an outbreak. 
Infection (1986) 14(4):156–8. doi:10.1007/BF01645253 

45.	 Kao HW, Ashcavai M, Redeker AG. The persistence of hepatitis A IgM 
antibody after acute clinical hepatitis A. Hepatology (1984) 4(5):933–6. 
doi:10.1002/hep.1840040525 

46.	 Decker RH, Kosakowski SM, Vanderbilt AS, Ling C-M, Chairez R, Overby LR.  
Diagnosis of acute hepatitis A by HAVAB®-M, a direct radioimmunoassay for 
IgM anti-HAV. Am J Clin Pathol (1981) 76(2):140–7. doi:10.1093/ajcp/76.2.140 

47.	 Hoofnagle JH. Reactivation of hepatitis B. Hepatology (2009) 49(S5):156–65. 
doi:10.1002/hep.22945 

48.	 Watt K, Uhanova J, Gong Y, Kaita K, Doucette K, Pettigrew N, et al. Serum 
immunoglobulins predict the extent of hepatic fibrosis in patients with 
chronic hepatitis C virus infection. J Viral Hepat (2004) 11(3):251–6. 
doi:10.1111/j.1365-2893.2004.00507.x 

49.	 Lin S, Sun Q, Mao W, Chen Y. Serum immunoglobulin A (IgA) level is a 
potential biomarker indicating cirrhosis during chronic hepatitis B infection. 
Gastroenterol Res Pract (2016) 2016:2495073. doi:10.1155/2016/2495073 

50.	 McPherson S, Henderson E, Burt AD, Day CP, Anstee QM. Serum immu-
noglobulin levels predict fibrosis in patients with non-alcoholic fatty liver 
disease. J Hepatol (2014) 60(5):1055–62. doi:10.1016/j.jhep.2014.01.010 

51.	 Lund JM, Alexopoulou L, Sato A, Karow M, Adams NC, Gale NW, et  al. 
Recognition of single-stranded RNA viruses by toll-like receptor 7. Proc  
Natl Acad Sci U S A (2004) 101(15):5598–603. doi:10.1073/pnas.0400937101 

52.	 Xu J, Yang Y, Wang C, Jiang B. Rotavirus and coxsackievirus infection 
activated different profiles of toll-like receptors and chemokines in intestinal 
epithelial cells. Inflamm Res (2009) 58(9):585–92. doi:10.1007/s00011- 
009-0022-x 

53.	 Chehadeh W, Alkhabbaz M. Differential TLR7-mediated expression of 
proinflammatory and antiviral cytokines in response to laboratory and 
clinical enterovirus strains. Virus Res (2013) 174(1):88–94. doi:10.1016/j.
virusres.2013.03.006 

54.	 Toka FN, Nfon CK, Dawson H, Golde WT. Accessory-cell-mediated activa-
tion of porcine NK cells by toll-like receptor 7 (TLR7) and TLR8 agonists.  
Clin Vaccine Immunol (2009) 16(6):866–78. doi:10.1128/cvi.00035-09 

55.	 Matsumoto M, Kikkawa S, Kohase M, Miyake K, Seya T. Establishment of 
a monoclonal antibody against human toll-like receptor 3 that blocks dou-
ble-stranded RNA-mediated signaling. Biochem Biophys Res Commun (2002) 
293(5):1364–9. doi:10.1016/S0006-291X(02)00380-7 

56.	 Garcia-Sastre A. Mechanisms of inhibition of the host interferon alpha/
beta-mediated antiviral responses by viruses. Microbes Infect (2002) 4(6): 
647–55. doi:10.1016/S1286-4579(02)01583-6 

57.	 Qu L, Feng Z, Yamane D, Liang Y, Lanford RE, Li K, et  al. Disruption of 
TLR3 signaling due to cleavage of TRIF by the hepatitis A virus protease- 

polymerase processing intermediate, 3CD. PLoS Pathog (2011) 7(9):e1002169. 
doi:10.1371/journal.ppat.1002169 

58.	 Yang Y, Liang Y, Qu L, Chen Z, Yi M, Li K, et al. Disruption of innate immu
nity due to mitochondrial targeting of a picornaviral protease precursor. Proc  
Natl Acad Sci U S A (2007) 104(17):7253–8. doi:10.1073/pnas.0611506104 

59.	 Ng CT, Sullivan BM, Teijaro JR, Lee AM, Welch M, Rice S, et al. Blockade 
of interferon beta, but not interferon alpha, signaling controls persistent 
viral infection. Cell Host Microbe (2015) 17(5):653–61. doi:10.1016/j.chom. 
2015.04.005 

60.	 Zhou Y, Callendret B, Xu D, Brasky KM, Feng Z, Hensley LL, et al. Dominance 
of the CD4(+) T helper cell response during acute resolving hepatitis A virus 
infection. J Exp Med (2012) 209(8):1481–92. doi:10.1084/jem.20111906 

61.	 Fischer JE, Johnson JE, Kuli-Zade RK, Johnson TR, Aung S, Parker RA,  
et al. Overexpression of interleukin-4 delays virus clearance in mice infected 
with respiratory syncytial virus. J Virol (1997) 71(11):8672–7. 

62.	 Moran TM, Isobe H, Fernandez-Sesma A, Schulman JL. Interleukin-4 causes 
delayed virus clearance in influenza virus-infected mice. J Virol (1996) 
70(8):5230–5. 

63.	 Tsai SL, Liaw YF, Chen MH, Huang CY, Kuo GC. Detection of type 2-like 
T-helper cells in hepatitis C virus infection: implications for hepatitis C virus 
chronicity. Hepatology (1997) 25(2):449–58. doi:10.1002/hep.510250233 

64.	 Biron CA. Interferons α and β as immune regulators—a new look. Immunity 
(2001) 14(6):661–4. doi:10.1016/S1074-7613(01)00154-6 

65.	 Waldron PR, Belitskaya-Levy I, Chary A, Won J, Winters M, Monto A, 
et al. Genetic variation in the IL-6 and HLA-DQB1 genes is associated with 
spontaneous clearance of hepatitis C virus infection. J Immunol Res (2016) 
2016:6530436. doi:10.1155/2016/6530436 

66.	 Ma D, Zhang K, Zhang M, Xin S, Liu X, Han Z, et al. Identification, expression 
and activity analyses of five novel duck beta-defensins. PLoS One (2012) 
7(10):e47743. doi:10.1371/journal.pone.0047743 

67.	 Chinen T, Kannan AK, Levine AG, Fan X, Klein U, Zheng Y, et  al. An 
essential role for the IL-2 receptor in Treg cell function. Nat Immunol (2016) 
17(11):1322–33. doi:10.1038/ni.3540 

68.	 Smigiel KS, Richards E, Srivastava S, Thomas KR, Dudda JC, Klonowski KD, 
et al. CCR7 provides localized access to IL-2 and defines homeostatically dis-
tinct regulatory T cell subsets. J Exp Med (2014) 211(1):121–36. doi:10.1084/
jem.20131142 

69.	 Chauhan SK, Saban DR, Dohlman TH, Dana R. CCL-21 conditioned regu-
latory T  cells induce allotolerance through enhanced homing to lymphoid 
tissue. J Immunol (2014) 192(2):817–23. doi:10.4049/jimmunol.1203469 

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be 
construed as a potential conflict of interest.

Copyright © 2017 Mao, Wang, Ou, Sun, Cheng, Zhu, Chen, Jia, Liu, Sun, Yang, 
Wu, Zhao and Chen. This is an open-access article distributed under the terms of 
the Creative Commons Attribution License (CC BY). The use, distribution or repro-
duction in other forums is permitted, provided the original author(s) or licensor are 
credited and that the original publication in this journal is cited, in accordance with 
accepted academic practice. No use, distribution or reproduction is permitted which 
does not comply with these terms.

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.1128/CDLI.9.5.1072-1078.2002
https://doi.org/10.1002/jmv.1890410110
https://doi.org/10.1007/BF01645253
https://doi.org/10.1002/hep.1840040525
https://doi.org/10.1093/ajcp/76.2.140
https://doi.org/10.1002/hep.22945
https://doi.org/10.1111/j.1365-2893.2004.00507.x
https://doi.org/10.1155/2016/2495073
https://doi.org/10.1016/j.jhep.2014.01.010
https://doi.org/10.1073/pnas.0400937101
https://doi.org/10.1007/s00011-
009-0022-x
https://doi.org/10.1007/s00011-
009-0022-x
https://doi.org/10.1016/j.virusres.2013.03.006
https://doi.org/10.1016/j.virusres.2013.03.006
https://doi.org/10.1128/cvi.00035-09
https://doi.org/10.1016/S0006-291X(02)00380-7
https://doi.org/10.1016/S1286-4579(02)01583-6
https://doi.org/10.1371/journal.ppat.1002169
https://doi.org/10.1073/pnas.0611506104
https://doi.org/10.1016/j.chom.
2015.04.005
https://doi.org/10.1016/j.chom.
2015.04.005
https://doi.org/10.1084/jem.20111906
https://doi.org/10.1002/hep.510250233
https://doi.org/10.1016/S1074-7613(01)00154-6
https://doi.org/10.1155/2016/6530436
https://doi.org/10.1371/journal.pone.0047743
https://doi.org/10.1038/ni.3540
https://doi.org/10.1084/jem.20131142
https://doi.org/10.1084/jem.20131142
https://doi.org/10.4049/jimmunol.1203469
http://creativecommons.org/licenses/by/4.0/

	Virologic and Immunologic Characteristics in Mature Ducks with Acute Duck Hepatitis A Virus 1 Infection
	Introduction
	Materials and Methods
	Virus
	Ducks and Infections
	Samples
	RNA Isolation and cDNA Preparation
	Quantitative Real-time PCR
	ELISA
	Statistical Analyses

	Results
	Course of Acute DHAV-1 Infection in Mature Ducks
	Specific IgG, IgM, and IgA1 Antibodies Were Induced Effectively by DHAV-1 Infection in Mature Ducks
	TLR-7 Played a Vital Role in the Recognition of DHAV-1 Infection in Mature Ducks
	IL and IFN Gene Expression Was Upregulated during DHAV-1 Infection in Mature Ducks
	MHCs but Not BAFF Gene Expression Was Elevated in Mature Ducks Exposed to DHAV-1 Infection
	Expression Patterns of β-Defensin and Chemokines in DHAV-Infected Mature Ducks
	Interaction between the Virus and the Immune System

	Discussion
	Ethics Statement
	Author Contributions
	Acknowledgments
	Funding
	Supplementary Material
	References


