
Avian Flavivirus Infection of Monocytes/Macrophages by
Extensive Subversion of Host Antiviral Innate Immune
Responses

Yong Ma,a Yumeng Liang,a Nana Wang,a Lu Cui,a Zhijie Chen,a Hanguang Wu,a Chenyang Zhu,a Zhitao Wang,a

Shengwang Liu,a Hai Lia

aState Key Laboratory of Veterinary Biotechnology, Harbin Veterinary Research Institute, Chinese Academy of Agricultural Sciences, Harbin, People’s Republic of China

ABSTRACT Avian Tembusu virus (TMUV) is a newly emerging avian pathogenic fla-
vivirus in China and Southeast Asia with features of rapid spread, an expanding host
range, and cross-species transmission. The mechanisms of its infection and patho-
genesis remain largely unclear. Here, we investigated the tropism of this arbovirus in
peripheral blood mononuclear cells of specific-pathogen-free (SPF) ducks and SPF
chickens and identified monocytes/macrophages as the key targets of TMUV infec-
tion. In vivo studies in SPF ducks and SPF chickens with monocyte/macrophage clear-
ance demonstrated that the infection of monocytes/macrophages was crucial for vi-
ral replication, transmission, and pathogenesis. Further genome-wide transcriptome
analyses of TMUV-infected chicken macrophages revealed that host antiviral innate
immune barriers were the major targets of TMUV in macrophages. Despite the acti-
vation of major pattern recognition receptor signaling, the inductions of alpha
interferon (IFN-�) and IFN-� were blocked by TMUV infection on transcription
and translation levels, respectively. Meanwhile, TMUV inhibited host redox responses
by repressing the transcription of genes encoding NADPH oxidase subunits and promot-
ing Nrf2-mediated antioxidant responses. The recovery of either of the above-
mentioned innate immune barriers was sufficient to suppress TMUV infection. Collec-
tively, we identify an essential step of TMUV infection and reveal extensive subversion of
host antiviral innate immune responses.

IMPORTANCE Mosquito-borne flaviviruses include a group of pathogenic viruses
that cause serious diseases in humans and animals, including dengue, West Nile, and
Japanese encephalitis viruses. These flaviviruses are zoonotic and use animals, including
birds, as amplifying and reservoir hosts. Avian Tembusu virus (TMUV) is an emerging
mosquito-borne flavivirus that is pathogenic for many avian species and can infect
cells derived from mammals and humans in vitro. Although not currently pathogenic
for primates, the infection of duck industry workers and the potential risk of TMUV
infection in immunocompromised individuals have been highlighted. Thus, the pre-
vention of TMUV in flocks is important for both avian and mammalian health. Our
study reveals the escape of TMUV from the first line of the host defense system in
the arthropod-borne transmission route of arboviruses, possibly helping to extend
our understanding of flavivirus infection in birds and refine the design of anti-TMUV
therapeutics.
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Avian Tembusu virus (TMUV) is a newly emerging avian pathogenic flavivirus, identified
first in the People’s Republic of China in 2010, which causes mainly ovarian hemor-

rhage and a subsequent substantial decrease in egg laying together with a sudden
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decline in feed uptake and neurological signs (1). To date, TMUV continues to cause
massive economic losses in the poultry industry not only in China but also in Southeast
Asia, where the mosquito TMUV isolate has been grouped with a duck serum TMUV
isolate from China (2). TMUV is a single-stranded positive-sense RNA arbovirus belong-
ing to the genus Flavivirus, family Flaviviridae, and shares many conserved motifs with
other flaviviruses (1, 3). Many flaviviruses, including West Nile virus (WNV), dengue virus
(DENV), yellow fever virus (YEV), Japanese encephalitis virus (JEV), and Zika virus, are
zoonotic. Given that birds serve as amplifying and reservoir hosts of some flaviviruses
in nature, such as WNV and Bagaza virus (4–6), the relevance of TMUV to human and
animal health has been investigated. A wide range of natural host species of TMUV
have been identified, including mosquitos, ducks, chickens, geese, pigeons, and spar-
rows (2, 7). Although TMUV has been reported to be not pathogenic for primates due
to its high sensitivity to mammalian interferon antiviral responses according to an in
vivo study in rhesus monkeys (8), TMUV replicates well in many types of nonavian cells,
including many human cell lines (i.e., Vero, BHK21, A549, HeLa, HepG2, and SH-SY5Y) in
vitro and induces high neurovirulence that is typical of many other encephalitic
flaviviruses and even death in mice upon intracerebral inoculation (8–11). The potential
transmission from birds to humans has been further demonstrated by an investigation
of duck industry workers, which reported that 71.9% of the serum samples tested
contained antibodies against TMUV and that the RNA of TMUV was observed in 47.7%
of the oral swab samples evaluated (9). Although TMUV did not cause viremia or clinical
symptoms in rhesus monkeys, TMUV-specific humoral immune responses were in-
duced, and the potential risk of TMUV infection in immunocompromised individuals
was highlighted by the authors (8). Taken together, the rapid spread, expanding host
range, and cross-species transmission of TMUV demonstrate the possibility that TMUV
might emerge as a zoonotic flavivirus in the future, although the risk is still low, and the
prevention of TMUV in flocks now is important for both avian and mammalian health.
Further studies on the pathogenesis and host-pathogen interaction of this novel flavivirus
are urgently needed.

Tembusu virus, West Nile virus, Usutu virus, Bagaza virus, and Israel turkey enceph-
alitis virus currently constitute the five flaviviruses transmitted by mosquito bites with
marked pathogenicity in birds (12). Despite the occurrence of a nonvector transmission
strain due to the mutation at position 156 in the envelope protein (13), similar to other
mosquito-borne flaviviruses, arthropod-borne transmission via the host blood is still the
major route of transmission for TMUV. In this route, blood immune cells constitute the
first line of the host antiviral defense system that TMUV must escape at the beginning
of infection. However, the interaction between this arbovirus and poultry blood im-
mune cells remains unclear.

Macrophages play a critical role in the induction and regulation of both innate and
adaptive immune responses and sometimes act as a double-edged sword during
certain viral infections, including flavivirus infections, as macrophages may not only
help fight against viral infection but also contribute to virus production and dissemi-
nation during viral infections (14–18). The interactions between host macrophages and
a number of viruses have been extensively studied in mammal models. However,
limited information is known about the interaction between viruses and avian macro-
phages. Although avian macrophages have been shown to serve as the main target for
some avian virus infections (19–22), the exact biological consequences and the under-
lying mechanisms of the infection of avian macrophages with these viruses are largely
uncertain.

In the present study, the TMUV tropism for peripheral blood mononuclear cells
(PBMCs) was investigated in specific-pathogen-free (SPF) ducks and SPF chickens, and
the infection of monocytes/macrophages has been identified as the essential step of
TMUV infection. Extensive subversion of the antiviral innate immune responses of
monocytes/macrophages by TMUV was investigated.
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RESULTS
Monocytes/macrophages are the primary targets of TMUV in host PBMCs. The

susceptibilities of host PBMCs to TMUV were detected both in vitro and in vivo. We first
isolated monocytes/macrophages and lymphocytes from PBMCs of 45- to 60-week-old
female SPF ducks and chickens by two rounds of differential adhesion (23). The purities
of monocytes/macrophages in adherent cells were 71.77% in ducks and 90.45% in
chickens, as identified by antibodies targeting CD68 and the monocyte/macrophage
marker antibody KUL01, respectively (Fig. 1A and B, upper panel). The cells were then
infected with TMUV at a multiplicity of infection (MOI) of 0.01. TMUV grew in both
adherent cells and suspended cells of duck PBMCs, as evidenced by the detection of
viral RNA using reverse transcription-quantitative PCR (RT-qPCR) (Fig. 1A, lower panel).
In contrast, for chicken PBMCs, the growth of TMUV was observed only in adherent
cells, not in suspended cells (Fig. 1B, lower panel). This finding was further confirmed
by TMUV infection of monocytes/macrophages, B lymphocytes, and T lymphocytes
isolated from PBMCs of chickens by fluorescence-activated cell sorting (FACS) using
antibodies targeting the specific cell surface markers of each type of cell (Fig. 1C). Next,
we investigated TMUV infection of monocytes/macrophages and lymphocytes in vivo
by detecting cells isolated from PBMCs of TMUV-inoculated SPF ducks and SPF chickens
at the time points postinfection indicated in Fig. 1D. Consistent with the above-
described in vitro investigations, TMUV infected both adherent cells and suspended
cells of duck PBMCs, with peak viral RNA levels at 3 days postinfection (dpi) (Fig. 1D).
Although TMUV preferred to replicate in adherent cells, the adherent cells and sus-
pended cells contributed equally to the total viral RNA production in PBMCs at 1 dpi
because of the higher proportion of suspended cells in PBMCs, while the contribution
of adherent cells decreased to approximately 20% at 6 dpi (Fig. 1E and F). In chicken
PBMCs, TMUV grew mainly in monocytes/macrophages, and the level of viral RNA
decreased after 1 dpi (Fig. 1G). TMUV infection of B cells was observed in vivo (Fig. 1G).
Although the level of viral RNA in B cells increased following the time of infection, due
to the reduced proportion of B cells, the total viral RNA production in chicken PBMCs
was contributed mainly by monocytes/macrophages, with a weak contribution by B
cells at 3 dpi (Fig. 1H to J). In summary, despite the equal contribution of lymphocytes
to viral RNA production in PBMCs in ducks, monocytes/macrophages are the major
targets of TMUV in host PBMCs of both ducks and chickens.

TMUV infection of monocytes/macrophages is essential for viral replication,
dissemination, and pathogenesis in ducks and chickens. To address the role of
monocytes/macrophages in TMUV infection of ducks and chickens, clearance of mono-
cytes/macrophages was performed by injection of clodronate liposomes as described
in Fig. 2A. The efficiencies of monocyte/macrophage depletion in ducks and chickens
were determined by detecting monocytes/macrophages in the spleen using antibodies
targeting CD68 and the monocyte/macrophage marker antibody KUL01, respectively
(Fig. 2B). More than 80% of monocytes/macrophages were depleted in both ducks and
chickens 2 days after the administration of clodronate liposomes (Fig. 2C). The clear-
ance of monocytes/macrophages in ducks significantly reduced viral RNA production in
both the ovary (Fig. 2D) and the spleen (Fig. 2E) and completely prevented oral and
fecal shedding of virus, as evidenced by viral RNA detection in oral and cloaca swabs
(Fig. 2F and G). The reduction in viral RNA production in the ovary and spleen upon
monocyte/macrophage depletion were also observed in chickens (Fig. 2H and I). The
level of viral RNA was lower in chickens than in ducks in general, and no viral shedding
through the fecal-oral route was observed in inoculated chickens regardless of mono-
cyte/macrophage depletion (Fig. 2H to K). We further investigated the pathogenic
damage to the ovary, which is the most typical feature of TMUV infection (1). In line
with the decreased level of viral RNA, obvious ovarian hemorrhage with immune cell
infiltration appeared at 3 dpi in all infected ducks and chickens pretreated with
phosphate-buffered saline (PBS) or PBS liposomes (Fig. 2L and M). Follicle atresia and
rupture were observed in the slides of sections from some infected birds. This patho-
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genic damage was completely prevented by monocyte/macrophage depletion (Fig. 2L
and M). These data demonstrate that infection of monocytes/macrophages is a key step
of TMUV infection in vivo, which is important for viral replication, dissemination, and
pathogenesis.

FIG 1 TMUV tropism for peripheral blood mononuclear cells (PBMCs). (A and B) Monocytes/macrophages and lymphocytes were
obtained from freshly isolated PBMCs of 45- to 60-week-old female SPF ducks and chickens by two rounds of differential adhesion.
The purities of monocytes/macrophages in adherent cells were identified by rabbit anti-CD68 polyclonal antibody in ducks (A) and
by mouse anti-chicken monocyte/macrophage-PE clone KUL01 in chickens (B). Separated cells were infected with TMUV at an MOI
of 0.01. The level of viral RNA was detected by RT-qPCR at the indicated times postinfection. Data are presented as the mean �
SEM (n � 3). (C) Monocytes/macrophages, T lymphocytes, and B lymphocytes were sorted and recycled by FACS from freshly
isolated chicken PBMCs using mouse anti-chicken monocyte/macrophage-PE clone KUL01, mouse anti-chicken CD3-APC clone
CT-3, and mouse anti-chicken Bu-1-FITC clone AV20, respectively. Cells were then infected with TMUV at an MOI of 0.01. The level
of viral RNA was detected by RT-qPCR at the indicated times postinfection. Data are presented as the mean � SEM (n � 3). (D to
J) SPF ducks (D to F) or chickens (G to J) were inoculated with 100 �l of TMUV specimens at 1 � 105 PFU per ml via intravenous
injection. Duck monocytes/macrophages and lymphocytes were isolated as described for panel A at the indicated time points
postinfection. The relative percentages of cells were calculated based on cell counting (E). Chicken monocytes/macrophages, T
lymphocytes, and B lymphocytes were isolated as described for panel C at the indicated time points postinfection. (H and I) The
relative percentages of cells were detected by FACS. Representative flow plots are shown (H). Data are presented as the mean �
SEM (n � 3). (D and G) The level of viral RNA was detected by RT-qPCR. Data are presented as the mean � SEM (n � 3). (F and J)
The relative contribution to the total level of viral RNA in PBMCs by isolated cells was calculated. Data are presented as the mean �
SEM (n � 3).
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FIG 2 Roles of monocytes/macrophages in TMUV infection in vivo. (A) Scheme depicting the design of the experiment. Monocytes/
macrophages were depleted by intraperitoneal injection of clodronate liposomes. (B) Representative pictures of immunofluorescence staining
for monocyte/macrophage markers. The efficiency of monocyte/macrophage depletion by clodronate liposome injection was examined in
sections of spleen samples 2 days after clodronate liposome injection using rabbit anti-CD68 polyclonal antibody for duck samples and mouse
anti-chicken monocyte/macrophage-PE clone KUL01 for chickens. Equal volumes of a control liposome suspension and PBS were used as

(Continued on next page)
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Genome-wide transcriptional profile analysis of TMUV infection of macro-
phages. Considering the importance of monocytes/macrophages in TMUV infection,
the responses of macrophages to TMUV infection were investigated by genome-wide
transcriptional profile analysis to explore the molecular mechanisms of TMUV infection
of macrophages. Given the limitations of the purity and long-term in vitro culture of
avian primary isolated monocytes/macrophages, TMUV infection of the chicken mac-
rophage cell line HD11 was employed as an experimental model in subsequent
mechanistic studies. Similar to TMUV infection of primary isolated monocytes/macro-
phages and TMUV infection of monocytes/macrophages in vivo, the replication of
TMUV in HD11 cells was observed after 12 h postinfection (hpi), as evidenced by the
detection of viral RNA and protein using RT-qPCR (Fig. 3A) and Western blotting (Fig.
3B), respectively. Upon TMUV infection, the viability of host cells dropped quickly within
24 hpi at an MOI of 5, at which time no significant change in cell viability was observed
at an MOI of 1 (Fig. 3C). Upon TMUV infection at an MOI of 1, the cytopathic effect (CPE)
occurred at 24 hpi and became more severe at 48 hpi (Fig. 3D). No significant difference
in reduction in viability of host cells was observed between an MOI of 1 and an MOI of
0.1 (Fig. 3C). Taken together, to investigate the initial responses of HD11 to TMUV
replication, the transcriptional profiles of HD11 cells were assayed and analyzed at
12 hpi and 24 hpi with an MOI of 1, as illustrated in Fig. 3E. Bioinformatics analysis
identified 238 and 1,250 differentially expressed genes (DEGs) at 12 hpi and 24 hpi,
respectively, upon TMUV infection (Fig. 3F), based on the following criteria: (i) a P value
of �0.001, (ii) a false discovery rate (q value) of �0.001, and (iii) a fold change of �2
(see Table S1 in the supplemental material). Among the 238 genes differentially
expressed at 12 hpi, the constant effects of TMUV infection on the transcription of 168
genes were observed at 24 hpi (Fig. 3G). Further pathway analysis of these DEGs was
performed to explore the shift of the molecular network of HD11 by TMUV infection.
Four of the five major pattern recognition receptor (PRR) pathways, including the
cytosolic DNA sensor (CDS) pathway, Toll-like receptor (TLR) signaling pathway, NOD-
like receptor (NLR) pathway, and RIG-I-like receptor (RLR) pathway, were induced
successfully by TMUV at 12 hpi, and all of these pathways except the CDS pathway were
continually activated at 24 hpi (Fig. 3H). The upregulation of several crucial downstream
transcriptional factors of PRR pathways, such as interferon (IFN) regulatory factor 7
(IRF7), nuclear factor-�B (NF-�B), and AP-1, was also observed (Table S1). Meanwhile,
the suppression of pathways involved in another key antiviral innate immune defense
of macrophages, phagocytosis, such as the lysosome and phagosome pathways, was
observed at 24 hpi. For validation, the transcript levels of 20 genes randomly selected
from these significantly regulated pathways were examined by RT-qPCR analysis. The
directions of change determined by RT-qPCR detection and transcriptome sequencing
(RNA-seq) analysis are identical in general (Fig. 3I), suggesting a correspondence
between these two methods in our study. Our genome-wide transcriptional profile
analysis of TMUV infection of HD11 demonstrates antiviral innate immune defenses as
the major targets of TMUV infection in macrophages.

TMUV suppresses the expression of type I interferons in macrophages. Multiple
PRR families, such as TLRs, NLRs, and RLRs, contribute significantly to RNA viral
detection, leading to the activation of downstream transcription factors, such as IRF7,
NF-�B. and AP-1, and the subsequent induction of cytokines and type I IFNs (24–27).
The successful activation of PRR pathways in HD11 cells upon TMUV infection (Fig. 3H)
suggested that TMUV might escape PRR-mediated antiviral responses through the

FIG 2 Legend (Continued)
controls. Scale bars, 30 �m. (C) The numbers of monocytes/macrophages were counted, and the reduction rates were calculated. Data are
presented as the mean � SEM (n � 3). (D to M) At 3 days post-intravenous injection of 500 �l of virus specimens at 1 � 105 PFU per ml in
ducks and chickens preinjected with clodronate liposomes, control liposome suspension (PBS liposomes), or PBS 2 days prior to infection,
ovaries were harvested, and oral swabs and cloaca swabs were collected. The level of viral RNA was detected by RT-qPCR. Samples collected
from uninfected animals are indicated as “control.” A dashed line indicates the limit of detection. (L and M) Representative H&E staining of
ovary section slides at a higher magnification with arrows depicting areas of damage are shown. The data in panels D to K are presented as
the mean � SEM. Asterisks indicate significant differences (n � 3, P � 0.05). Scale bars in panels L and M, 200 �m.
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FIG 3 Genome-wide transcriptome analysis of TMUV infection of HD11 cells. (A and B) The replication of TMUV in HD11 cells was determined by
RT-qPCR (A) and Western blotting (B) using an antibody targeting the E protein of TMUV. Samples collected from uninfected cells are indicated
as “control.” A dashed line indicates the limit of detection. Actin was used as a loading control. (C) The viability of HD11 cells with or without TMUV

(Continued on next page)
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direct subversion of type I IFN expression. To address this concept, the expression of
the main type I IFNs, alpha IFN (IFN-�) and IFN-�, was detected at both the mRNA and
protein levels. The expression of IFN-� and IFN-� was significantly enhanced by
poly(I·C) on both the mRNA and protein levels, as assayed by RT-qPCR and ELISA (Fig.
4A to D), suggesting that exogenous RNA was capable of promoting type I IFN
expression in HD11 cells. In contrast, no increase in IFN-� expression at either the mRNA
or protein level was observed in HD11 cells upon TMUV infection (Fig. 4A and B),
indicating that TMUV infection can repress IFN-� expression as early as in the tran-
scription phase. The mRNA level of IFN-� was strongly promoted by TMUV infection in
HD11 cells, which was 3.71 times and 18.42 times that induced by poly(I·C) (Fig. 4C).
However, the level of extracellular IFN-� was not affected by TMUV infection (Fig. 4D).
Further, both the basal transcriptional activity of IFN-� and the enhanced transcrip-
tional activity of IFN-� by poly(I·C) treatment were significantly attenuated by TMUV
infection at MOIs of 1 and 5 when assayed by the luciferase assay (P � 0.05) (Fig. 4E),
demonstrating an inhibitory effect of TMUV on IFN-� function. In addition, the effect of
TMUV infection on the transcription of six well-characterized chicken ISGs (ChISGs),
namely, MX1, OAS1, IFITM3, ZC3HAV1, VIPERIN, and PKR, was investigated, and HD11
cells treated with chicken IFN-� and IFN-� were used as a positive control for these
ChISGs. All of these ChISGs were significantly induced by both IFN-� and IFN-�, as
assayed by RT-qPCR (Fig. 4F), suggesting that these ChISGs can be induced by type I
IFNs in macrophages. Four of these ChISGs (MX1, IFITM3, OAS1, and PKR) were also
significantly induced by TMUV infection (Fig. 4F), indicating that these four ChISGs
might be induced in a type I IFN-independent manner in chicken macrophages during
TMUV infection. In agreement with the results of RT-qPCR assay, similar expression
patterns of MX1 and viperin were observed at the protein level by a Western blotting
assay (Fig. 4G). Different from mammals, chickens lack IRF3 and IRF9 in their type I IFN
pathways, and IRF7, which can be induced by IFN-� to promote the expression of IFN-�
in mammals, has been found to be constitutively expressed in chicken cells and
essential for the regulation of IFN-� expression during viral infection (26). Upon TMUV
infection, IRF7 was significantly induced on both transcription and protein levels (Fig.
4F and G), which is relevant to the enhanced transcription of IFN-� in the TMUV-
infected cells we observed (Fig. 4C). However, the induction of IRF7 by TMUV infection
was insufficient to promote the transcription of IFN-� in HD11 cells (Fig. 4A). Further
studies revealed that neither the addition of chicken IFN-� nor the addition of chicken
IFN-� could promote the transcription of any type I IFN detected in HD11 cells (Fig. 4H),
although both type I IFNs promoted IRF7 expression (Fig. 4F and G). In agreement with
a previous study, chicken IRF7 participated in mediating IFN-�, instead of IFN-�,
induction upon stimulation (27). To address the biological significance of the repression
of IFN-� and IFN-� by TMUV infection in macrophages, the effects of the addition of
chicken IFN-� and IFN-� on TMUV infection in HD11 cells were investigated. Both type
I IFNs were capable of preventing TMUV infection of HD11 cells, although the antiviral
effect of IFN-� was weaker than that of IFN-� at 12 hpi (Fig. 4I), demonstrating the
importance of the repression of type I IFNs in TMUV infection of macrophages. Given
the significant induction of IFN-� transcription, TMUV might suppress the extracellular
level of IFN-� by manipulating the translation, protein stability, and secretion of IFN-�.
The involvement of IFN-� secretion was ruled out by the finding that no difference in
the intracellular level of IFN-� between cells with or without TMUV infection was
observed by ELISA (Fig. 4J). Further investigation using MG132 to prevent protein
degradation in HD11 cells observed an �2 times greater enhancement in the level of

FIG 3 Legend (Continued)
infection at the indicated MOI was detected using a CCK-8 kit. (D) The cytopathic effect of TMUV infection on HD11 cells was visualized by crystal
violet staining. (E) Workflow of the genome-wide transcriptome analysis. (F) Number of genes that were differentially expressed in HD11 cells at
a P of �0.001, a q of 0.001, and a fold change of �2. (G) Venn diagram showing the intersections of genes significantly regulated among
subgroups in HD11 cells. (H) Pathway analysis of significantly expressed genes (P � 0.05). (I) The transcription of 20 genes selected for the
validation of the RNA sequencing data was assayed by RT-qPCR. Data in panels A, C, and I are presented as the mean � SEM (n � 3).
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FIG 4 Effects of TMUV on the expression of type I interferons in HD11 cells. (A to D) The expression of IFN-� (A and B) and IFN-� (C and D) in
HD11 cells upon poly(I·C) treatment (1 �M) or TMUV infection (MOI � 1) was detected for both mRNA and protein levels by RT-qPCR (A and C)
and ELISA (B and D). (E) Luciferase assay of IFN-� in HD11 cells upon poly(I·C) treatment (1 �M) and/or TMUV infection (MOI � 1). (F and G) The
effects of the addition of recombinant chicken IFNs and TMUV infection on the expression of IRF7 and chicken ISGs in HD11 cells were assayed

(Continued on next page)
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extracellular IFN-� in TMUV-infected cells but not in either noninfected cells or poly(I·C)-
treated cells (Fig. 4K), suggesting a virus-induced degradation of IFN-�. However, this
inhibitory effect was too weak to counterbalance the dramatic promotion of IFN-�
transcription by TMUV (134 times induction) (Fig. 4C), indicating the suppression of
IFN-� translation upon TMUV infection. Therefore, the effect of TMUV infection on the
translation initiation of IFN-� was assayed by detecting the amount of IFN-� mRNA
bound to ribosome by using absolute quantitative real-time PCR. Both the amount of
IFN-� mRNA bound to ribosome (Fig. 4L) and its proportion in total mRNA bound to
ribosome (Fig. 4M) were significantly increased by TMUV infection, demonstrating that
TMUV infection blocked IFN-� translation most likely at the translation elongation stage
instead of the translation initiation stage. In summary, TMUV infection activated major
PRR pathways successfully in host macrophages but subverted IFN-� transcription and
IFN-� translation.

TMUV maintains intracellular redox homeostasis in macrophages. Along with
PRR-mediated microbicidal action, the phagocytosis-dependent redox response is an-
other key antiviral innate immune defense of macrophages. In line with the suppression
of phagocytosis-related pathways (Fig. 3H), TMUV infection did not trigger the produc-
tion of reactive oxygen species (ROS) in HD11 cells, as detected with the 2=,7=-
dichlorodihydrofluorescein diacetate (DCFH-DA)-based assay (Fig. 5A). Considering the
low primary level of ROS in HD11 cells, we enhanced ROS production by stimulating
cells with phorbol-12-myristate-13-acetate (PMA) (5 �g/ml), a protein kinase C (PKC)
agonist widely used for ROS induction, to ascertain whether TMUV infection had an
inhibitory effect on ROS production. Approximately 56.35% and 78.79% of ROS trig-
gered by PMA were reduced by TMUV infection at MOIs of 0.1 and 1, respectively (Fig.
5A and B). Given that the DCFH-DA-based assay we used for ROS detection is not
sensitive for the detection of superoxide, the total superoxide production was deter-
mined using a water-soluble tetrazolium salt 1 (WST-1)-based assay. A similar conclu-
sion was obtained in HD11 cells upon PMA prestimulation (Fig. 5C). Hence, our data
demonstrate that TMUV maintains the intracellular redox homeostasis in macrophages
after infection. Next, we investigated the biological significance of the unaffected
intracellular redox state during TMUV infection of macrophages by comparing the
levels of viral replication under different superoxide levels. Upon prepromotion of ROS
by PMA stimulation, TMUV replication was suppressed significantly regardless of the
order of stimuli, as assayed by RT-qPCR (Fig. 5D) and Western blotting (Fig. 5E).
Therefore, a stable intracellular redox state is important for TMUV evasion from the
innate immune defenses of macrophages.

TMUV maintains redox homeostasis in macrophages by both direct and indi-
rect control of the intracellular superoxide level. The generation of superoxide in
phagocytic cells such as macrophages is mediated mainly by NADPH oxidases on the
membrane of phagosomes. The phagocytic NADPH oxidase includes five subunits,
namely, p47phox (NCF1), p67phox (NCF2), p40phox (NCF4), p22phox (CYBA), and gp91phox

(CYBB). The transcription of four of the five subunits was suppressed by TMUV infection
as assayed by RT-qPCR (Fig. 6A). In contrast, the transcription of five well-known
antioxidant genes, namely, PRDX1, SOD1, TXNRD1, HMOX1 and OSGIN1, was induced by
TMUV infection significantly (Fig. 6B).

In mammals, the transcription of these antioxidant genes has been reported to be
under the control of transcription factor Nrf2, a central regulator of intracellular redox

FIG 4 Legend (Continued)
by RT-qPCR (F) and Western blotting (G), respectively. Actin was used as a loading control. (H) The effects of the addition of recombinant chicken
IFNs on the expression of IFN-� and IFN-� in HD11 cells were assayed by RT-qPCR. (I) The repression rates of viral replication by the addition of
chicken recombinant type IFNs were calculated with the levels of viral RNA detected by RT-qPCR. (J) The intracellular levels of IFN-� in HD11 cells
with or without TMUV infection at the indicated MOI were detected by ELISA. (K) The effect of protein degradation on the expression of IFN-�
in HD11 cells was determined by calculating the fold change of IFN-� expression levels with or without MG132 pretreatment. The level of IFN-�
was detected by ELISA. (L and M) The effects of TMUV infection on the translation of IFN-� in HD11 cells were assayed by detecting the level of
IFN-� mRNA bound to ribosomes using RT-qPCR. Data are presented as the mean � SEM. Asterisks indicate a significant difference (n � 3,
P � 0.05).
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FIG 5 Effects of TMUV on the redox state in HD11 cells. HD11 cells were infected with TMUV at the
indicated MOI in the presence or absence of PMA pretreatment (5 �g/ml). (A) Cellular ROS were detected
using a DCFH-DA-based reactive oxygen species assay kit at 24 h postinfection. All cell nuclei were
stained with DAPI. Scale bars, 200 �m. (B) Fluorescent signal was analyzed statistically with ImageJ. Data
are presented as the mean � SEM. Asterisks indicate a significant difference (n � 6, P � 0.05). (C) Cellular
superoxide production was detected using a WST-1-based superoxide assay kit. The optical density (OD)
was read at 450 nm. Data are presented as the mean � SEM (n � 3). (D and E) The replication of TMUV
in HD11 cells with stimulation of PMA (5 �g/ml) before or after TMUV infection (MOI � 1) was

(Continued on next page)

Avian Flavivirus Tropism for Monocytes/Macrophages Journal of Virology

November 2019 Volume 93 Issue 22 e00978-19 jvi.asm.org 11

https://jvi.asm.org


homeostasis (28). Therefore, we detected the influence of TMUV infection on Nrf2 by
immunofluorescence (IF) by using multiclonal antibodies specifically recognizing the C
terminus of Nrf2 (Fig. 6C). Upon TMUV infection, the expression of Nrf2 was not affected
(Fig. 6D), but the nuclear translocation of Nrf2 was greatly promoted, as the nuclear
translocation of Nrf2 was observed in nearly 70% of TMUV-infected cells (Fig. 6E). To
address the role of Nrf2 in the repression of the transcription of antioxidants and the
subsequent stable redox state, knockdown of the Nrf2 gene using short interfering
RNAs (siRNAs) targeting two different sites of the Nrf2 transcript was performed. The
efficiency of knockdown was evidenced by both RT-qPCR (Fig. 6F) and IF (Fig. 6G).
Knockdown of Nrf2 resulted in transcriptional repression of all antioxidants detected
(Fig. 6H) and compromised the superoxide dismutase (SOD) activity elevated by TMUV
infection (Fig. 6I). In agreement, the inhibitory effect of TMUV on superoxide anion
production was greatly attenuated by Nrf2 knockdown (Fig. 6J), leading to significant
repression of viral replication (Fig. 6K). Taken together, our data revealed pan-
transcriptional repression of NADPH oxidase subunits and elevation of antioxidant
activity through the promotion of nuclear translocation of Nrf2 by TMUV, which was
essential for maintaining redox homeostasis in infected macrophages and subsequent
viral replication.

DISCUSSION

The newly emerging avian pathogenic flavivirus avian TMUV continues to cause
massive economic losses in the poultry industry in China and Southeast Asia annually
and may be a public health concern due to its potential transmission from birds to
human or other nonavian hosts. The interactions between avian TMUV and its host
remain mostly unknown. The present study investigated the interaction between this
mosquito-borne flavivirus and its host PBMCs, the first line of the antiviral defense
system in the arthropod-borne transmission route. Monocytes/macrophages were
identified as the key target of TMUV infection, and the infection of monocytes/
macrophages was found to be essential for viral replication, transmission, and patho-
genesis in both ducks and chickens. Thus, illustration of the escape mechanism by
which TMUV survives in monocytes/macrophages is important for developing thera-
peutics against TMUV infection. As shown by a schematic model (Fig. 7), monocytes/
macrophages are successfully alerted upon TMUV infection through the activation of
major PRR signaling pathways, which results in dramatic upregulation of IFN-� tran-
scription. To survive in monocytes/macrophages, TMUV attenuates type I IFN-mediated
antiviral immune responses by preventing the elevation of IFN-� transcription and
reducing the translation of IFN-� (probably translation elongation). Meanwhile, TMUV,
on the one hand, inhibits the transcription of NADPH oxidase subunits and, on the
other hand, promotes antioxidant responses by promoting the nuclear translocation of
Nrf2, which maintains a stable redox state in monocytes/macrophages. Together, the
present study reveals TMUV tropism for avian host PBMCs, highlights the importance of
monocytes/macrophages in TMUV infection in both ducks and chickens, and uncovers
extensive subversion of host antiviral innate immune responses by TMUV in host cells.

Macrophages, which are not only members of the innate immune system but also
regulators and effectors of the adaptive immune system, play a central role throughout
antiviral immune responses (29–31). Subversion of the antiviral activities of macro-
phages by viruses such as HIV, severe acute respiratory syndrome (SARS) virus, African
swine fever virus (ASFV), and porcine reproductive and respiratory syndrome virus
(PRRSV) can facilitate viral replication and viral spread and can even enhance the
intensity of immune responses, which leads to severe immune-mediated disease

FIG 5 Legend (Continued)
determined by RT-qPCR at 24 h postinfection (D) and Western blotting using antibody targeting E protein
of TMUV at the indicated time point (E). Samples collected from uninfected cells are indicated as
“control.” A dashed line indicates the limit of detection. Actin was used as a loading control. Data in panel
D are presented as the mean � SEM. Asterisks indicate a significant difference (n � 3, P � 0.05).
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FIG 6 TMUV maintains intracellular redox homeostasis in macrophages. (A) The effects of TMUV infection on the
transcription of NADPH oxidase subunits were assayed by RT-qPCR. Data are presented as the mean � SEM (n � 3). (B) The
effects of TMUV infection on the transcription of five antioxidant genes were assayed by RT-qPCR. Data are presented as
the mean � SEM (n � 3). (C) The effects of TMUV infection on Nrf2 expression and cellular location were examined by
confocal microscopy using rabbit multiclonal antibodies specifically recognizing the C terminus of Nrf2, followed by an
FITC-conjugated anti-rabbit secondary antibody. Cell nuclei were stained with DAPI (blue). Scale bars, 10 �m. (D) The
integrated density of the fluorescent signal was quantified statistically with ImageJ. Data are presented as the mean � SEM
(n � 6). (E) The percentage of cells with Nrf2 nuclear translocation per field was quantified statistically by observing 100
cells per slide. Data are presented as the mean � SEM. Asterisks indicate significant differences (n � 6, P � 0.05). (F and
G) The efficiency of Nrf2 knockdown was verified by RT-qPCR (F) and immunofluorescent staining (G). Data in panel F are
presented as the mean � SEM. Asterisks indicate significant differences (n � 3, P � 0.05). Scale bar in panel G, 400 �m. (H)
The effects of Nrf2 knockdown on the transcription of five antioxidant genes were assayed by RT-qPCR. Data are presented
as the mean � SEM (n � 3). (I and J) The effects of Nrf2 knockdown on the repression of SOD activity (I) and cellular

(Continued on next page)
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(32–35). Recently, the subversion of macrophages by flaviviruses has been reported for
tick-borne encephalitis virus (TBEV), WNV, DENV, Zika virus, and classical swine fever
virus (CSFV) (36–41). Antibody-dependent enhancement of TMUV infection has been
observed in mice, indicating the potential interaction between TMUV and mouse
macrophages (42). However, no direct evidence for TMUV infection of immune cells,
including monocytes/macrophages, has been reported yet. A recent in vivo investiga-
tion published in February 2019 observed multivesicular bodies containing TMUV in
macrophages and lymphocytes in the spleens of infected ducks by the use of electron
microscopy (43). However, whether these viruses observed in the multivesicular bodies
in macrophages and lymphocytes could replicate and transmit and the biological
significance of the existence of TMUV in macrophages and lymphocytes in the spleen

FIG 6 Legend (Continued)
superoxide production (J) by TMUV infection (MOI � 1) in HD11 cells were detected using a SOD activity assay kit and a
WST-1-based superoxide assay kit, respectively. The absorbance was read at 450 nm. The SOD activity and the inhibition
rate of superoxide production by TMUV infection were calculated. Data in panels I and J are presented as the mean � SEM.
Asterisks indicate a significant difference (n � 3, P � 0.05). (K) The effect of Nrf2 knockdown on TMUV RNA production was
determined by RT-qPCR. Data are presented as the mean � SEM (n � 3).

FIG 7 Schematic summary. Monocytes/macrophages are the key targets of TMUV in its arthropod-borne transmission route, which is essential for viral
replication, transmission, and pathogenesis. Upon TMUV infection, monocytes/macrophages are successfully alerted through the activation of major PRR
signaling pathways, which results in dramatic upregulation of IFN-� transcription. To survive in monocytes/macrophages, TMUV attenuates type I IFN-mediated
antiviral immune responses by preventing the elevation of IFN-� transcription and reducing the translation and protein stability of IFN-�. Meanwhile, TMUV
inhibits the transcription of NADPH oxidase subunits and enhances the transcription of antioxidant genes by promoting the nuclear translocation of Nrf2 to
maintain a stable redox state in monocytes/macrophages.
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were not addressed. Our present study provided direct experimental evidence for both
in vitro and in vivo infection of host monocytes/macrophages by TMUV (Fig. 1) and
revealed that infection of monocytes/macrophages was essential for TMUV replication,
transmission, and pathogenesis in ducks and chickens (Fig. 2).

In mammals, a two-step type I IFN gene regulation model has been proposed; in this
model, IRF3 is crucial for the initial induction of IFN-� and the induced IFN-� activates
IRF7 to promote IFN-� expression. Current knowledge of the avian type I IFN system
indicates that these cytokines are functionally, structurally, and evolutionary related to
their mammalian counterparts. Therefore, it is important to investigate in birds the
potential existence of this two-step regulation model that has been proposed in
mammals. Unlike mammals, chickens lack IRF3 and IRF9 in their type I IFN pathways
(44). A number of efforts have been made recently to clarify whether the functions of
mammalian IRF3 are compensated by IRF7 in birds. Similar to those of mammalian IRF3,
constitutive expression of IRF7 and the regulation of IFN-� expression by IRF7 in
different types of chicken cells, including DF-1, HD11, and primarily isolated chicken
embryo fibroblasts (CEFs), have been revealed (26). The induction of IRF7 by TMUV
infection is relevant to the enhanced transcription of IFN-� in TMUV-infected cells that
we observed. However, chicken IRF7 seems less like the regulator of IFN-� upon
stimulation, since IRF7 has been found to be dispensable for the induction of IFN-� in
chicken cells upon stimulation and no effect of its overexpression on IFN-� expression
has been observed (27). In agreement with these findings, the induction of IRF7 by
TMUV infection is insufficient to promote the transcription of IFN-� in our experimental
model (Fig. 4A). Our further studies revealed that neither the addition of chicken IFN-�
nor the addition of chicken IFN-� could promote the transcription of any type I IFN
detected in HD11 cells (Fig. 4H), although both type I IFNs promoted IRF7 expression
(Fig. 4F and G). Neither previous studies nor our present study supports the existence
of an IRF7-mediated link between IFN-� expression and IFN-� expression, which enables us
to propose that chicken IRF7 participates in mediating IFN-�, instead of IFN-�, induc-
tion in macrophages upon stimulation and that the escape of TMUV from host IFN-�
and IFN-� pathways in chicken macrophages may be independent events. The precise
underlying mechanisms of the escape of TMUV from the type I IFN system of host
macrophages needs to be further elucidated.

Currently, 108 ChISGs have been predicted by publicly available transcriptome data
of chicken cell line DF-1 upon type I IFN treatment (45), while only a few have been
functionally validated in chicken cells. In our present study, the transcription of six
validated ChISGs, namely, MX1, IFITM3, OAS1, PKR, ZC3HAV1, and VIPERIN, was detected.
Four of these ChISGs (MX1, IFITM3, OAS1, and PKR) were induced by TMUV infection,
although host type I IFNs were not induced (Fig. 4F). It is known that to counteract the
evasion of pathogens from host IFN responses, a subset of ISGs can be induced directly
by IRFs, such as MX1, IFITM3, and OAS1 (46, 47). It is possible that these four ChISGs
(MX1, IFITM3, OAS1, and PKR) were induced in a type I IFN-independent manner in
chicken macrophages upon TMUV infection, since IRF7 was significantly induced by
TMUV infection (Fig. 4F and G). In agreement with the results of the RT-qPCR assay,
similar expression patterns of MX1 and viperin were observed at the protein level by a
Western blotting assay (Fig. 4G). The enhanced protein levels of IRF7 and MX1 by TMUV
infection suggest that the inhibition of IFN-� by TMUV infection at the translation level
is more likely an immune evasion strategy specific to IFN-� rather than a global block
of host translation by TMUV infection.

Both PRR signaling-triggered type I IFN pathways and phagocytosis-dependent
redox responses are the key components of the antiviral innate immune system of
macrophages and need to be overcome by viruses. Crosstalk of these two antiviral
innate immune barriers has been revealed recently. ROS can initiate inflammatory
responses by activating factors such as NF-�B and AP-1 (48, 49). Given that both NF-�B
and AP-1 are essential transcription factors for the induction of type I IFNs, it is possible
that the production of ROS could induce type I IFN expression. To date, the association
of ROS with PRR signaling-triggered type I IFN expression has been validated in both
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human and porcine cells, which demonstrates that ROS is crucial for triggering the
RIG-I-mediated IRF3 activation and subsequent IFN-� expression (26, 50). On another
hand, ROS can also be induced by IFN-�, which has been found to be essential for the
pathogenicity of some human diseases like dermatomyositis and the activation and
proliferation of hematopoietic stem and progenitor cells (51, 52). In our model, TMUV
infection induces the major PRR signaling pathways and subsequent transcription of
IFN-� without affecting the host redox state, indicating that phagocytosis-dependent
redox responses are not required for type I IFN expression in avian macrophages.
Besides, no effect of IFN responses on the transcription of genes encoding NADPH
oxidases and antioxidases was observed in either the publicly available transcriptome
data of chicken cell line DF-1 upon type I IFN treatment (45) or our unpublished
transcriptome data of chicken macrophage cell line HD11 upon poly(I·C) treatment.
Thus, the escape of TMUV from host PRR signaling-triggered type I IFN responses and
the phagocytosis-dependent redox responses that we observed in chicken macro-
phages are more likely independent events.

The generation of superoxide in phagocytic cells such as macrophages is mediated
mainly by NADPH oxidases. The subversion of NADPH oxidase-mediated antiviral
oxidative responses by flaviviruses has been well investigated in dengue virus infection,
which revealed repression of antioxidant genes by viruses through promotion of the
nuclear entry of Nrf2 (53). A similar mechanism was confirmed in avian flavivirus
infection by our present study. In addition, our studies also observed an interaction
between NADPH oxidases and viral infection, which, to the best of our knowledge, has
not been yet reported for any virus. Its underlying mechanisms remain unclear and
need to be investigated in the future.

Ducks are thought to be more resistant to pathogens, such as the highly pathogenic
H5N1 strain of avian influenza virus, than chickens (54, 55). However, ducks seemed
more sensitive to TMUV than chickens in the present study because the in vivo viral load
in ducks was significantly higher than that in chickens, and viral dissemination was
observed only in ducks, not in chickens, under our experimental conditions (Fig. 2D to
M). This correlated with the different sensitivities of lymphocytes to TMUV between
ducks and chickens (Fig. 1), indicating that TMUV infection of lymphocytes might affect
viral replication in vivo. Further investigations are needed to validate this indication in
the future. No difference in ovarian pathogenesis was observed between ducks and
chickens (Fig. 2L and M), which, together with the importance of monocytes/macro-
phages in TMUV infection (Fig. 2), suggested that the pathogenesis in ovaries in
infected birds is most likely determined by TMUV infection of monocytes/macrophages.

The antiviral immune response of host blood immune cells is the first barrier that
arboviruses must overcome. Our present study provides the first direct experimental
evidence for the infection of host monocytes/macrophages by avian flavivirus TMUV
and highlights the essential role of the infection of monocytes/macrophages in TMUV
infection, which may contribute to further illustration of the mechanisms underlying
the infection and pathogenesis of this newly emerging avian flavivirus. The present
study also uncovers extensive subversion of host antiviral innate immune responses by
TMUV in host monocytes/macrophages, which may provide potential targets for the
development of novel therapeutics to combat TMUV infection.

MATERIALS AND METHODS
Ethics statement. The animal experimental protocol was approved and performed in accordance

with the ethical guidelines of the Animal Ethics Committee of Harbin Veterinary Research Institute of the
Chinese Academy of Agricultural Sciences (approval no. SYXK [Hei] 2011022).

Virus, cells, and agents. The duck Tembusu virus strain Du/CH/LSD/110128 (GenBank accession no.
KC136210.1) is stored at the Harbin Veterinary Research Institute of the Chinese Academy of Agricultural
Sciences (HVRI, CAAS). This strain can be propagated in duck embryo fibroblasts (DEFs) with clear
cytopathic effects (CPEs) observed (56). The DEFs isolated from specific-pathogen-free (SPF) duck
embryos and a permanent chicken bone marrow macrophage cell line, HD11, were maintained in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 100
U/ml penicillin, 100 �g/ml streptomycin, and 2 mM L-glutamine. Cell cultures were incubated at 39°C and
5% CO2. Cell viability was determined using a CCK-8 kit (Beyotime Institute of Biotechnology, Beijing,
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China) or crystal violet staining (Beyotime Institute of Biotechnology) according to the manufacturer’s
instructions. Phorbol 12-myristate 13-acetate (PMA), poly(I·C), diapocynin, and MG132 were all purchased
from Sigma (Sigma-Aldrich, St. Louis, MO, USA).

Experimental animals. Female SPF Jinding ducks and female SPF White Leghorn chickens were all
obtained from and kept at the Laboratory Animal Science Department of Harbin Weike Biotechnology
Development Company (ABSL-3; accredited by the China National Accreditation Service for Conformity
Assessment [CNAS]), a state-owned enterprise subordinate to Harbin Veterinary Research Institute of
CAAS.

Isolation of PBMCs. Peripheral blood mononuclear cells (PBMCs) were isolated from 45- to 60-week-
old female SPF ducks and SPF chickens using an avian lymphocyte isolation kit (Tianjin Haoyang
Biological Technology, Tianjin, China) according to the manufacturer’s instructions. Monocytes/macro-
phages and lymphocytes were further separated from freshly isolated PBMCs by two rounds of differ-
ential adhesion according to a previous description (23). The purity of monocytes/macrophages in
adherent cells in ducks was identified by a rabbit anti-CD68 polyclonal antibody (Boster Biological
Technology, Wuhan, China), and the purity of monocytes/macrophages in adherent cells in chickens was
identified by the mouse anti-chicken monocyte/macrophage-phycoerythrin (PE) clone KUL01 (Southern
Biotechnology Associates, Birmingham, AL, USA). Separated cells were cultured in RPMI 1640 supple-
mented with 10% FBS, 100 U/ml penicillin, 100 �g/ml streptomycin, and 2 mM L-glutamine at 37°C and
5% CO2.

FACS. We conducted fluorescence-activated cell sorting (FACS) using a BD FACScan and CellQuest
software version 4.0.2 (BD, Mountain View, CA). Monocytes/macrophages, T lymphocytes, and B lym-
phocytes were sorted and recycled from freshly isolated chicken PBMCs using mouse anti-chicken
monocyte/macrophage-PE clone KUL01 (Southern Biotechnology Associates), mouse anti-chicken CD3-
allophycocyanin (APC) clone CT-3 (Southern Biotechnology Associates), and mouse anti-chicken Bu-1-
fluorescein isothiocyanate (FITC) clone AV20 (Southern Biotechnology Associates), respectively. Cells
were then cultured in RPMI 1640 supplemented with 10% FBS, 100 U/ml penicillin, 100 �g/ml strepto-
mycin, and 2 mM L-glutamine at 37°C and 5% CO2.

In vivo experiments. For monocyte/macrophage clearance, a clodronate liposome suspension (Vrije
Universiteit Amsterdam, Yeasen, Shanghai, China), a control liposome suspension (Vrije Universiteit
Amsterdam, Yeasen), or PBS was administered at 500 �l per animal via intraperitoneal (i.p.) injection
2 days prior to infection according to the manufacturer’s instructions. The efficiency of monocyte/
macrophage depletion by clodronate liposome injection was examined in sections of spleen samples by
using rabbit anti-CD68 polyclonal antibody for duck samples and mouse anti-chicken monocyte/
macrophage-PE clone KUL01 for chicken samples. For in vivo infection, 500 �l of virus specimens at
1 � 105 PFU per ml were inoculated into the blood vessels of chickens or ducks. At 3 days postinfection,
oral swabs and cloaca swabs were collected. The spleens and ovaries were then harvested, homogenized,
and subjected to three cycles of freeze-thawing. Hematoxylin-eosin (H&E) staining was performed on
sections of ovary samples fixed with 4% paraformaldehyde according to a previous description (57).

Virus detection and quantification. Viral titers were determined using a PFU assay on DEFs. Levels
of viral replication were determined using Western blot analysis with mouse monoclonal antibody
targeting the E protein of TMUV and qPCR assays targeting the M gene of TMUV (56). Cells were infected
with Du/CH/LSD/110128 at the multiplicity of infection (MOI) indicated in Results. The indicated MOI was
obtained according to the number of cells to be infected and the number of infectious particles
determined by PFU assays.

Immunofluorescence. For immunofluorescent staining, samples were washed with PBS and fixed
with 4% paraformaldehyde for 10 min. After quenching of excess aldehyde, the samples were perme-
abilized with 0.1% Triton X-100. Nonspecific antibody binding was blocked with 2% bovine serum
albumin (BSA) for 1 h, and then the samples were incubated with rabbit anti-CD68 polyclonal antibody,
mouse anti-chicken monocyte/macrophage-PE clone KUL01, or rabbit polyclonal antibody against
chicken Nrf2 (GenScript, Nanjing, China), followed by a secondary goat anti-mouse/rabbit antibody
conjugated to FITC (Jackson Laboratory, Bar Harbor, ME, USA). Background was determined using normal
rabbit control serum from nonimmunized rabbits or a mouse IgG isotype control (Abcam, Shanghai,
China). All cell nuclei were stained with 4=,-6-diamidino-2-phenylindole (DAPI; Sigma-Aldrich). Fluores-
cent signals were detected with an EVOS FL fluorescence microscope (AMG, Bothell, WA). For confocal
imaging, cells were cultured in 35-mm glass-bottom cell culture dishes and examined using a confocal
microscope system (LSM880; Zeiss, Oberkochen, Germany).

Histopathological examination. Ovaries collected from ducks and chickens were fixed in 4%
paraformaldehyde. The fixed samples were sent to the Plaques Diagnosis and Technical Service Center
of the Harbin Veterinary Research Institute (ABSL-3; accredited by the CNAS) for histopathological
examination. Briefly, samples were embedded in paraffin and then sectioned. The sample slides were
stained with H&E and observed by light microscopy or used for immunofluorescent staining. Histopatho-
logical examination reports were provided by the Plaques Diagnosis and Technical Service Center.

RT-qPCR. RNA was isolated from cells or tissue samples using the EasyPure RNA purification kit
(TransGen Biotech, Beijing, China), according to the manufacturer’s protocol. For ribosome mRNA
detection, ribosome-nascent chain complex (RNC) was isolated according to a previous description (58)
using sucrose buffer (30% sucrose in RB buffer) with ultracentrifugation at 185,000 � g for 4 h in a
Beckman SW41-Ti rotor at 4°C. RNC-RNA was extracted using the TRIzol RNA extraction reagent (Ambion,
USA) according to the manufacturer’s instructions. RT-qPCR and absolute RT-qPCR were performed using
a SYBR PrimeScript kit (TaKaRa Bio Inc., Tokyo, Japan), as described previously (56). The standard of the
absolute RT-qPCR was prepared by cloning the 180-nucleotide PCR product of the Gallus IFN-� gene into
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the pMD18-T plasmid (TaKaRa-Bio, Shiga, Japan) according to the manufacturer’s instructions. The primer
sequences are shown in Table 1.

Protein extraction and Western blot analysis. Western blot analysis was performed under reduced
denaturing conditions, according to previously described procedures (59). Briefly, cells were washed with

TABLE 1 List of RT-qPCR primers

Gene Primer directiona Sequence (5= to 3=)
CD40 F GGAAACGCAACGCACAAC

R GTCCCTTTCACCTTCACCAC
JUN F ACGAGGATGCCCTGAACG

R CCCGTTGCTGGACTGGAT
IFIH1 F GATGCCGCCAGAAGAGTAT

R GGAATGTTATTAGTGAAGGGTT
TRAF3 F TTTTCAGGGAACAAACCAA

R ATTCCGTAGCATTTCCTTCT
HSP90AA1 F TCCTGTCCTCTGGCTTTA

R GTGGCATCTCCTCGGTAA
NFKB1 F GCCAACTGGGAGGTGTATG

R CCCAGGGTCATCTTGCTAA
RIPK2 F AAACATCCGCTTCAATACA

R GACCACCAGAATCTCCATC
TNFAIP3 F TGTGAACACCCAGCCCTAC

R AGCATTGTAGCAGCGTTCA
SOCS3 F ATGGTCACCCACAGCAAGTT

R TGACGCTGAGGGTGAAGAAG
STAT1 F CCTATGCCTCTGGAACGA

R ATCCGAGATACCTCATCAAACT
CTNS F TTGAGAACTGGCGACGAA

R AGGGTTCACTCCGTTGG
IGF2R F GAGTGGAGGACCTTTGTTG

R GCTGTGAGTTTGGGACCTG
SLC17A5 F GGGTTTGGCATCTTTGGTA

R GCTAACCAGCCACATCCAG
SMPD1 F ACTACCGCATCGTGAACAGG

R CTGGGTGCCACGAAAGC
ITGB2 F CTGGGCTTCACAGACACG

R CTGGTCTTGCCTTTGGTG
RAB7B F AGATTGCCTCTGCCTGGTG

R CTTGCTTGGCGAGCGTCT
F7 F CTGCTGGTTCCTCCTTCTC

R CAGCGGCAGACATAATCCT
HTR7 F TGGTGGTCATCTCCGTCTG

R GCCATACACTTCCCGTTCT
MYCN F AGCGTCAGAGGCGTAATG

R TCTGCTCCTCTGCCTGAA
ATP6V0A2 F AAGCCTCCGAATCCATCT

R CCACGGGACACCAAACCT
Nrf2 F CAAGCCAGCGGAGATGC

R TGGCTGCTGTCGTCTGG
GAPDH F GGCACTGTCAAGGCTGAGAA

R TGCATCTGCCCATTTGATGT
M (TMUV) F AGACTGCTGGTGCAATGAGAC

R CGTCGTTCCCAGATTCCA
MX1 F AAACGACCTGATGTTGCCTG

R TTACCCCTTTCCATTCCTGC
OASL1 F GCCACATCCTCGCCATCA

R CCCAGTGCGTCGTAAGC
IFITM3 F TGGTGACGGTGGAGACG

R GGCAACCAGGGCGATGA
ZAP F TTCCAAGTCAAGCCTGTCCC

R CTCCGCTCTGCCTCTTCATC
VIPERIN F AACGGTGGTTCAAGAAGTATGG

R ACAGCATAATCTCGGCACCA
PKR F TGACTTCTGTGACATACAACCCTC

R TTTCAAACCAAATCAATCCC
IRF7 F AACGACGACCCGCACAAG

R GCAGCAGGTCCAAATCCA
aF, forward; R, reverse.
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ice-cold PBS and soluble proteins were extracted with cell lysis buffer (100 mM Tris-HCl [pH 8], 150 mM
NaCl, 1% NP-40, phosphatase, and protease inhibitor cocktail tablets) (Abcam) according to the manu-
facturer’s protocol. The protein concentration was determined using the Bio-Rad Bradford assay (Bio-Rad,
Hercules, CA, USA) and BSA standards (Sigma-Aldrich). An equal amount of protein was separated by
SDS-PAGE. Mouse monoclonal antibody targeting the E protein of TMUV, rabbit polyclonal antibody
targeting MX1 (Proteintech Group, Rosemont, IL, USA), rabbit polyclonal antibody targeting viperin
(Bioss, Beijing, China), and mouse monoclonal antibody targeting actin (Sigma-Aldrich) were used. Rabbit
polyclonal antibody targeting IRF7 was kindly provided by Kai Li (HVRI, CAAS).

RNA sequencing. Genome-wide gene expression profiling of HD11 cells was performed via RNA
deep sequencing by Annoroad Gene Technology Co., Ltd. (Beijing, China). Three biological repeats were
performed. RNA was isolated from cells using an RNeasy Plus minikit (Qiagen, Hilden, Germany). Library
construction was performed using the Illumina platform (Illumina, Inc., San Diego, CA, USA), according
to the manufacturer’s instructions. Samples were sequenced on an Illumina HiSeq 2500 instrument.

High-throughput data analysis. RNA sequencing data were analyzed with the Galaxy web-based
tool (60). Pathway analysis was performed with DAVID (gene-enrichment analysis using the EASE score,
a modified Fisher’s exact P value, as the threshold) (61).

ELISA. The levels of IFN-� and IFN-� in cell cultures and cells were analyzed using an ELISA kit for
chicken IFN-� (USCN Life Science, Wuhan, China) and IFN-� (USCN Life Science) according to the
manufacturer’s instructions. Recombinant chicken IFN-� and IFN-� were also purchased from USCN Life
Science.

Transfection and dual-luciferase reporter assays. HD11 cells were cotransfected with the firefly
luciferase reporter plasmid IFN-�-luc and the Renilla luciferase reporter pRL-TK, which served as an
internal control, using the TransIT-X2 dynamic delivery system (Mirus, Madison, WI, USA) according to the
manufacturer’s instructions and a previous description (26). At 24 h posttransfection, cells were inocu-
lated with TMUV at an MOI of 1 with or without pretreatment with poly(I·C). At 24 h postinfection, cells
were lysed and subjected to assays for firefly and Renilla luciferase activities using the Dual-Luciferase
reporter assay system (Promega, Madison, WI, USA). Relative luciferase activity was normalized to Renilla
luciferase activity.

ROS/superoxide detection. HD11 cells were inoculated with TMUV at an MOI of 0.1 or 1 as indicated
in the presence or absence of PMA pretreatment. At 24 h postinfection, cellular reactive oxygen species
(ROS) were detected using a DCFH-DA-based reactive oxygen species assay kit (Beyotime Institute of
Biotechnology) according to the manufacturer’s instructions. All cell nuclei were stained with DAPI
(Sigma-Aldrich). Fluorescent signals were detected with an EVOS FL fluorescence microscope (AMG) and
analyzed with ImageJ. Cellular superoxide production was detected using a WST-1-based superoxide
assay kit (Beyotime Institute of Biotechnology) according to the manufacturer’s instructions. The absor-
bance was read at 450 nm using a multifunctional microplate reader (PerkinElmer, Waltham, MA, USA).

RNA interference and transfection. Short interfering RNAs (siRNAs) that specifically recognize two
different sequences of the chicken Nrf2 mRNA (NM_205117.1; siNrf2-1, 5=-GCU GAA UGU GAA CUC UUU
ATT-3=; siNrf2-2, 5=-GCA CCA CUC UAA CUA GUU UTT-3=) and a control siRNA (siControl, 5=-GCA CUU GAU
ACA CGU GUA A-3=) with no specific target site in chickens were used (GenePharma, Shanghai, China).
Transfection of siRNA was conducted using the TransIT-X2 dynamic delivery system (Mirus) according to
the manufacturer’s instructions. Twenty-four hours after transfection, cells were harvested or infected
with TMUV for further analysis. The knockdown efficiency was verified by RT-qPCR and immunofluores-
cent staining.

Statistical analysis. The SPSS software package (SPSS for Windows version 13.0; SPSS Inc., Chicago,
IL, USA) was used for all statistical analyses. Data obtained from several experiments are reported as the
mean � standard error of the mean (SEM). The significance of differences between two groups was
determined with a two-tailed Student’s t test. One-way or two-way analysis of variances with Bonferroni’s
correction was employed for multigroup comparisons. For all analyses, a probability (P) value of �0.05
was considered statistically significant.

Data availability. RNA raw sequencing data were uploaded to the National Center for Biotechnology
Information database under accession number GSE127092.
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