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The difference in CD4™ T cell
iImmunity between high- and
low-virulence Tembusu viruses
IS mainly related to residues 151
and 304 in the envelope protein

Runze Meng, Baolin Yang, Chonglun Feng, Jingjing Huang,
Xiaoyan Wang and Dabing Zhang*

Key Laboratory of Animal Epidemiology of the Ministry of Agriculture, College of Veterinary
Medicine, China Agricultural University, Beijing, China

Tembusu virus (TMUV) can result in a severe disease affecting domestic ducks.
Therole of T cells in protection from TMUV infection and the molecular basis of
T cell-mediated protection against TMUV remain largely uncharacterized.
Here, we used the high-virulence TMUV strain Y and the low-virulence
TMUV strain PS to investigate the protective role for TMUV-specific CD4*
and CD8" T cells. When tested in a 5-day-old Pekin duck model, Y and PS
induced comparable levels of neutralizing antibody, whereas Y elicited
significantly stronger cellular immune response relative to PS. Using a duck
adoptive transfer model, we showed that both CD4* and CD8* T cells provided
significant protection from TMUV-related disease, with CD8" T cell conferring
more robust protection to recipient ducklings. For TMUV, CD4* T cells mainly
provided help for neutralizing antibody response, whereas CD8* T cells mainly
mediated viral clearance from infected tissues. The difference in T cell
immunity between Y and PS was primarily attributed to CD4" T cells;
adoptive transfer of Y-specific CD4" T cells resulted in significantly enhanced
protective ability, neutralizing antibody response, and viral clearance from the
brain relative to PS-specific CD4* T cells. Further investigations with chimeric
viruses, mutant viruses, and their parental viruses identified two mutations
(T151A and R304M) in the envelope (E) protein that contributed significantly to
TMUV-specific CD4* T cell-mediated protective ability and neutralizing
antibody response, with more beneficial effects being conferred by R304M.
These data indicate T cell-mediated immunity is important for protection from
disease, for viral clearance from tissues, and for the production of neutralizing
antibodies, and that the difference in CD4*T cell immunity between high- and
low-virulence TMUV strains is primarily related to residues 151 and 304 in the
E protein.
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Introduction

Tembusu virus (TMUV) is an enveloped mosquito-borne
flavivirus with a positive-sense, single-stranded RNA genome of
approximately 11 kb. The RNA genome contains one large open
reading frame (ORF), which is preceded by a 5 untranslated
region (UTR) and followed by a 3> UTR. The ORF encodes ten
polypeptides: three structural proteins [(capsid (C), precursor of
membrane (prM), and envelope (E)] that form the viral particle
and seven nonstructural proteins (NS1, NS2A, NS2B, NS3,
NS4A, NS4B, and NS5) that are required for viral replication
(1, 2).

TMUYV can cause an acute infectious disease affecting ducks,
which is of economic importance to all breeder duck farms, layer
duck farms, and duck-growing farms (3-6). Affected ducks
below 7 weeks of age develop signs of encephalitis consisting
of ataxia, reluctance to walk, lameness, and paralysis (1, 4-7).
Therefore, TMUV can be regarded as an encephalitic flavivirus.
Experimental infections of Pekin ducklings (Anas platyrhynchos
domesticus) less than 7 weeks of age have shown that the severity
of TMUV-caused disease is associated with multiple factors,
such as the age of birds, the route of application, the strain of
virus, and the infectivity titer. In ducklings less than 9 days of
age, TMUV generally causes fatal infection, with mortality
ranging from 18% to 100% (1, 6, 8-11).

A better understanding of TMUV-induced adaptive
immune response is crucial for the control of the TMUV-
related disease. Through the use of plaque reduction
neutralization test (PRNT), TMUV has been shown to elicit
high, long-lasting neutralizing antibodies after natural infection
and vaccination with attenuated vaccine (12). Previous works
with E or prM/E-based subunit vaccine (13-16), DNA vaccine
(17-19), and live vector vaccine (18-25) have demonstrated that
the TMUV E and prM/E proteins induce neutralizing
antibodies. The importance of E protein residue 408 in
regulation of neutralizing antibodies has been highlighted by a
recent investigation into attenuation-induced loss of
immunogenicity (26). The C protein expressed by DNA
vaccine was also shown to induce neutralizing antibodies (27).

Using duck models of TMUYV infection, the TMUV-induced
cellular immune response is beginning to be understood. TMUV
induces significant up-regulation of IL-2 and IFN-y at 7 days
post infection (pi) (9, 28), and significant increases in numbers
of CD4" and CD8" T cells at 5 days pi (29). The E, prM/E, and C
proteins were shown to induce cellular immune response by
measurement of the expression of cytokines (e.g., IL-2, IL-4, IL-
6, IFN-y, and TNF-a) or the change of CD4" and CD8" T cell
numbers in ducks following immunization with subunit vaccine,
DNA vaccine, and live vector vaccine (13, 14, 17, 19, 20, 22, 27).

To date, the role of T cells in protection from TMUYV infection
and the molecular basis of T cell-mediated protection against
TMUYV remain largely uncharacterized. Earlier works in our
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laboratory showed that the natural isolate Y and the plaque-
purified strain PS, which exhibited distinct virulence in a 2-day-
old Pekin duckling model, elicited comparable levels of
neutralizing antibody (11). In this study, we describe the
comparative studies on cellular immune responses to Y and PS.
Our studies indicate that marked differences in inducing T cell
responses exist between Y and PS. On this basis, the molecular
determinants responsible for the differences in cellular immune
responses observed between Y and PS are described.

Materials and methods
Ducks and cells

Newly hatched Pekin ducklings were derived from Peking
duck breeding farm, Institute of Animal Sciences, Chinese
Academy of Agricultural Sciences, Beijing, China. Their
parents had never received TMUV vaccine. All ducklings were
confirmed to be free of TMUV infection by testing serum
samples using PRNT for antibodies to TMUV (12) and
TMUV-specific real-time quantitative PCR (RT-qPCR) for
viral RNA (30). In all cases, ducks in each group were reared
separately in different isolators. BHK-21 cells were maintained at
37°C in Dulbecco’s modified Eagle’s medium (DMEM; Macgene,
Beijing, China) supplemented with 10% fetal bovine serum (FBS;
Macgene, Beijing, China), 100 U/ml penicillin, and 0.1 mg/
ml streptomycin.

Viruses

The BHK-21 cell-derived Y and PS strains of TMUV were
isolated and propagated previously, which were shown to display
high- and low-virulence for 2-day-old Pekin ducklings
respectively (11). Parental backbone viruses rY and rPS were
rescued from the full-length cDNAs of Y and PS respectively.
Chimeric viruses rPS-YE with the Y entire E gene and rPS-
YNS1-3’UTR with the Y NS1-3’UTR region as well as mutant
viruses R38K, T151A, and R304M that have K38, A151, and
M304 of the E protein of strain Y, respectively, were generated in
the backbone of the rPS genome (Supplementary Figure 1).
Information relating to the generation of these viruses were
described previously (11). Stock viral titers were determined by
plaque assay in BHK-21 cells as described previously (12) and
are expressed as plaque forming unit (PFU) per ml.

To obtain working stocks, viruses were propagated in BHK-
21 cells as described previously (12). For strains Y and PS,
working stocks were prepared by four passages in BHK-21 cells.
Briefly, BHK-21 cells were infected with viruses at a multiplicity
of infection (MOI) of 0.1 PFU/cell at 37°C for 1 h. The cells were
washed three times with phosphate-buffered saline (PBS), and
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maintenance medium consisting of DMEM supplemented with
2% FBS, 100 U/ml penicillin, and 0.1 mg/ml streptomycin was
added. After incubation at 37°C for 60 h, the infected cell
cultures were freeze-thawed three times and clarified by
centrifugation and filtration.

Duck experiments

The first experiment was conducted to investigate the
pathogenicity of strain Y in Pekin ducklings with different
ages, employing strain PS as a control virus. A total of 140
newly hatched ducklings were divided into seven groups (n=20).
When the ducklings grew to 3, 5, and 7 days of age, they were
inoculated with virus by intramuscular (im) route at a dose of
2x10° PFU, respectively. The mock-infected control group
received 0.2 ml of supernatant prepared from uninfected
BHK-21 cells by im inoculation at 3 days of age. The
ducklings were monitored for 15 days for mortality.

To systematically compare the virulence of Y and PS in 5-
day-old Pekin ducklings, experimental infections were
performed as described above. In each group (n=60), 20
ducklings were monitored for 15 days for signs of encephalitis
and weight loss as well as mortality, and 40 ducklings were used
for examination of gross lesions and sample collection. Signs of
encephalitis were divided into 5-grade severities of no change,
very mild, mild, moderate, and marked, giving scores 0, 1, 2, 3,
and 4, respectively. The ducklings were weighed once every 2
days between 1 and 15 days pi. Three ducks were randomly
selected from each group at 1, 3, 5, and 7 days pi, and sera and
ethylenediamine tetraacetic acid (EDTA)-anticoagulated bloods
were sampled for detection of viremia and counting of CD4" and
CD8™ T cells respectively. Subsequently, the selected ducks were
euthanized, tissues (brain, spleen, and thymus) were collected
for measurement of TMUYV burden and expression of cytokines
and T cell markers, and spleens were weighed. Tissues collected
at 5 days pi were also used for examination of histopathological

10.3389/fimmu.2022.890263

changes and viral antigens. At 9, 11, 13, and 15 days pi, serum
samples of three ducks were collected from each group. These
sera, together with those collected between 1 and 7 days pi, were
used for detection of neutralizing antibodies. For isolation of Y-
and PS-specific CD4" and CD8" T cells and naive CD4" and
CD8" T cells, the EDTA-anticoagulated blood samples were
collected at 9 day pi from infected and uninfected ducklings.

To identify the protein associated with the difference in
cellular immune response between Y and PS, chimeric viruses
(rPS-YE and rPS-YNS1-3’UTR) and their parental viruses (rY
and rPS) were used to infect 5-day-old ducklings (n=23) as
described above. To identify the residues associated with the
difference in cellular immune response between Y and PS,
mutant viruses (R38K, T151A, and R304M) and their parental
viruses (rY and rPS) were used to infect 5-day-old ducklings
(n=23). In each case, a mock-infected control (n=23) was
included, and tissues (brain and thymus) were sampled from
three ducks in each group at 7 days pi for measurement of the
expression of cytokines and T cell markers. For isolation of
R38K-, T151A-, R304M-, rY-, and rPS-specific CD4" and CD8"
T cells, the EDTA-anticoagulated blood samples were collected
at 9 days pi from ducklings infected with mutant viruses and
their parental viruses.

Quantitation of viral loads in tissue and
serum samples

Viruses in the tissue and serum samples were quantified
using a RT-qPCR assay targeting the E gene. The tissue samples
were processed as 20% homogenates in PBS, followed by
centrifugation at 10,000 g for 10 min. RNA was extracted from
250 pl of each supernatant or serum using a TRIpure reagent
(Aidlab, Beijing, China) and reverse transcribed using a M-MLV
Reverse Transcriptase kit (Promega, Madison, USA), according
to the manufacturer’s instructions. 5 pl of cDNA was mixed with
1 ul of each of forward and reverse primers [Table 1; (30)], 10 pl

TABLE 1 Primers used for measurement of TMUV RNA levels and expression of cellular immune-related genes in tissues of infected Pekin

ducklings by RT-qPCR.

Target Primer sequence (5'—3’)
TMUV E* CGCTGAGATGGAGGATTATGG
Duck IL-2 TAGAAAACCTGGGAACAAGC
Duck IL-17 TGCCTACGGGAAGGTGATAC
Duck IFN-o CCTCCCGCCAACGCCTTCTC
Duck IFN-B CGCAACCTTCACCTCAGCAT
Duck IFN-y ACCTCGTGGAACTGTCAAAC
Duck CD4 ATTTCAACGCCACAGCAGAT
Duck CD8 CCTGCTTGCTGCTTCTCATT
Duck GAPDH® ATGAGAAGTATGACAAGTCC
“Reported previously (30).

PReported previously (31).
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Primer sequence (3’ —5’)

ACTGATTGTTTGGTGGCGTG
ATTTCTTCCTCCAAGGTGAC
ATTGATGGGGATGGAGTTGA
TGTGCGGCTTGCTGCGTGTC
TCTTCATCCGCCGTATTAGC
ACTGGCTCCTTTTCCTTTTG
CCCAGGAGGGTTAGCAGACA
TTGGCACCTTGGGATTCATT
ACTGTCTTCGTGTG TGGCT
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of 2xAceQ qPCR SYBR Green Master Mix (Vazyme, Nanjing,
China), and 3 ul of ddH,0. The RT-qPCR was performed using
the conditions reported previously (30).

Histopathological examination

The tissue samples were fixed in 4% formalin at room
temperature for 24h. Five-pum-thick paraffin-embedded
sections were prepared by a standard protocol (32). After
staining with hematoxylin eosin (H & E), the sections were
checked for histopathological changes under an Olympus
microscope (Olympus, Tokyo, Japan).

Immunohistochemistry

Ten-um-thick paraffin-embedded sections were prepared by
a standard protocol (33). The sections were strained using mouse
anti-TMUV E monoclonal antibody F3B4 (1:500 dilution in
PBS) (34) and horseradish peroxidase (HRP)-conjugated goat
anti-mouse IgG (1:500 dilution in PBS, Thermo Fisher Scientific,
Shanghai, China). After counterstaining with hematoxylin, the
sections were checked for viral antigen under an Olympus
microscope (Olympus, Tokyo, Japan).

Neutralization assay

Neutralizing antibodies in sera were detected using a
previously reported PRNT (12). First, serial 10-fold dilutions
of each heat-inactivated (56°C for 30 min) sera were mixed with
an equal volume of virus, and incubated at 37°C for 1 h. Second,
BHK-21 cells were inoculated with the virus-serum mixture and
incubated at 37°C in a CO, incubator 1 h for adsorption. Finally,
the cell cultures were covered with overlay medium consisting of
DMEM containing 1% low melting-point agarose (Macgene,
Beijing, China) and 2% FBS, and the plaque assay was
conducted. Antibody titer is expressed as 50% end point titer
(neutralizing dose, NDs).

Measurement of cytokine mRNA levels
in tissues

RT-qPCR was applied to detect the expression of several
cytokines, including interleukin 2 (IL-2), IL-17, gamma interferon
(IFN-y), and tumor necrosis factor-beta (TNE-f), and T cell
markers, including CD4 and CD8. Sample processing, RNA
extraction, and cDNA synthesis were the same as described
above. 5 Ul of cDNA was mixed with 1 pl of each of forward and
reverse primers (Table 1) (31), 10 ul of 2xAceQ qPCR SYBR Green
Master Mix (Vazyme, Nanjing, China), and 4.2 pl of ddH,O. Duck
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glyceraldehyde-3-phosphate-dehydrogenase (GAPDH) was used as
an endogenous control. RT-qPCR was performed for GAPDH and
each cytokine and T cell marker as follows: 95°C for 5 min, followed
by 40 cycles at 95°C for 10 s and 60°C for 30 s, and extension at 72°
for 60s. Relative expression was calculated for each cytokine using a
258% method (35).

Flow cytometry

Peripheral blood mononuclear cells (PBMCs) were isolated
from the EDTA-anticoagulant blood samples (3ml/duck) using a
duck lymphocyte isolation kit (P5720, Solarbio, Beijing, China),
according to the manufacturer’s instructions. Following sucrose
density gradient centrifugation, PBMCs that were located in a
layer with relative density of 1.050-1.078 g/ml were harvested.
The cells were washed three times and resuspended in 5 ml of
PBS. CD4" (or CD8") T cells in PBMCs (3 ml/duck) were
analyzed on a BD Arial Fusion flow cytometry (BD, Franklin,
USA), using mouse anti-duck mAb MCA2478 (or mouse anti-
duck CD8 mAb MCA2479) (Bio-Rad, Shanghai, China) and
fluorescein isothiocyanate (FITC)-conjugated goat anti-mouse
IgG (Thermo, Waltham, USA). Frequencies of CD4" and CD8"
T lymphocytes in PBMCs were presented with FlowJo 7.6
software (BD, Franklin, USA). To prepare T cells for adoptive
transfer, we conducted a fluorescence-activated cell sorting
(FACS) on the BD Arial Fusion flow cytometry. CD4" and
CD8" T cells were sorted from PBMCs.

Adoptive T cell transfer

To compare the T cell-mediated immunity between Y and
PS viruses, adoptive T cell transfer protocol was conducted using
3-day-old Pekin ducklings as recipients. Groups of 23 ducklings
were inoculated by intravenous (iv) route with Y-specific CD4",
Y-specific CD8" T cells, PS-specific CD4", PS-specific CD8* T
cells, naive CD4" T cells, naive CD8" T cells (1x10”/duck), or
PBS (2 ml/duck). 12 h later, the recipients were challenged by im
route with TMUV Y at a dose of 2x10° PFU. A mock-
transferred, non-challenged group (control) was included,
which was inoculated twice with PBS (2 ml/duck). The
ducklings were monitored for signs of encephalitis, weight
loss, and mortality. Serum samples of three ducklings were
collected from each group between 1 and 15 days after
challenge for measurement of neutralizing antibodies and viral
RNA levels. At 7 days after challenge, three ducklings in each
group were euthanized for measurement of spleen weight, and
their tissues (brain, spleen, and thymus) were sampled for
measurement of viral RNA levels and examination of
histopathological changes.

To compare the T cell-mediated immunity between mutant
viruses and their parental viruses, rY-, rPS-, T151A-, and
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R304M-specific CD4" and CD8" T cells were transferred into 3-
day-old ducklings as described above. The ducklings in each
group (n=23) were monitored for mortality. The serum samples
of three ducklings were collected from each of groups receiving
CD4" T cells between 1 and 15 days after challenge for detection
of neutralizing antibodies. The brain samples of three ducklings
were collected from each of groups receiving CD4" T cells at 7
days after challenge for measurement of viral RNA levels.

Statistical analysis

All data were analyzed using GraphPad Prism software
(version 5.0) (GraphPad Software Inc., San Diego, CA, United
States). Survival curves were analyzed by the Log-rank test. Viral
RNA levels, neutralizing antibody titers, and cytokine and T cell
marker mRNA levels were analyzed by two-tailed Student ¢ test.
Body weight, spleen weight, and frequencies of CD4" and CD8"
T cells in PBMCs were analyzed by two-way analysis of
variance (ANOVA).

Results

TMUV Y exhibits different pathogenicity
in pekin ducklings aged 3, 5, and 7 days

Earlier works in our laboratory have shown that following
experimental infection of 2-day-old Pekin ducklings with 5 x 10*
PFU of Y or its rescued virus rY by intracerebral or subcutaneous
routes, mortality as high as 90-100% occurred between 4 and 7
days pi (11), which is unfavorable for evaluation of immune
responses against TMUV isolates. Thus, we assessed the
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pathogenicity of Y in 3- to 7-day-old Pekin ducklings by
experimental infections using an im route and a lower
infectivity titer (2x10°> PFU). All of the 20 3-day-old infected
ducklings died between 4 and 7 days pi., 10 of the 20 5-day-old
infected ducklings died between 7 and 15 days pi., and two of the
20 7-day-old infected ducklings died at 7 days pi (Figure 1A).
This suggests that Y exhibits moderate pathogenicity in 5-day-
old Pekin duckling model relative to those observed in 3- and 7-
day-old Pekin duckling models. PS retained low pathogenicity,
similar to previously reported pathogenicity in 2-day-old Pekin
duck model (11): 5% (1/20) mortality occurred following
infection at 3 and 5 days of age, and no mortality was
recorded in the case of 7-day-old infection (Figure 1B). These
data indicate that the marked differences in virulence between Y
and PS can be retained in the 5-day-old Pekin duck model, with
Y-induced pathogenic outcome being reduced as compared to
that observed in 2- and 3-day-old Pekin duck models. Thus, use
of the 5-day-old Pekin duckling model can ensure enough
survivors at each time point after infection for testing of
immune responses.

TMUV Y and PS present different
virulence in pekin ducklings aged 5 Days

We further investigated the virulence of strains Y and PS in
terms of clinical signs, mortality, and tissue injure using the 5-
day-old Pekin duck model. Y caused severe signs of encephalitis
within 5 to 9 days pi, including listlessness (10/20), tremor (6/
20), and paralysis (5/20). In ducklings inoculated with PS, small
portion (3/20) displayed signs of listlessness within 7 to 9 days pi
(Figure 2A). Ducklings inoculated with Y and PS had 50% (10/
20) and 5% (1/20) mortality respectively, like those observed
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FIGURE 1

TMUV strain Y shows distinct pathogenicity in Pekin ducklings following infection at 3, 5, and 7 days of age. Groups of 20 ducklings were
infected by an im route with virus at a dose of 2x10° PFU, and monitored for mortality for 15 days. Shown are survival curves of ducklings
infected with Y (A) and PS (B). For ducklings infected with Y, significant differences in survival existed between 5-day-old and 7-day-old (P<0.01),
3-day-old and 5-day-old (P<0.001), 3-day-old and 7-day-old (P<0.0001) infected groups.
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FIGURE 2

TMUV strain Y is more virulent in 5-day-old Pekin ducklings than strain PS. Groups of 60 ducklings were infected by an im route with virus at a
dose of 2x10* PFU or mock infected, and monitored for 15 days. (A) Number of infected ducklings displaying signs of encephalitis. ++, mild; ++
++, marked. ***, P<0.001. (B) Body weight of infected ducklings. At each time point, data are presented as mean + standard deviation (SD) of
body weight from all surviving ducklings. Asterisks indicate significant differences between the group infected with Y and the controls (*, P<0.05;
** P<0.01; ***, P<0.001). (C) Spleen weight of infected ducklings. At each time point, data are presented as mean + SD of spleen weight from
three ducklings. *, P<0.05; **, P<0.01; ***, P<0.001. (D) Histopathological changes of infected ducklings. Shown necrotic vacuole (yellow
arrows) and indistinct interface between red-pulp and white-pulp (yellow triangles) in spleen, inflammatory cell aggregation (black arrows) in
brain, and increased interstitial hemorrhages of thymic corpuscles (green arrows) in thymus. Bar = 200 um.

above. Infection with Y affected weight gain between 9 and 13
days pi, with weight loss ranging from 18% to 31%, as compared
to uninfected ducklings. Whereas no significant differences in
body weight were detected between PS-infected ducklings and
controls (Figure 2B). Infection with Y and PS both caused injury
to spleen; however, we observed more severe gross lesions (more
than 2-fold enlargement at 7 days pi; P<0.05; Figure 2C) and
microscopic lesions (lymphocyte degeneration, necrosis,
vacuolization, and depletion as well as indistinct interface
between red and white pulp; Figure 2D, up panel) in spleens
of ducklings inoculated with Y when compared to those
observed in PS-infected ducklings. Microscopic lesions
(perivascular lymphocyte infiltration) were observed in brains
of ducklings inoculated with Y, whereas no microscopic lesions
were detected in PS-infected ducklings (Figure 2D, middle
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panel). Similar microscopic lesions were seen in thymuses of
ducklings infected with Y and PS (Figure 2D, bottom panel).
These data confirm that infection with strain Y causes more
severe disease relative to strain PS.

To investigate the contribution of virus replication to
virulence in 5-day-old Pekin ducklings, viral RNA levels were
measured at different time points pi. During the whole
observation period, viral RNA was detectable in all collected
samples of infected ducklings. In general, levels of viral RNA in
all samples of Y-infected ducklings were significantly higher
than in those of PS-infected duckling. Y presented a similar
replication kinetics in spleen and thymus, where similar levels of
viral RNA were detected at a given time point pi; this was also
the case for PS. However, viral RNA levels in Y- and PS-infected
ducklings peaked at 1 and 3 days pi respectively. Moreover, Y
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produced approximately 4- and 16-fold-higher viral RNA levels
in spleen and 7- and 10-fold-higher viral RNA levels in thymus
at 1 and 5 days pi, respectively, relative to PS (Figures 3A, B). A
similar viremia pattern was observed for Y and PS, both of which
produced relatively high levels of viremia as early as 1 day pi and
peak levels of viremia at 3 days pi; however, 3- to 24-fold-higher
viral RNA levels were detected in Y-infected ducklings than in
PS-infected ducklings between 1 and 7 days pi (Figure 3C). Viral
RNA levels in brains of both Y- and PS-infected ducklings
peaked at 3 days pi; however, Y produced 9- and 4-fold-higher
viral RNA levels at 3 and 5 days pi, respectively, as compared to
PS (Figure 3D). Immunohistochemical analysis of brain, spleen,
and thymus revealed the presence of viral antigens in ducklings
infected with both Y and PS. Whereas the immunolabeling was
notably more intense in brain and more widespread in spleen in
Y-infected ducklings than in PS-infected ducklings (Figure 3E).
Collectively, our data indicate that the marked differences in

10.3389/fimmu.2022.890263

virulence in 5-day-old Pekin duckling model between Y and PS
is associated with their capacity to replicate in the periphery and
the central nervous (CNS) and to produce and sustain the level
of viremia.

TMUV Y and PS induce similar levels of
neutralizing antibody

Earlier works in our laboratory showed that strains Y and PS
elicited comparable levels of neutralizing antibody in a 2-day-old
Pekin duckling model (11). To provide further support to the
neutralizing antibody responses induced by PS and Y, we
repeated the neutralizing antibody analysis using the 5-day-old
Pekin duckling model described above (Figure 4). A similar
kinetics of neutralizing antibody response was observed for Y
and PS, both of which elicited detectable neutralizing antibodies

Brain

Thymus

FIGURE 3
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TMUV strain Y replicates in Pekin ducklings more efficiently than strain PS. Tissues were sampled from survivors in each group at different time
points pi in experiments shown in Figure 2. Viral RNA levels in spleen (A), thymus (B), serum (C), and brain (D) of three ducklings in each group
were determined at different time points pi by the RT-qPCR assay. Data are presented as mean + SD. *, P<0.05; **, P<0.01; ***, P<0.001.
Tissues (brain, spleen, and thymus) collected at 5 days pi were subjected to immunohistochemical analysis (E). Paraformaldehyde-fixed,
paraffin-embedded tissues were immunolabeled with the TMUV E-specific mAb F3B4 and HRP-conjugated goat anti-mouse IgG.
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FIGURE 4

TMUV strains Y and PS elicit similar levels of neutralizing antibody in Pekin ducklings. Sera of survivors were collected from each group in
experiments shown in FIGURE 2 were tested for neutralizing antibodies at different time points pi using PRNT. Dotted line indicates cut-off value
defined recently for negative and positive sera (12). Data are presented as mean + SD of the logio NDsg from three ducklings.

at 5 day pi that peaked at 9 days pi. No significant differences in
neutralizing antibody between Y and PS were detected at any
time point pi. Our data further confirm that TMUYV strains Y
and PS induce similar levels of neutralizing antibody response.

TMUV Y induces higher magnitude of
cellular immune responses than PS

The marked differences in virulence and the similarity in
neutralizing antibody responses between Y and PS suggest that
there may be a link between the magnitude of cellular immune
responses and TMUV virulence. To confirm the hypothesis, we
measured the expression of cytokines (IL-2, IL-17, IFN-7y, and
TNE-B) and T cell markers (CD4 and CD8) in brain, thymus,
and spleen (Figure 5A) and the frequencies of CD4" and CD8" T
cells in PBMCs (Figure 5B) at different time points pi. Infection
with Y induced 2- to 13-fold increases in expression of cytokines
and T cell markers tested in brain and thymus (except CD4
mRNA in thymus) at 5 and 7 days pi (3 and 5 days pi for IFN-y
response in brain; 7 days pi for CD8 expression in brain)
(P<0.05), relative to infection with PS. These data indicate that
strain Y induces stronger cellular immune response in brain and
thymus than strain PS. Infection with Y induced 2- to 4-fold
decreases in expression of IL-2 at 7 days pi, IFN-yat 3 and 5 days
pi, TNF-B at 5 and 7 days pi, and CD8 at 3 dpi (P<0.05) and 2- to
4-fold increases in CD8 expression at 5 and 7 dpi (P<0.05) in
spleen, as compared to infection with PS, suggesting that strain Y
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exerts an inhibitory effect on expression of cytokines in spleen.
Significant differences in frequency of CD8" T cells between Y-
and PS-infected ducklings were observed. Infection with Y
resulted in more significant decrease in frequency of CD8" T
cells at 3 days pi (0.5-fold; P<0.05), and more significant increase
in frequency of CD8" T cells at 9 and 11 days pi (1-fold and 0.5-
fold, respectively; P<0.05), relative to those observed for PS.
These data reveal a negative correlation between TMUV
virulence and frequency of CD8" T cells at the peak of viremia
and a positive correlation between TMUV virulence and
frequency of CD8" T cells after virus clearance from the
circulation. Altogether, these data suggest that strain Y induces
higher magnitude of cellular immune responses than PS, which
can be reflected by measurement of expression of cytokines and
T cell markers in brain and thymus of infected ducklings.

Transfer of Y-specific T cells provide
more significant protection relative to PS

To compare the protection conferred by Y- and PS-specific T
cells, we performed adoptive cell transfer using 3-day-old Pekin
ducklings as recipients. Contrasting with the high mortalities of
ducklings received PBS (100%), naive CD4" T cells (90%), and
naive CD8" T cells (100%), transfer of Y- and PS-specific CD8"
T cells and Y-specific CD4" T cells provided significant
protection (100%, 85%, and 75%, respectively) against lethal
infection. Whereas PS-specific CD4" T cells conferred only 30%
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TMUV strain Y induces stronger cellular immune response in Pekin ducklings than strain PS. (A) Effect of infections with strains Y and PS on
expression of cytokines (IL2, IL-17, IFN-y, and TNF-B) and T cell markers (CD4 and CD8) in brain, thymus, and spleen of Pekin ducklings. Tissues
of three survivors from each group were collected at different time points pi in experiments shown in FIGURE 2 and tested for relative
expression of the cellular immune-related genes using RT-gPCR. Data are presented as means + SD. *, P<0.05; **, P<0.01; ***, P<0.001.

(B) Effect of infections with strains Y and PS on frequencies of CD4" and CD8" T cells in PBMCs of Pekin ducklings. Y- and PS-specific and
naive CD4* and CD8" T cells were isolated from PBMCs of three survivors from each group at different time points pi and counted. Data are
presented as mean + SD. Asterisks indicate significant differences between Y and PS viruses (*, P<0.05; **, P<0.01; ***, P<0.001). The # signs
indicate significant differences between the groups infected with Y and the controls(#, P<0.05; ###, P<0.001). The § signs indicate significant
differences between the groups infected with PS and the controls (§, P<0.05; §§, P<0.01; §§, P<0.001).
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protection to recipient ducklings (Figure 6A). Transfer of Y- and
PS-specific CD4" and CD8" T cells was also effective in
preventing signs of encephalitis, weight loss, and tissue injury
upon TMUV Y infection, with Y-specific T cells being more
effective than PS-specific T cells (Supplementary Figures 2, 3).
Together, these data indicate that Y-specific T cells induce
stronger protection against TMUV-related disease than PS-
specific T cells and that for TMUV, CD8" T cells induce
stronger protection against TMUV-related disease than CD4"
T cells.

10.3389/fimmu.2022.890263

To investigate the contribution of Y- and PS-specific T cells
in production of neutralizing antibodies, we determined
neutralizing antibody titers between 1 and 15 days after
challenge with strain Y. Significantly higher levels of
neutralizing antibody were detected in ducklings received
TMUV-specific CD4" T cells between 1 and 7 days after
challenge, as compared to those derived from ducklings
received PBS and naive CD4" T cells. The neutralizing
antibodies in ducklings received Y- and PS-specific CD4" T
cells peaked at 5 and 7 days after challenge, respectively. By
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Days post challenge

CD4* and CD8™" T cells participate in protective response to TMUV. Groups of 23 3-day-old recipient ducklings were inoculated by iv route with
Y-specific CD4* T cells (Y CD4" T cell), PS-specific CD4* T cells (PS CD4" T cell), Y-specific CD8" T cells (Y CD8" T cell), PS-specific CD8" T
cells (PS CD8" T cell), naive CD4" T cells (Naive CD4" T cell), naive CD8+ T cells (Naive CD8" T cell) (10”/duck), or PBS. The recipient ducklings
were challenged by im route with 2x10° PFU of TMUV Y 12 h later, and monitored for 15 days. (A) Survival curves of recipient ducklings.
Significant difference in survival was detected between groups received Y- and PS-specific CD4* T cells (P<0.01); PS-specific and naive CD4* T
cells (P<0.05); and Y-specific and naive CD4" T cells, Y-specific and naive CD8" T cells, and PS-specific and naive CD8*T cells (P<0.0001). (B)
Effect of transferred CD4" (left) and CD8" (right) T cells on the production of neutralizing antibodies in recipient ducklings. Neutralizing
antibodies in sera were determined using PRNT. Data are presented as mean + SD of the log;o NDsg from three ducklings. Asterisks indicate
significant differences between groups received Y- and PS-specific T cells (*, P<0.05). The # signs indicate significant differences between Y-
specific T cells adoptive groups and the control (#, P<0.05; ##, P<0.01; ###, P<0.001). The § signs indicate significant differences between PS-
specific T cell adoptive group and the control (§, P<0.05; §§, P<0.01; §5, P<0.001). (C) Effect of transferred CD4* and CD8" T cells on viral RNA
levels in tissues (spleen, thymus, and brain) of recipient ducklings at 7 days after challenge. Data are presented as mean + SD of the log;o RNA
copies per mg of tissue from three ducklings. **, P<0.01; *** P<0.001. (D) Effect of transferred CD4* and CD8" T cells on viremia of recipient
ducklings between 1 and 9 days after challenge. Data are presented as mean + SD of the log;o RNA copies per ul for sera from three ducklings.
The # signs indicate significant differences between Y-specific T cells adoptive group and the control (#, P<0.05; ###, P<0.001). The § signs
indicate significant differences between PS-specific T cells adoptive group and the control (§, P<0.05; §§5, P<0.001).
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comparison, the neutralizing antibodies in ducklings received
naive CD4" T cells peaked at 11 days after challenge. In addition,
significantly higher levels of neutralizing antibody were detected
in ducklings received Y-specific CD4" T cells between 3 and 5
days after challenge than in ducklings received PS-specific CD4"
T cells (Figure 6B, left panel). These data indicate that TMUV-
specific CD4" T cells provide help for neutralizing antibody
response, whereas Y-specific CD4™ T cells contribute to a more
beneficial effect on production of neutralizing antibodies than
PS-specific CD4™ T cells. All ducklings received naive CD8" T
cells died before 7 days after challenge. There was no significant
difference in neutralizing antibody response between groups
received TMUV-specific CD8" T cells and naive CD8" T cells
within 1 to 5 days after challenge, and between groups received
Y- and PS-specific CD8" T cells within 1 to 15 days after
challenge (Figure 6B, right panel). These data indicate that Y-
and PS-specific CD8" T cells make no contribution to
neutralizing antibody response.

To compare the effect of Y- and PS-specific T cells on viral
load, we measured viral RNA levels in tissues (brain, spleen, and
thymus) at 7 days after challenge and in serum samples between
1 and 9 days after challenge (Figures 6C, D). Adoptive transfer of
Y- and PS-specific CD4" T cells reduced viral RNA levels in
brain (353-fold and 59-fold, respectively; P<0.001), and had no
significant effect on viral RNA levels in spleen, thymus, and
serum. By comparison, transferred Y- and PS-specific CD8" T
cells reduced viral RNA levels in brain (1549-fold and 590-fold,
respectively; P<0.001), spleen (355-fold and 252-fold,
respectively; P<0.001), and thymus (443-fold and 157-fold,
respectively; P<0.001) and in serum (32- to 103-fold and 28-
to 38-fold, respectively; P<0.001) between 1 and 5 days after
challenge, and cleared virus from the blood at 7 days after
challenge. There was no significant difference in viral RNA levels
in brain, spleen, thymus, and serum between groups received Y-
and PS-specific CD8" T cells. Overall, our data suggest that
virus-specific CD8" T cells play an important role in clearing
infection from tissues and preventing virus persistence, with Y-
and PS-specific CD8" T cells being similar in this function.

The E protein plays a major role in
determining the differences in cellular
immune response between Y and PS

To determine which protein is responsible for the differences
in cellular immune response between Y and PS, 5-day-old Pekin
ducks were infected with chimeric viruses rPS-YE and rPS-
YNS1-3’UTR and control viruses rY and rPS. We measured the
expression of IL-2, IL-17, IFN-y, TNF-f, CD4, and CD8 mRNAs
in brain and thymus at 7 days pi (Figure 7A). rY and rPS
behaved like Y and PS (Figure 5A) respectively. Infection with
rPS-YE significantly increased the levels of IL-2, IL-17, TNE-f,
and CD8 in brain and thymus, CD4 in brain, and IFN- y in
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thymus, and significantly reduced the levels of IFN-y in brain
and CD4 in thymus, as compared to those observed for the
parental backbone virus rPS. As a result, rPS-YE infection
induced mRNAs of these cytokines and T cell makers to
similar levels as measured for rY. In general, infection with
rPS-YNS1-3’UTR had little or no contribution to the expression
of cytokines (except TNF-B) and T cell markers in brain and
thymus (P<0.05). These data indicate that the E protein plays a
major role in determining the differences in cellular immune
response between Y and PS.

The T151A and R304M mutations in the E
protein contribute to significant
enhanced cellular immune response

to TMUV

We then identify E protein residues responsible for the
differences in cellular immune response between Y and PS. 5-
day-old Pekin ducklings were infected with the R38K, T151A,
and R304M mutant viruses and the rY and rPS control viruses,
and the levels of IL-2, IL-17, IFN-y, TNF-B, CD4, and CD8
mRNAs in brain and thymus were measured at 7 days after
infection (Figure 7B). In this experiment, rY and rPS also
behaved like Y and PS (Figure 5A) respectively. Infections
with both T151A and R304M significantly increased the levels
of IL-2, IL-17, TNF-, and CD8 in brain and thymus, IFN-y in
thymus, and CD4 in brain, as compared to infection with the rPS
parental backbone virus (P<0.05). Thus, both T151A and
R304M induced mRNAs of these cytokines and T cell makers
to similar levels as measured for rY. Infection with R38K had
little or no effect on expression of the tested cytokines (except
TNF-B in thymus) and T cell markers in brain and thymus
(P<0.05). Our data indicate that mutations T151A and R304M
in the E protein contribute to the differences in cellular immune
response between Y and PS.

Mutations of E protein residues 151 and
304 affect CD4" T cell-mediated
immunity

Our studies indicate that the marked differences in CD4" T
cell-induced protection and neutralizing antibody response and
some differences in CD8" T cell-induced protection exist
between Y- and PS-infected ducklings, which might be
attributed to E protein residues 151 and 304. To confirm the
hypothesis, CD4" and CD8" T cells from ducklings infected with
mutant viruses TI51A and R304M were used in the adoptive
transfer experiments.

We evaluated adoptive transfer of CD8" T cells from
ducklings infected with mutant viruses T151A and R304M for
its effect on protection of recipient ducklings from lethal
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E protein residues 151 and 304 are responsible for the differences in cellular immune response between Y- and PS-infected Pekin ducklings.
Groups of 23 5-day-old ducklings were inoculated with virus at a dose of 2x10° PFU of virus or mock infected. (A) Expression of cellular
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the cellular immune-related genes in tissues (brain and thymus) of three individuals in each group was determined at 7 days pi using RT-qPCR.
Data are represented as mean + SD. *, P<0.05; **, P<0.01; ***, P<0.001.

challenge (Figure 8A). Survivals in groups received T151A-and
R304M-specific CD8™T cells (80% and 75%, respectively) were
comparable to those in group received rPS-specific CD8" T cells
(75%), but lower than those in group received rY-specific CD8"T
cells (100%). The result indicates that the R304M and T151A
mutations have little or no contribution to CD8" T cell-
mediated protection.

We assessed adoptive transfer of CD4" T cells from
ducklings infected with mutant viruses T151A and R304M for
its effects on protective capacity, neutralizing antibody response,
and TMUYV burden in brain (Figures 8B-D). Varying degrees of

Frontiers in Immunology

increases in survival occurred in group received T151A- and
R304M-specific CD4™T cells (50% and 65%, respectively), as
compared to that in group received rPS-specific CD4™T cells
(20%). The data indicate that both T151A and R304M mutations
contribute to markedly enhanced CD4" T cell-induced
protective efficacy, with the R304M mutation contributing
more to protection against lethality. Neutralizing antibodies in
ducklings received rPS-specific CD4™T cells peaked at 7 days
after challenge. By comparison, neutralizing antibodies in
ducklings received T151A- and R304M-specific CD4'T cells
peaked 2 days earlier, like that observed for rY-specific CD4™T
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FIGURE 8

E protein residues 151 and 304 contribute to the differences in T cell-mediated immunity between Y- and PS-infected Pekin ducklings. Groups
of 23 3-day-old recipient ducklings were inoculated by iv route with rY-specific CD4" T cells (rY CD4" T cell), rPS-specific CD4" T cells (rPS
CD4"* T cell), TI51A CD4" T cells (T151A CD4™ T cell), R304M CD4" T cells (R304M CD4" T cell), rY-specific CD8" T cells (rY CD8" T cell), rPS-
specific CD8* T cells (rPS CD8" T cell), TL51A CD8" T cells (Naive CD8" T cell), R304M CD8" T cells (R304M CD8* T cell) (10’/duck). The
recipient ducklings were challenged by im route with 2x10° PFU of TMUV Y 12 h later, and monitored for 15 days. (A) Effect of transferred
T151A- and R304M-specific CD8" T cells on survival of recipient ducklings. (B) Effect of transferred T151A- and R304M-specific CD4" T cells on
survival of recipient ducklings. Significant difference in survival was detected between groups received T151A- and rPS-specific CD4" T cells
(P<0.05) as well as R304M- and rPS-specific CD4" T cells (P<0.01) groups. (C) Effect of transferred T151A- and R304M-specific CD4" T cells on
neutralizing antibody response in recipient ducklings. Neutralizing antibodies in sera were determined using PRNT. Data are presented as mean
+ SD of the logip NDso from three ducklings. Asterisks indicate significant differences between groups received T151A- and rPS-specific T CD4*
cells (*, P<0.05). The # signs indicate significant differences between R304M- and rPS-specific CD4"ducklings (#, P<0.05). (D) Measurement of
TMUV burden in ducklings received CD4" T cells. Viral RNA levels in brain of three ducklings in each group were determined at 7 days after

challenge by the RT-qPCR assay. Data are presented as mean + SD

cells. The levels of neutralizing antibody detected in ducklings
received T151A-, R304M-, and rY-specific CD4"T cells between
1 and 5 days after challenge were similar, all of which were
higher than those detected in ducklings received rPS-specific
CDA'T cells, with significant higher antibody titers occurring at
5 days after challenge. These data indicate that both R304M and
T151A mutations contribute to significantly increased CD4" T
cell-mediated neutralizing antibody response. The levels of viral
RNA detected in brain of ducklings received T151A- and
R304M-specific CD4'T cells at 7 days after challenge were
similar to those derived from ducklings received rPS-specific
CD4"T cells, indicating that both R304M and T151A mutations
have no contribution to CD4" T cell-mediated viral clearance
from the brain.

Discussion

The primary goal of the present study was to investigate the
protective role for TMUV-specific CD4" and CD8" T cells by
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using the high-virulence TMUYV strain Y and the low-virulence
TMUV strain PS. Because strain Y caused very high mortality in
recently reported 2-day-old Pekin duckling model (11), we first
evaluated the pathogenicity of strain Y in 3, 5, and 7-day-old
Pekin ducklings. We showed that strain Y presented distinct
pathogenicity in 3-, 5-, and 7-day-old Pekin ducklings,
indicating that the pathogenic outcome is age dependent even
in the age range of 3 to 7 days. Strain Y presented a lower
virulence phenotype in 5-day-old Pekin ducklings and a
similarly high virulence phenotype in 3-day-old Pekin
ducklings when compared with that observed in 2-day-old
Pekin ducklings (11). Thus, the 5-day-old-Pekin duck model is
a useful tool for the assessment of immune responses to TMUV
strains with different virulence phenotypes, whereas the 3-day-
old Pekin duckling model can be used as recipients in the
adoptive transfer experiments.

The present observation confirmed recent findings in which
TMUYV strains Y and PS were shown to elicit comparable levels
of neutralizing antibody in 2-day-old Pekin duck model (11).
This indicates that the neutralizing antibody response fails to
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correlate with the difference in virulence between Y and PS.
Considering that PS elicits significantly higher levels of
neutralizing antibody than those observed for sufficiently
attenuated PS180 strain derived from 180 passages of PS in
BHK-21 cells (26), we can conclude that no correlation exists
between the levels of neutralizing antibodies and virulence above
a baseline level of low virulence represented by PS. In the
investigation of Y- and PS-induced cellular immune responses,
we observed more marked IL-2, IL-17, IFN-y, and TNF-B
responses and higher up-regulation of CD4 and CD8 genes at
5 and 7 days pi as well as more markedly increased frequencies of
CD8" T cells between 7 and 11 days pi in Y-infected ducklings
than in PS-infected ducklings. These findings indicate that strain
Y elicits stronger cellular immune response than PS, suggesting a
positive correlation between the magnitude of TMUV-specific T
cell immune response (especially CD8" T cell response) and the
virulence of TMUV.

We observed that the viral RNA levels in brain, thymus,
spleen, and blood in both Y- and PS-infected ducklings tended to
decline from 3 to 7 days pi, indicating that virus-induced
immune responses have exerted their functions in inhibiting
virus replication, limiting virus dissemination, clearing infection
from tissues, and preventing viral persistence. The levels of viral
RNA in Y-infected duckling were reduced to those in PS-
infected ducklings at 7 days pi, suggesting a role of the excess
of Y-specific T cell immunity over PS-specific T cell immunity in
controlling TMUYV burden. It is likely that more rapid clearance
of virus from the blood of PS-infected ducklings than from Y-
infected ducklings might be attributed to the role of
glycosaminoglycan-binding motif at residue 304 in the E
protein of PS. TMUV burden in brain of both Y- and PS-
infected ducklings were reduced more slowly as compared to
those in the extraneural tissues, which might be associated with
immune responses in the CNS involve recruitment of peripheral
immune cells to the CNS (36-38).

Using adoptive T cell transfer, we demonstrated that Y-
specific CD4" T cells and Y- and PS-specific CD8" T cells
provided significant protection against a lethal infection with
TMUYV Y, indicating a crucial role of T cells in the protective
immune response to TMUV. CD8" T cells were shown to confer
more robust protection to recipient ducklings than CD4" T cells,
suggesting that for TMUV, similarly to dengue virus (DENV)
(39, 40), CD8" T cells are more relevant to the control of
TMUV-related disease. It is interesting to observe a more
marked difference in protection between Y- and PS-specific
CD4" T cells in comparison to that between Y- and PS-
specific CD8" T cells. This may indicate that the difference in
T cell-mediated protective immune response between Y and PS
is primarily attributed to CD4" T cells.

The measurement of neutralizing antibodies in sera and
viral RNA levels in tissues revealed that for TMUV, CD4" T
cells primarily made contribution to the production of
neutralizing antibodies, and CD8" T cells primarily mediated
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viral clearance for brain, thymus, spleen, and blood, similar to
other flaviviruses (e.g., DENV, West Nile virus, Japanese
encephalitis virus, and yellow fever virus) (39, 41-45).
Nevertheless, TMUV-specific CD4" T cells also mediated
viral clearance from the brain, similar to DENV-specific
CD4" T cells (44). Whereas Y- and PS-specific CD4" T cells
were distinct from each other in terms of contribution to
neutralizing antibody response and viral clearance from the
brain. It is likely that the difference in T cell-mediated
protective immune response between Y and PS can be
attributed to the different contribution of Y- and PS-specific
CD4" T cell to the production of neutralizing antibodies and
the clearance of virus from the brain.

From studies on expression of cytokines and T cell markers
in ducklings infected with chimeric and mutant viruses we
conclude that E protein residues 151 and 304 are the key
determinants of the magnitude of TMUV-specific T cell
immune response. Based on adoptive transfer of mutant virus-
specific T cells, this work has also shown that E protein residues
151 and 304 are the key determinants of protection against lethal
infection and neutralizing antibody production mediated by
TMUV-specific CD4" T cells. We observed that the
contribution of both T151A- and R304M-specific CD4" T cells
to protection and antibody production failed to achieve the levels
conferred by rY-specific CD4" T cells, suggesting that a
combination of the T151A and R304M mutations might
synergistically enhance virus-specific CD4" T cell immunity.

Previous studies with other flaviviruses (e.g., DENV and
JEV) have shown that CD4" T cells mainly target the E, C, and
NS1 proteins, whereas CD8" T cells preferentially recognize the
NS3, NS4B, and NS5 proteins (46-52). We speculate that E
protein residues 151 and 304 are likely to be located within one
of epitopes recognized by TMUV-specific CD4" T cells, that the
difference in viral clearance from the brain between Y- and PS-
specific CD4" T cells might be associated with one or more of the
three residues in the NSI protein that differ between Y and PS
(11), and that the difference in protection between Y- and PS-
specific CD8" T cells could be related to one or more of the 10
residues in NS2A, NS3, NS4B, and NS5 proteins that differ
between Y and PS (11). Further studies are needed to confirm
the hypothesis.

Taken together, our studies demonstrate a critical role of
CD4" and CD8" T cells in the protective immune response and
the control of TMUV infection. A positive correlation exists
between the virulence of TMUV and T cell immunity, including
CD8" T cell-mediated protection and CD4" T cell-mediated
protection, neutralizing antibody response, and viral clearance
from the brain. We have also demonstrated that the difference in
CD4" T cell-mediated immunity is mainly related to residues
151 and 304 in the E protein. Our studies contribute to the better
understanding of the role of T cell immunity in the protective
immune response and the molecular basis of TMUV-induced
CD4" T cell immunity.

frontiersin.org


https://doi.org/10.3389/fimmu.2022.890263
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Meng et al.

Data availability statement

The original contributions presented in the study are
included in the article/Supplementary Material. Further
inquiries can be directed to the corresponding author.

Ethics statement

The animal study was reviewed and approved by Animal
Welfare and Ethics Committee of China Agricultural University.

Author contributions

RM conducted experiments, analysis, and writing of the
original manuscript draft. BY, CF, and JH were involved in
sample collection, sample processing, analysis, and data
collection. XW was involved in the analysis and interpretation
of data. DZ performed analysis, writing, and reviewing. All
authors contributed to the article and approved the
submitted version.

Funding

This project was supported by grants from China
Agriculture Research System of MOF and MARA for DZ and
the National Key Research and Development Program of China
(2016YFD0500107) for DZ.

References

1. Yun T, Zhang D, Ma X, Cao Z, Chen L, Ni Z, et al. Complete genome
sequence of a novel flavivirus, duck tembusu virus, isolated from ducks and geese in
China. J Virol (2012) 86:3406-7. doi: 10.1128/JV1.07132-11

2. Yun T, Ye W, Ni Z, Zhang D, Zhang C. Identification and molecular
characterization of a novel flavivirus isolated from pekin ducklings in China. Vet
Microbiol (2012) 157:311-9. doi: 10.1016/j.vetmic.2012.01.013

3. Cao Z, Zhang C, Liu Y, Liu Y, Ye W, Han J, et al. Tembusu virus in ducks,
China. Emerg Infect Dis (2011) 17:1873-5. doi: 10.3201/eid1710.101890

4. Homonnay ZG, Kovacs EW, Banyai K, Albert M, Fehér E, Mato T, et al.
Tembusu-like flavivirus (Perak virus) as the cause of neurological disease outbreaks
in young pekin ducks. Avian Pathol (2014) 43:552-60. doi: 10.1080/
03079457.2014.973832

5. Thontiravong A, Ninvilai P, Tunterak W, Nonthabenjawan N, Chaiyavong S,
Angkabkingkaew K, et al. Tembusu-related flavivirus in ducks, Thailand. Emerg
Infect Dis (2015) 21:2164-7. doi: 10.3201/eid2112.150600

6. Liang T, Liu X, Qu S, Lv ], Yang L, Zhang D. Pathogenicity of egg-type duck-
origin isolate of tembusu virus in pekin ducklings. BMC Vet Res (2019) 15:362.
doi: 10.1186/s12917-019-2136-x

7. Ninvilai P, Tunterak W, Oraveerakul K, Amonsin A, Thontiravong A. Genetic
characterization of duck tembusu virus in Thailand, 2015-2017: Identification of a novel
cluster. Transbound Emerg Dis (2019) 66:1982-92. doi: 10.1111/tbed.13230

8. Sun XY, Diao YX, Wang J, Liu X, Lu AL, Zhang L, et al. Tembusu virus
infection in cherry valley ducks: The effect of age at infection. Vet Microbiol (2014)
168:16-24. doi: 10.1016/j.vetmic.2013.10.003

Frontiers in Immunology

15

10.3389/fimmu.2022.890263

Acknowledgments

We thank Lixin Yang (China Agricultural University) for
advice and suggestions in duck experiments; Duo Peng, Qiong
Li, Jiaying Wang, and Zixin Feng (China Agricultural
University) for their support in sample collection.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/
fimmu.2022.890263/full#supplementary-material

9. LiN,LvC, Yue R, Shi Y, Wei L, Chai T, et al. Effect of age on the pathogenesis
of duck tembusu virus in cherry valley ducks. Front Microbiol (2015) 6:581.
doi: 10.3389/fmicb.2015.00581

10. Ninvilai P, Limcharoen B, Tunterak W, Prakairungnamthip D, Oraveerakul
K, Banlunara W, et al. Pathogenesis of Thai duck tembusu virus in cherry valley
ducks: The effect of age on susceptibility to infection. Vet Microbiol (2020)
243:108636. doi: 10.1016/j.vetmic.2020.108636

11. YangL, Liang T, Lv ], Qu S, Meng R, Yang B, et al. Substantial attenuation of
virulence of tembusu virus strain PS is determined by an arginine at residue 304 of
the envelope protein. J Virol (2021) 95:e02331-20. doi: 10.1128/JV1.02331-20

12. Lv ], Yang L, Qu S, Meng R, Li Q, Liu H, et al. Detection of neutralizing
antibodies to tembusu virus: Implications for infection and immunity. Front Vet Sci
(2019) 6:442. doi: 10.3389/fvets.2019.00442

13. Zhao D, Huang X, Han K, Liu Y, Yang J, Liu Q, et al. Protective immune
response against newly emerging goose tembusu virus infection induced by
immunization with a recombinant envelope protein. Lett Appl Microbiol (2015)
61:318-24. doi: 10.1111/lam.12459

14. Zhao D, Han K, Zhang L, Wang H, Tian Y, Huang X, et al. Identification
and immunogenic evaluation of T cell epitopes based on tembusu virus
envelope protein in ducks. Virus Res (2018) 257:74-81. doi: 10.1016/
j.virusres.2018.09.008

15. Ma T, Liu Y, Cheng J, Liu Y, Fan W, Cheng Z, et al. Liposomes containing
recombinant e protein vaccine against duck tembusu virus in ducks. Vaccine (2016)
34:2157-63. doi: 10.1016/j.vaccine.2016.03.030

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2022.890263/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2022.890263/full#supplementary-material
https://doi.org/10.1128/JVI.07132-11
https://doi.org/10.1016/j.vetmic.2012.01.013
https://doi.org/10.3201/eid1710.101890
https://doi.org/10.1080/03079457.2014.973832
https://doi.org/10.1080/03079457.2014.973832
https://doi.org/10.3201/eid2112.150600
https://doi.org/10.1186/s12917-019-2136-x
https://doi.org/10.1111/tbed.13230
https://doi.org/10.1016/j.vetmic.2013.10.003
https://doi.org/10.3389/fmicb.2015.00581
https://doi.org/10.1016/j.vetmic.2020.108636
https://doi.org/10.1128/JVI.02331-20
https://doi.org/10.3389/fvets.2019.00442
https://doi.org/10.1111/lam.12459
https://doi.org/10.1016/j.virusres.2018.09.008
https://doi.org/10.1016/j.virusres.2018.09.008
https://doi.org/10.1016/j.vaccine.2016.03.030
https://doi.org/10.3389/fimmu.2022.890263
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Meng et al.

16. Li L, Zhang Y, Dong J, Zhang J, Zhang C, Sun M, et al. The truncated e
protein of DTMUV provide protection in young ducks. Vet Microbiol (2020)
240:108508. doi: 10.1016/j.vetmic.2019.108508

17. Han K, Zhao D, Liu Y, Huang X, Yang J, Liu Q, et al. Design and evaluation
of a polytope construct with multiple b and T epitopes against tembusu virus
infection in ducks. Res Vet Sci (2016) 104:174-80. doi: 10.1016/j.rvsc.2015.09.011

18. Huang J, Jia R, Shen H, Wang M, Zhu D, Chen §, et al. Oral delivery of a
DNA vaccine expressing the PrM and e genes: A promising vaccine strategy against
flavivirus in ducks. Sci Rep (2018) 8:12360. doi: 10.1038/s41598-018-30258-3

19. Tang J, Bi Z, Ding M, Yin D, Zhu J, Zhang L, et al. Immunization with a
suicidal DNA vaccine expressing the e glycoprotein protects ducklings against duck
tembusu virus. Virol J (2018) 15:140. doi: 10.1186/s12985-018-1053-0

20. Chen P, Liu J, Jiang Y, Zhao Y, Li Q, Wu L, et al. The vaccine efficacy of
recombinant duck enteritis virus expressing secreted e with or without PrM proteins
of duck tembusu virus. Vaccine (2014) 32:5271-7. doi: 10.1016/j.vaccine.2014.07.082

21. Zou Z, Liu Z, Jin M. Efficient strategy to generate a vectored duck enteritis
virus delivering envelope of duck tembusu virus. Viruses (2014) 6:2428-43.
doi: 10.3390/v6062428

22. Zou Z, Huang K, Wei Y, Chen H, Liu Z, Jin M. Construction of a highly
efficient CRISPR/Cas9-mediated duck enteritis virus-based vaccine against H5N1
avian influenza virus and duck tembusu virus infection. Sci Rep (2017) 7:1478.
doi: 10.1038/s41598-017-01554-1

23. Sun M, Dong J, Li L, Lin Q, Sun J, Liu Z, et al. Recombinant Newcastle
disease virus (NDV) expressing duck tembusu virus (DOTMUV) pre-membrane and
envelope proteins protects ducks against DTMUV and NDV challenge. Vet
Microbiol (2018) 218:60-9. doi: 10.1016/j.vetmic.2018.03.027

24. ChenL,YuB,HuaJ,NiZ, Ye W, Yun T, et al. Optimized expression of duck
tembusu virus e gene delivered by a vectored duck enteritis virus. In Vitro. Mol
Biotechnol (2019) 61:783-90. doi: 10.1007/s12033-019-00206-1

25. Tang J, Yin D, Wang R, Zhou Q, Zhou X, Xing X, et al. A recombinant
adenovirus expressing the e protein of duck tembusu virus induces protective
immunity in duck. J Vet Med Sci (2019) 81:314-20. doi: 10.1292/jvms.18-0036

26. Lv ], Liu X, Cui S, Yang L, Qu S, Meng R, et al. The neutralizing antibody
response elicited by tembusu virus is affected dramatically by a single mutation in
the stem region of the envelope protein. Front Microbiol (2020) 11:585194.
doi: 10.3389/fmicb.2020.585194

27. HuangJ, Shen H, Jia R, Wang M, Chen S, Zhu D, et al. Oral vaccination with
a DNA vaccine encoding capsid protein of duck tembusu virus induces protection
immunity. Viruses (2018) 10:180. doi: 10.3390/v10040180

28. Lv C, Li R, Liu X, Li N, Liu S. Pathogenicity comparison of duck tembusu
virus in different aged cherry valley breeding ducks. BMC Vet Res (2019) 15:282.
doi: 10.1186/s12917-019-2020-8

29. Thontiravong A, Nedumpun T, Ninvilai P, Tunterak W, Techakriengkrai N,
Banlunara W, et al. Dynamics of cellular and humoral immune responses following duck
tembusu virus infection in ducks. Transbound Emerg Dis (2022). doi: 10.1111/tbed.14467

30. Yu C. Isolation identification and fluorescence quantitative RT-PCR assay of
tembusu virus. [master’s thesis]. Shandong: Shandong Agricultural University (2013).

31. Wang X, Zhang J, Meng R, Jiang Y, Liang S, Zhang Y, et al. Host differences
affecting resistance and susceptibility of the second generation of a pekin duck flock
to duck hepatitis a virus genotype 3. Front Microbiol (2017) 8:1128. doi: 10.3389/
fmicb.2017.01128

32. Beaufrére A, Bessiéres B, Bonniére M, Driessen M, Alfano C, Couderc T,
et al. A clinical and histopathological study of malformations observed in fetuses
infected by the zika virus. Brain Pathol (2019) 29:114-25. doi: 10.1111/bpa.12644

33. Enlow W, Piret ], Boivin G. Droplet digital PCR and immunohistochemistry
techniques to detect zika virus in the central nervous system of mice. Methods Mol
Biol (2020) 2142:41-57. doi: 10.1007/978-1-0716-0581-3_4

34. Dai W. Preparation of monoclonal antibody (MAb) against e protein of duck
tembusu virus and identification of antigen epitope recognized by the MAb. [master’s
thesis]. Beijing: China Agricultural University (2019).

Frontiers in Immunology

16

10.3389/fimmu.2022.890263

35. Livak KJ, Schmittgen TD. Analysis of relative gene expression data using
real-time quantitative PCR and the 2(-delta delta C(T)) method. Methods (2001)
25:402-8. doi: 10.1006/meth.2001.1262

36. Maximova OA, Pletnev AG. Flaviviruses and the central nervous system:
Revisiting neuropathological concepts. Annu Rev Virol (2018) 5:255-72.
doi: 10.1146/annurev-virology-092917-043439

37. Feng C, Jin M, Yang L, Lv ], Qu S, Meng R, et al. Pathogenicity of a jinding
duck-origin cluster 2.1 isolate of tembusu virus in 3-week-old pekin ducklings. Vet
Microbiol (2020) 251:108870. doi: 10.1016/j.vetmic.2020.108870

38. Ma Y, Liang Y, Wang N, Cui L, Chen Z, Wu H, et al. Avian flavivirus
infection of Monocytes/Macrophages by extensive subversion of host antiviral
innate immune responses. J Virol (2019) 93:e00978-19. doi: 10.1128/JV1.00978-
19

39. Yauch LE, Zellweger RM, Kotturi MF, Qutubuddin A, Sidney J, Peters B,
et al. A protective role for dengue virus-specific CD8" T cells. J Immunol (2009)
182:4865-73. doi: 10.4049/jimmunol.0801974

40. Yauch LE, Prestwood TR, May MM, Morar MM, Zellweger RM, Peters B,
etal. CD4" T cells are not required for the induction of dengue virus-specific CD8"*
T cell or antibody responses but contribute to protection after vaccination.
J Immunol (2010) 185:5405-16. doi: 10.4049/jimmunol.1001709

41. Shrestha B, Diamond MS. Role of CD8" T cells in control of West Nile virus
infection. J Virol (2004) 78:8312-21. doi: 10.1128/JV1.78.15.8312-8321.2004

42. Sitati EM, Diamond MS. CD4" T-cell responses are required for clearance of
West Nile virus from the central nervous system. J Virol (2006) 80:12060-9.
doi: 10.1128/JVI1.01650-06

43. Larena M, Regner M, Lee E, Lobigs M. Pivotal role of antibody and
subsidiary contribution of CD8" T cells to recovery from infection in a murine
model of Japanese encephalitis. J Virol (2011) 85:5446-55. doi: 10.1128/JV1.02611-
10

44. Zellweger RM, Miller R, Eddy WE, White L], Johnston RE, Shresta S. Role
of humoral versus cellular responses induced by a protective dengue vaccine
candidate. PloS Pathog (2013) 9(10):e1003723. doi: 10.1371/journal.
ppat.1003723

45. Bassi MR, Kongsgaard M, Steffensen MA, Fenger C, Rasmussen M, Skjodt
K, et al. CD8" T cells complement antibodies in protecting against yellow fever
virus. J Immunol (2015) 194:1141-53. doi: 10.4049/jimmunol.1402605

46. Duangchinda T, Dejnirattisai W, Vasanawathana S, Limpitikul W,
Tangthawornchaikul N, Malasit P, et al. Immunodominant T-cell responses to
dengue virus NS3 are associated with DHF. Proc Natl Acad Sci USA (2010)
107:16922-7. doi: 10.1073/pnas.1010867107

47. Mathew A, Townsley E, Ennis FA. Elucidating the role of T cells in
protection against and pathogenesis of dengue virus infections. Future Microbiol
(2014) 9:411-25. doi: 10.2217/fmb.13.171

48. Weiskopf D, Yauch LE, Angelo MA, John DV, Greenbaum JA, Sidney J,
et al. Insights into HLA-restricted T cell responses in a novel mouse model of
dengue virus infection point toward new implications for vaccine design.
J Immunol (2011) 187:4268-79. doi: 10.4049/jimmunol.1101970

49. Weiskopf D, Angelo MA, de Azeredo EL, Sidney J, Greenbaum JA,
Fernando AN, et al. Comprehensive analysis of dengue virus-specific responses
supports an HLA-linked protective role for CD8" T cells. Proc Natl Acad Sci USA
(2013) 110:E2046-53. doi: 10.1073/pnas.1305227110

50. Weiskopf D, Angelo MA, Bangs DJ, Sidney J, Paul S, Peters B, et al. The
human CD8" T cell responses induced by a live attenuated tetravalent dengue
vaccine are directed against highly conserved epitopes. J Virol (2015) 89:120-8.
doi: 10.1128/JV1.02129-14

51. Vaughan K, Greenbaum J, Blythe M, Peters B, Sette A. Meta-analysis of all
immune epitope data in the flavivirus genus: Inventory of current immune epitope
data status in the context of virus immunity and immunopathology. Viral Immunol
(2010) 23:259-84. doi: 10.1089/vim.2010.0006

52. Rivino L, Lim MQ. CD4" and CD8" T-cell immunity to dengue-lessons for
the study of zika virus. Immunology (2017) 150:146-54. doi: 10.1111/imm.12681

frontiersin.org


https://doi.org/10.1016/j.vetmic.2019.108508
https://doi.org/10.1016/j.rvsc.2015.09.011
https://doi.org/10.1038/s41598-018-30258-3
https://doi.org/10.1186/s12985-018-1053-0
https://doi.org/10.1016/j.vaccine.2014.07.082
https://doi.org/10.3390/v6062428
https://doi.org/10.1038/s41598-017-01554-1
https://doi.org/10.1016/j.vetmic.2018.03.027
https://doi.org/10.1007/s12033-019-00206-1
https://doi.org/10.1292/jvms.18-0036
https://doi.org/10.3389/fmicb.2020.585194
https://doi.org/10.3390/v10040180
https://doi.org/10.1186/s12917-019-2020-8
https://doi.org/10.1111/tbed.14467
https://doi.org/10.3389/fmicb.2017.01128
https://doi.org/10.3389/fmicb.2017.01128
https://doi.org/10.1111/bpa.12644
https://doi.org/10.1007/978-1-0716-0581-3_4
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1146/annurev-virology-092917-043439
https://doi.org/10.1016/j.vetmic.2020.108870
https://doi.org/10.1128/JVI.00978-19
https://doi.org/10.1128/JVI.00978-19
https://doi.org/10.4049/jimmunol.0801974
https://doi.org/10.4049/jimmunol.1001709
https://doi.org/10.1128/JVI.78.15.8312-8321.2004
https://doi.org/10.1128/JVI.01650-06
https://doi.org/10.1128/JVI.02611-10
https://doi.org/10.1128/JVI.02611-10
https://doi.org/10.1371/journal.ppat.1003723
https://doi.org/10.1371/journal.ppat.1003723
https://doi.org/10.4049/jimmunol.1402605
https://doi.org/10.1073/pnas.1010867107
https://doi.org/10.2217/fmb.13.171
https://doi.org/10.4049/jimmunol.1101970
https://doi.org/10.1073/pnas.1305227110
https://doi.org/10.1128/JVI.02129-14
https://doi.org/10.1089/vim.2010.0006
https://doi.org/10.1111/imm.12681
https://doi.org/10.3389/fimmu.2022.890263
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	The difference in CD4+ T cell immunity between high- and low-virulence Tembusu viruses is mainly related to residues 151 and 304 in the envelope protein
	Introduction
	Materials and methods
	Ducks and cells
	Viruses
	Duck experiments
	Quantitation of viral loads in tissue and serum samples
	Histopathological examination
	Immunohistochemistry
	Neutralization assay
	Measurement of cytokine mRNA levels in tissues
	Flow cytometry
	Adoptive T cell transfer
	Statistical analysis

	Results
	TMUV Y exhibits different pathogenicity in pekin ducklings aged 3, 5, and 7 days
	TMUV Y and PS present different virulence in pekin ducklings aged 5 Days
	TMUV Y and PS induce similar levels of neutralizing antibody
	TMUV Y induces higher magnitude of cellular immune responses than PS
	Transfer of Y-specific T cells provide more significant protection relative to PS
	The E protein plays a major role in determining the differences in cellular immune response between Y and PS
	The T151A and R304M mutations in the E protein contribute to significant enhanced cellular immune response to TMUV
	Mutations of E protein residues 151 and 304 affect CD4+ T cell-mediated immunity

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


