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ABSTRACT CD4 protein is a single chain transmem-
brane glycoprotein and has a broad functionality beyond
cell-mediated immunity. In this study, we cloned the
full-length coding sequence (CDS) of duck CD4
(duCD4) and analyzed its sequence and structure, and
expression levels in several tissues. It consists of 1,449
nucleotides and encodes a 482 amino acid protein. The
putative protein of duCD4 consisted of an N-terminal
signal peptide, three immunoglobulins and one immuno-
globulins-like domain in its central, one terminal trans-
membrane region, and a C-terminal domain of the CD4
T cell receptor. The duCD4 also has the typical signa-
ture “CXC” of CD4s. The multiple sequence alignment

suggests duCD4 has four potential N-glycosylation sites
and the phylogenetic analysis suggests duCD4 shares
greater similarity with avian than other vertebrates.
Quantitative real-time PCR analysis showed that
duCD4 mRNA transcripts are widely distributed in the
healthy Cherry Valley duck, and the highest level in the
thymus. During the virus infection, the obvious change
of duCD4 expression was observed in the spleen, lung
and brain, which suggesting that duCD4 could be
involved in the host’s immune response to multiple types
of viruses. Our research studied the characterization, tis-
sue distribution, and antiviral immune responses of

duCD4.
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INTRODUCTION

The interaction of T lymphocyte with the antigen pre-
senting cells is the cornerstone of adaptive immunity.
T cells that live in the peripheral blood or secondary lym-
phoid organs were distinguished by the mutually exclusive
expression of either CD4 or CD8 (Benoist and
Mathis, 1999). According to the molecules expressed on
the cell surface, the alpha/beta T lymphocytes were fur-
ther divided into a CD4" T helper population and the
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CD8" cytotoxic T cell population (Konig et al., 1992; Ger-
main, 2002). Expression of CD4 and CDS is very impor-
tant for cell-mediated immune defense as well as T-cell
development in the thymus (Cammarota et al., 1992;
Ma, et al., 2013). CD4 is a single chain transmembrane
glycoprotein which belongs to the immunoglobulin super-
family (Maddon, et al., 1985; Parnes, 1989). It assists T
cell receptors in communicating with antigen presenting
cells through an interaction with the major histocompati-
bility complex class II molecules a2 and b2 domains
(Doyle and Strominger, 1987; Cammarota, et al., 1992;
Konig et al., 1995). This interaction activates the signal of
T cell which was transduced by the protein tyrosine kinase
p56'*, and this protein could binds to the cytoplasmic
domain of CD4 with a conserved site of Lck motif
(Veillette et al., 1989; Glaichenhaus et al., 1991). Study
has pointed out that the CD4 could be integrated into the
membrane and alters the membrane’s stiffness (Bui and
Nguyen, 2016). In mammals, the CD4 ™" T cell is crucial in
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response and recognition of pathogens, and plays an
important role in the immune system.

Compared with the information available about the
chicken, the known about the immune system of other
waterfowl is little. However, the duck as the natural res-
ervoir for influenza (Wei et al., 2014) and other avian
viruses such as duck Tembusu virus (DTMUYV)
(Cao et al, 2011), novel duck reovirus (NDRV)
(Li et al., 2016¢), and duck plague virus (DPV)
(Lian et al., 2011; Huang et al., 2014) has the largest
waterfowl market in China. Virus infection could induce
the expression of antigen-specific CD4" T cells and these
virus-specific CD4 " T cells play a crucial role in control-
ling viral infections (Whitmire, 2011; Phares et al.,
2012). Previous study also suggested that even the unin-
fected CD4" T cells also have a broader and more pro-
found depletion via multiple indirect effects of infection
(Matrajt et al., 2014). However, to date, little is known
about the sequence and immune biological activity of T
cell surface proteins CD4 in duck.

Here, we describe the molecular cloning of the CD4
c¢DNA from the Cherry Valley duck. The model demon-
strates that despite the low sequence identity in duck
and mammalian CD4, several similar structural features
have been conserved. Furthermore, the amino acid
(A A) sequence, the structural and phylogenetic analysis
of duCD4, and tissue distribution in adult Cherry Valley
duck was studied. Moreover, the immunological function
of duCD4 during DTMUYV, novel duck reovirus NDRV,
and duck plague virus DPV infection was identified.
This study will expand our knowledge of immune
response of the waterfowl, and the results of this study
will reveal the role of duCD4 during the viral infection.

MATERIALS AND METHODS
Animals and Virus Strains

Healthy 1 d of age Cherry Valley ducks were purchased
from a duck farm (Tai’an, Shandong, China) and housed
in isolators (did not receive any vaccinated) until at three
weeks old. Serum samples from 1 d of age ducks were
tested by ELISA to verify that all ducks were serologi-
cally negative for DTMUV. Both NDRV and DPV were
negative by quantitative real-time PCR (QRT-PCR).

DTMUV, NDRV, and DPV-GM viral strains used in
this study were all isolated from infected ducks from
farms, and virus stocks were propagated in duck embryo
fibroblasts (Yan et al., 2011; Li et al., 2016b, 2018).
Viral titers were determined as the median tissue culture
infective dose (TCIDj0)/mL by infection with duck
embryo fibroblasts and the calculation method was used
by the Reed and Muench (Reed and Muench, 1938).

Cloning and Bioinformatic Analysis of
duCD4

Total RNA from duck spleen was extracted using Fast-
PureCell/Tissue total RNA isolation kit (RC112,

Table 1. Primer sequences used in this study.

Primer name Nucleotide sequence (5’-3”) Purpose

duCD4-F ATGGAGCTGTGTGGTACAGC Gene cloning
duCD4-R CTACTTATTCATCCGGTGCT

¢-duCDA-F ATGGAGAGCTGCGTGAAACT qRT-PCR
q-duCD4-R TGCTTCAGCTGGATTTTGTG

q-p-actin-F GGTATCGGCAGCAGTCTTA qRT-PCR
q-B-actin-R TTCACAGAGGCGAGTAACTT

Abbreviations: F, forward primer; R, reverse primer; ¢, qRT-PCR.

Vazyme, Nan’jing, China) and reverse transcribed to
c¢DNA using HiScript IT One-Step RT-PCR kit (R223-01,
Vazyme). The duCD4 gene was amplified by PCR from
c¢DNA using Rapid Taq Master Mix (P222, Vazyme), pri-
mers (duCD4-F and duCD4-R) used to amplify the gene
are listed in Table 1. The PCR products were sent to the
Tsingke Biotechnology Co., Ltd. (Qing’dao, China) for
DNA sequencing. Open reading frame and AA sequence
of duCD4 cDNA were conducted by use of DNAstar
(Burland, 2000) and the Sequence Manipulation Suite
(http://www.bioinformatics.org/sms/). The sequences
of animals were retrieved from the National Center for
Biotechnology Information (NCBI) (http://www.ncbi.
nlm.nih.gov/). And the phylogenetic tree was built by
using the MEGA-X software and based on the Neighbor-
Joining method with bootstrapping over 1,000 replicates
(Kumar et al., 2018). The predicted structure of AA
sequence was performed using the SMART program
(http://smart.embl-heidelberg.de/) (Schultz et al.,
1998). Alignment of AA sequence was performed using
the Clustal X program (Thompson et al., 1997) and
edited with Boxshade (https://embnet.vital-it.ch/soft
ware/BOX form.html).

Animal Experiments

In order to evaluate the expression of CD4 in normal
tissues, 3 healthy 3-wk-old ducks were euthanized, and
tissues were collected including heart, liver, spleen, lung,
kidney, brain, cerebellum, brainstem, thymus, bursa of
Fabricius, trachea, esophagus, gizzard, proventriculus,
skin, muscle, duodenum, jejunum, ileum, and cecum.
And to analyze the change in duCD4 mRNA expression
level after DTMUV, NDRV, and DPV infection, three-
week-old ducks were randomly divided into four groups
of fifteen. Groups A, B, and C were intramuscularly
injected with DTMUV (0.4 mL 10°? TCIDs,/mL per
duck) (Li et al., 2015), NDRV (0.5 mL 10*° TCID5,/mL
per duck) (Li et al., 2016¢) and DPV (0.3 mL 10°°
TCIDso/mL per duck) (Li et al., 2016a), respectively.
Group D ducks were inoculated with 0.5 mL sterile phos-
phate buffer solution in the same manner as a negative
control group. Three duck per group was used each time
at 1-, 3-, and 5-days postinfection (dpi), respectively,
and the spleen, brain and lung were collected and stored
in liquid nitrogen for total RNA extraction. Relative
duCD4 mRNA expression of these samples was studied
using qRT-PCR. The rest of ducks were observed for
clinical symptoms to 9 dpi and euthanized with an
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Table 2. Reference sequences information of CD4.

Species

GeneBank accession numbers

Anser anser

Gallus gallus
Columba livia
Taeniopygia guttata
Meleagris gallopavo
Homo sapiens

Pan troglodytes
Macaca mulatta
Aotus nancymaae
Saimiri sciureus
Oryctolagus cuniculus
Mus musculus

Rattus norvegicus
Felis catus

Canis lupus familiaris
Mustela putorius furo
Bos grunniens

Sus scrofa

Macropus eugenii
Monodelphis domestica
Chelonia mydas
Pelodiscus sinensis
Alligator sinensis
Cyprinus carpio
Lateolabrax japonicus
Oncorhynchus mykiss

AFG26508.1
ABA55042.1
XP_013223720.1
XP_012425328.1
NP 001290125.1
NP_000607.1
NP 001009043.1
BAA09671.1
AKM95886.1
BAA13131.1

NP _001075782.1
NP_038516.1
NP 036837.1
NP _001009250.1
NP_001003252.1
ABS50090.1
AJP16709.1
NP_001001908.2
ABR22561.1
ABGS81321.1
XP_007069709.3
XP_006124249.1
XP_014382635.1
ABD58988.1
AFK73394.1
AAY42068.1

intravenous injection of sodium pentobarbital
(100 mg/kg body weight) (Li et al., 2015). All of the
samples were stored at -80°C for total RNA extraction.

QRT-PCR

One set of the specific primers (Table 1) was designed
according to the sequence of the predicted Anas Platyr-
hynchos CD4 from the NCBI (XM _013096823.1). In
addition, the expressions of duCD4 were quantified
using qRT-PCR with the ChamQ SYBR qPCR Master
Mix (Q311, Vazyme) and analyzed with the 7500 Fast
Real-Time PCR system (Applied Biosystems, Carlsbad,
CA). The specificity of PCR amplification for all primer
sets was verified from the dissociation curves. The qRT-
PCR consisted of 20 uL volume and conditions as fol-
lows: one cycle of pre-denatured at 95°C for 5 min, fol-
lowed by 40 cycles of denaturation at 95°C for 10 s and
extension at 60°C for 34 s, then a dissociation curve was
analyzed (95°C for 10s, 65°C for 10 s, 97°C for 1 s).
Expression levels of the duCD4 and endogenous house-
keeping gene p-actin were analyzed using the 2744Ct
and 272" method (Pfaffl, 2001). All qRT-PCR reac-
tions were performed in triplicate.

Statistical Analysis

Data were expressed as mean + SD from 3 separate
experiments. Significance was determined by one-way
ANOVA using SPSS 19.0 (SPSS Inc., Chicago, IL,
USA). For all tests, P < 0.05 was considered statistically
significant, P < 0.01 was highly significant, and P <
0.001 was extremely significant.
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RESULTS
Cloning and Structural Analysis of duCD4

The full-length CDs of duCD4 were amplified using
the primers duCD4-F and duCD4-R (Table 1), and it
consisted of a single ORF of 1449 bp which encodes 482
AAs. And the sequence has been uploaded to NCBI with
the GenBank number of KX588247.1. Multiple align-
ment analysis revealed that duCD4 had four potential
N-glycosylation sites (NISF, NATA, NGTK and
NYTV) (Figure 1A). Our results also indicated that the
duCD4 contained the conserved Lck motif (CXC) of
the CD4 typical signature (Figure 1A). The protein
domains of duCD4 were predicted using SMART pro-
gram, and the results indicated that duCD4 contained 7
characteristic domains: one signal peptide at its N-termi-
nus (AA1-27), 3 immunoglobulins (IG) (AA28-121, 126-
214, 221-333) and one IG-like domain (AA338-424) at
the central, one transmembrane domain (AA429-451),
and one C-terminal domain of the CD4 T cell receptor
(AA455-482) (Figure 1B).

Sequence Comparison and Phylogenetic
Analysis of duCD4

To confirm the evolutionary relationship of duCD4,
the phylogenetic tree with the AA sequence of duCD4
and other CD4s was shown in Figure 2A. The phyloge-
netic tree indicated that all these CD4s AA sequences
could cluster into four major branches as mammal, rep-
tile, bird and fish. And the duCD4 was classified into the
avian species, especially closely related to Anser anser
CD4, but distant from fish CD4 molecules. These results
indicated that the duCD4 A A sequence has a closer rela-
tionship to the CD4s of birds. To have a further study of
CD4 from the Cherry Valley duck, the AA sequence of
duCD4 was compared with the other birds, fishes, mam-
mals as well as reptiles. And the multiple sequence align-
ment analysis showed that duCD4 shared 85.4%
identity with Anser anser CD4, 62.2% identity with
Gallus gallus and Meleagris gallopavo CD4, 62.1% iden-
tity with Columba livia CD4, 26.2% identity with Homo
sapiens CD4, and 25.8% identity with Mus musculus
CD4 (Figure 2B). The CD4 gene identity was conserved
in mammalians, but significantly different between
mammalian and duck, with only 26% homology
(Figure 2B).

Tissue Distribution of duCD4

To investigate the tissue distribution of duCD4, total
RNA was extracted separately from heart, liver, spleen,
lung, kidney, brain, cerebellum, brainstem, thymus,
bursa of Fabricius, trachea, esophagus, gizzard, proven-
triculus, skin, muscle, duodenum, jejunum, ileum, and
cecum. QRT-PCR was used to analyze the duCD4
mRNA expression level. As showed in Figure 3, duCD4
has a broad expression profile of all the tested tissues,
and thymus showed highest expression level followed by
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(A) Alignment of the deduced AA sequence of duCD4 with other animals. Black shading indicates AA identity; gray shading indicates

similarity (50% threshold). The red font indicated the four potential N-glycosylation sites. Lck represented the conserved CXC motif which may
bind the tyrosine protein kinase p56'*. (B) Prediction of duCD4 protein domains by the SMART program. DuCD4 contains one signal peptide at
its N-terminus (AA1-27), three IG (AA28-121, 126-214, 221-333) and one IG-like domain (AA338-424) at the central, one transmembrane domain
(AA429-451), and one C-terminal domain of the CD4 T cell receptor (AA455-482). Abbreviations: Du, Cherry Valley Duck; Ga, Gallus gallus; Ho,
Homo sapiens; IG, immunoglobulins; Mu, Muscovy ducks (AAW63065.1); Pe, Pekin ducks (AAW63061.1).

heart and trachea. However, the lower expressions were
observed in cerebellum and gizzard. The broad expres-
sion profile of duCD4 across the different tissues sug-
gests that the role of duCD4 might have certain
universality in the immune response.

Expression Profiles of duCD4 in the Viral
Infected Ducks

In order to investigate whether the duCD4 could be
involved in the host’s antiviral immune response to the
multiple types of viruses, the mRNA expression level of

duCD4 was detected in the spleen, brain, and lung dur-
ing the virus infection. After infection with these three
viruses, the duCD4 expression has clearly decreased in
the spleen at 1, 3, and 5 dpi (Figure 4A, 4D and 4G).
Among them, the most significant downregulation
occurred in the DTMUV-infected group (Figure 4G),
and the down-regulation folds in the DPV-infected
group increased with the later time points (Figure 4D).
In the lung, the duCD4 expression was significantly
upregulated at the indicated time in the DPV-infected
ducks, and reached its peak at 5 dpi (13.63-fold, P <
0.01; Figure 4E). However, the duCD4 mRNAs were
only up-regulated at 1 dpi, and then downregulated at 3
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Figure 2. Phylogenetic analysis and sequence similarity of CD4. (A) The phylogenetic tree of the AA sequence of duCD4 and other animals, a
neighbor-joining tree was generated using MEGA-X and a 1000 bootstrap analysis was performed. The scale bar is 0.20. GenBank accession numbers
are shown in Table 2. (B) Sequence similarity analysis of CD4 among different species. The program was performed using the MegAlign software.

and 5 dpi both in the NDRV and DTMUV-infected  the indicated time and reached the peak at 1 dpi with
group lung (Figure 4B and 4H). In the brain, the duCD4  10.32-fold in the NDRV-infected groups (P < 0.01;
transcripts hold at the background level in the DPV and  Figure 4C). On the whole, these results indicated that
DTMUV-infected ducks (P > 0.05; Figure 4F and 4I).  duCD4 could be involved in the host’s immune response
However, the expression of duCD4 was upregulated at  to multiple types of viruses.
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DISCUSSION

In the past decades, the study of T cell responses to
pathogen infection has  progressed significant
(Harty et al., 2000). Virus-specific CD4 as a transmem-
brane glycoprotein was found in helper T cells and thy-
mocyte (Maddon et al., 1985; Parnes, 1989). This
molecule has an essential importance in both mamma-
lian and avian immune system.

vs)

NDRV

NDRV

In the current study, CD4 was identificated, cloned
and characterized for the first time from Cherry Valley
duck. The duCD4 contains a 1,449 bp ORF and has
seven characteristic structure domains: one signal pep-
tide, three IG, one IG-like domain, one transmembrane
domain, and one C-terminal domain of the CD4 T cell
receptor. Multiple sequence alignments indicated that
the AA sequence of duCD4 had four potential N-glyco-
sylation sites (NISF, NATA, NGTK, and NYTV)
(Figure 1). The conserved CXC motif as a typical CD4
signature is located in the cytoplasmic tails of CD4, and
mediates the binding to tyrosine protein kinase pb6lck
by means of a Zn clasp structure (Kim et al., 2003). And
the phylogenetic analysis suggests that duCD4 only
exhibited 26.2% identities to Homo sapiens, 62.2% to
Gallus gallus, and 85.4% to Anser anser. Notably, the
homology between duck and Anser anser was greatest,
followed by Gallus gallus (Figure 2B). Similar result was
also observed in the phylogenetic tree (Figure 2A).
These results reveal that duCD4 has a close genetic rela-
tionship to other birds, especially the Anser anser and
Gallus gallus.

Since CD4 is an essential protein of immunity, study
of its tissue distribution will contribute to a better
understanding of its function. In this study, although
duCD4 was expressed in all tested tissues, the highest
expression was found in the thymus, followed by the heart
and trachea. As the central immune organ, the thymus is
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Figure 4. Analysis of duCD4 transcript at early stages of viral infection (A) NDRV-spleen, (B) NDRV-lung, (C) NDRV-brain, (D) DPV-spleen,
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differences. *Significant difference (P < 0.05); **Highly significant difference (P < 0.01); ***Extremely significant (P < 0.001); n.s., no significant

difference.
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the place where T cells mature; thus, the thymus has a
highest expression of T cells, this is similar to the results of
mammal CD4 and chicken (Maddon et al., 1987,
Koskinen et al., 1999). In addition, the expression of
duCD4 was also observed in the brain, and the brain CD4
expression has also been reported (Funke et al., 1987).
The expression of duCD4 was low in liver and cerebellum,
which were identical to the adult goose CD4 tissue distri-
bution (Yan et al., 2013). In our study, we find that the
duck cellular immune function is primarily dependent on
the thymus, while the other immune organs also offer sup-
port to immune protection. Of course, the development of
tissues and organs from different animals, as well as differ-
ent stages, directly affects the tissue distribution. The
detailed biological function of the tissue distribution of
duCD4 also will need further study.

The cytotoxic T cells are cornerstone of the host’s
antiviral immune system by acting through the granule
secretory pathway and/or the Fas-mediated pathway
(Pardo et al., 2009). Here, the duCD4 antiviral defense
efforts were further studied after DTMUV, NDRV and
DPV infection. The clinical findings of DTMUYV,
NDRYV, and DPV were characterized by the digestive
and neurologic symptoms (Li, et al., 2015, 2016a, c), and
activating innate immune pathways to triggering
inflammatory response (Hou, et al., 2020). The immune
related organs, as well as the virus target organs, were
chosen for the tissues to be tested in our study. We
found that the expression level of duCD4 changed signif-
icantly after these three viral infections. The expression
of duCD4 was significantly downregulated in the spleen
in these 3 virus-infected duck (Figure 4A, 4D and 4G),
but this does not agree with reports on the goose CD4
(Yan, et al., 2013). Presumably, this change was due to
the migration of CD4" T lymphocyte from the immune
organ (such as the spleen) into the peripheral immune
organs during viral infection. Relatively, the duCD4
expression remained at the background level in the brain
of the DPV-infected and DTMUV-infected ducks
(Figure 4F and 4I), but in the NDRV-infected group,
the expression of duCD4 was upregulated 10.32-fold and
8.72-fold at 1 and 5 dpi, respectively (Figure 4C). This
phenomenon suggests that there is no effect for the
duCD4 expression in the brain post DTMUV and DPV
infection, but in the initial infection, the NDRV has a
bigger effect on the duCD4 expression. In the lung, the
duCD4 expression was upregulated at each of the tested
3 d in the DPV-infected group. This suggests that the
lung duCD4 has been involved in the antiviral immune
response of the DPV infection. But, in the NDRV-
infected groups, the duCD4 expression was diminishing
from the 1 to 5 dpi (Figure 4B), indicating that the lung
duCD4 could be involved in the antiviral immune
response at the early stages of NDRV infection. Of
course, significant reduction of lung duCD4 at 5 dpi also
indicates the duCD4 plays an important role in the pro-
cess of antiviral infection. In the DTMU V-infected duck,
duCD4 expression was upregulated at 1 dpi then down-
regulated at 3 dpi, but stable at the background level at
5 dpi. Due to the complex regulatory mechanism of the

signaling pathway, the different expression of duCD4
may be due to different viruses and different activation
pathways. This is similar to our previous studies about
immune-related genes expression during the infection of
these 3 viruses. For example, IL-6, an important inflam-
matory cytokine, was slightly down-regulated in the
spleen and significantly upregulated in the brain during
DPV infection (Li, et al., 2016a). However, this inflam-
matory cytokine was significantly down-regulated in
both liver and spleen during NDRYV infection (Li, et al.,
2016¢). All of these results indicate that the above three
viral infection has changed the original expression of
duCD4 from organs in vivo, it is suggested that duCD4
may involve in the antiviral immune response through
an unknown mechanism, and what is clear is that the
specific role of duCD4 was different in the process of
each different virus infection. Reports have pointed out
that the CD4" T-cells also have a close relationship to
bacterial infections (Bacher, et al., 2014), and we will
also test similar features of duCD4 in the future study.

In conclusion, the duCD4 was identified and its func-
tion was analyzed in this study. The expression of duCD4
in healthy ducks was quite extensive. The relative expres-
sion of duCD4 has changed quite significantly during the
viral infection in vivo. Together, our finding is providing
new insights into the duCD4 molecule and immunological
characteristics as well as contributes to understanding of
T cell-mediated immunity responses of ducks during viral
infections. These results contribute to better understand-
ing the antiviral immune system of ducks.
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