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of PD-1 gene in Tupaia belangeri

ZHANG Xu-dong"?» SHAO Xiaoli"? , ZHANG Yuan-xu’.
ZHANG Hua-tang’, HE You-wen**

(1. School of Life Sciences, University of Science and Technology of China ., Hefei 230027, China;
2. Key laboratory of Animal Models and Human Disease Mechanisms  the Overseas & Immunobiology Team ,
Kunming Institute of Zoology, Chinese Academy of Sciences . Kunming 650223, China;
3. Department of Immunology . Duke University Medical Center , Durham, NC 27710, USA)

Abstract; Programmed cell death 1 (PD-1) is an inhibitory receptor that belongs to the
immunoglobulin (Ig) superfamily. Numerous studies have demonstrated that PD-1 expression can
be induced in activated T lymphocytes, NKT cells, B lymphocytes and monocytes and play a
critical role in the pathogenesis of chronic infections. Tupaia belangeri (tree shrew) represents
an excellent model for some of the major human infectious diseases such as hepatitis B virus
infection. To fully utilize tree shrew as a host immune response model to infectious diseases, tree
shrew PD-1 was isolated. Full-length tree shrew PD-1 ¢cDNA was cloned from spleen of tree
shrew by rapid amplification of ¢cDNA end-PCR (RACE-PCR). Sequence analysis revealed that
the open reading frame (ORF) of tree shrew PD-1 ¢cDNA encoded a predicted transmembrane
protein of 242 amino acids with high homology with humans, primates and rodents. Expression
of PD-1 in tree shrew was detected in spleen but not in other organs by RT-PCR. Stimulation of
freshly isolated tree shrew peripheral blood monouclear cells(PBMCs) with PMA and ionomycin
increased the expression of PD-1 mRNA. Our results may provide a foundation for future
exploration of tree shrew immune function,
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0 Introduction

CD8" T

lymphocytes has been considered as a principal

Exhaustion of  virus-specific

reason for the inability of the host to eliminate

0~4 " The exhaustion

persisting pathogen infections
of virus-specific T cells was detected in persistent
LCMYV infection of mice®* as well as in human
chronic infections including HIV, HCV and
HBV!® 7,
death 1 (PD-1) was inducibly expressed in CD4" T
cells, CD8" T cells, natural killer T cells, B cells

and activated monocytest® "

The inhibitory receptor programmed

and functions as a
negative regulator of activated T cells!®™%,
Recent studies have demonstrated that PD-1 plays
an important role in inhibiting the function of
virus-specific CD8" T cells in chronic viral
infections in mice'*'. Evidence from chronic human
viral infection also shows that PD-1 expression on
HIV-specific as well as HCV-specific T cells is
associated with virus-specific T-cell exhaustion,
and blockade of the pathway augments virus-
specific T cells function''*%,

Hepatitis B virus infection is a major disease
worldwide and approximately 350 million people
are chronically infected. A high percentage of
chronic HBV patients (25%) develop serious liver
diseases including cirrhosis, liver failure, and
hepatocellular carcinoma’®. Due to a lack of
suitable animal models for human chronic HBV
infection, development of effective therapy to
chronic HBV infection has been slow. Efficient

infection by human HBV was documented in

humans and  chimpanzees!'™.  The ethical
constraints and high costs associated with using
chimpanzees for HBV research severely restrict
their use. Recent studies found that the Asian tree
shrew, Tupaia belangeri can be a feasible animal
model for infection of hepatitis virus. Two reports
have described transient HBV infection of the

¥l Moreover,

Tupaia belangeri in  vivo '™
successful infection of Tupaias with human herpes
simplex virus and hepatitis C virus has been
described™-?", To fully utilize tree shrew as a host
immune response model to infectious diseases, we
cloned the full-length ¢cDNA of tree shrew PD-1
gene, compared the homology of putative protein
sequence with other species and analyzed its
expression in various organs as well as during the

course of stimulation with PMA and ionomycin.,

1 Materials and methods

1.1 Animals

Asian tree shrews (Tupaia belangeri) were
obtained from Experimental Animal Centre,
Kunming Institute of Zoology, The Chinese
Academy of Sciences, Kunming, Yunan Province,
China. Animal experiments were approved by local
bioethics committee,
1.2 Cells and cell culture

Tree shrew PBMCs were isolated from a fresh
blood sample by centrifugation using EZ-Sep™
Mouse 1 X
(Dakewe Biotech co., Ltd., Shenzhen, China)
according to manufacturer’s instructions. Cells

RPMI1640  ( Gibco )

lymphocyte separating medium

were maintained in
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supplemented with 10% heat-inactivated fetal
bovine serum, 2 mmol/L L-glutamine, 100 U/mL
and 100 mg/L
activation, PBMCs were stimulated with 500 pg/L

penicillin streptomycin.  For
ionomycin plus 10 pg/L PMA (all from Sigma).
Cells were collected at different time points after
stimulation and used for further experiments.
1.3 3'RACE

Total RNA was extracted from tree shrew
spleen by using an RNAsimple Total RNA Kit
(Tiangen Biotech Co., Ltd., Beijing, China)
according to manufacturer’s instructions. Single-
strand ¢cDNA was synthesized from 1. 5 pg of RNA
using 3' RACE System for Rapid Amplification of
cDNA Ends (Invitrogen). Degenerate sense primer
(5'- TGAGYCCCAGCAACCAGAC-3") designed
on the basis of conserved sequences of human and
mouse PD-1 (GenBank accession number NM_005018,
NM _ 008798 respectively) and antisense primer
AUAP  ( 5'-GGCCACGCGTCGACTAGTAC-3")
were used for PCR to amplify the 3" end of the
cDNA. Here, we performed Touch-down (TD)
PCR™ on a iCycler Thermal Cycler (BIO-RAD)
using the following specific temperature cycling
profile: 94 °C for 4 min; 15 cycles of 94 °C for 30
s, 68 °C to 54 °C for 30 s (annealing temperature
decreased by 1 C every cycle), 72 °C for 2 min;
followed by 30 cycles of 94 °C for 30 s, 54 C for
30 s, 72 °C for 2 min; and, finally, 72 °C for 10
min. The PCR products from three independent
reactions were purified after agarose electrophoresis by
using TIANgel Midi Purification Kit ( Tiangen
Biotech Co. , Ltd., Beijing, China) and ligated
into the pMD19-T vector (Takara) using the TA-
cloning procedure, and sequenced in both
directions with an ABI 3730 DNA Analyzer
(Sunbiotech Co. ,Ltd. , Beijing, China).
1.4 5'RACE

After obtaining the 3" end sequence of the PD-
1 cDNA, we synthesized gene-specific primers
(GSP) and performed 5" RACE reactions using 5'
RACE System (Invitrogen, Life Technologies,
USA). The first strand ¢cDNA was synthesized

from 1.5 pg of total RNA by a SuperScript™ ||
GSP1  ( 5'-
GGCTCTGG- GGTCTTCTCTCG-3"). The 5" end
of the single strand cDNA was tailed with dCTP by
terminal deoxynucleotidyl transferase (TdT). The
tailed ¢cDNA was then amplified with Abridged
( 5'-GGGCACGCGTCGACTAG
TACGGGIIGGGIIGGGIIG-3") and GSP2 (5'-
GGGTCTTCTCTCGCCACTGG-3").
conditions for PCR were: 94 °C for 4 min; 15
cycles of 94 °C for 30 s, 68 ‘C to 54 C for 30 s

(annealing temperature decreased by 1 °C every

Reverse  Transcriptase  with

Anchor Primer

Reaction

cycle), 72 °C for 1 min; followed by 30 cycles of
94 °C for 30 s, 54 °C for 30 s, 72 C for 1 min;
and, finally, 72 °C for 10 min. A nested 5'RACE-
PCR was performed with nested Abridged
Universal Amplification Primer ( AUAP) and
GSP3 ( 5'-TGCCGCTGTCATTGCGCCG-3"),
1 000-fold diluted 5" RACE-PCR product as a
template and the following conditions;: 94 “C for 4
min; 30 cycles of 94 °C for 30 s, 57 C for 30 s,
72 °C for 1min and a extension step of 72 “C for 10
min. The purified PCR products were ligated into
pMD19-T vector and sequenced.
1.5 Semi-quantitative reverse transcription-

polymerase chain reaction

Single-strand ¢cDNA was synthesized from
total RNA extracted from PBMCs 0, 24, 36, 48,
and 72 h after stimulation. The ¢cDNA obtained
was then amplified by PCR with the sense primer
5'-CACGGAAT TCATGCAGACCACGCAGACCTGG -
3 and
GCCCAAGCTTTGGGGGCTCTGGGGTCTTCT-
3'. The PCR amplification conditions were as
follows: 94 °C for 4 min, 35 cycles of 94 °C for 30
s, 57 °C for 30 s, 72 °C for 1 min, and final

extension at 72 ‘C for 10 min. Housekeeping gene

. . !
antisense primer 5-

Glyceraldehyde-3-phosphate
(GAPDH) was used as an internal standard. The
annealing temperature for the GAPDH was 57 °C

dehydrogenase

using the following primers, 5'-

CCATCACCATCTTCCAGGAGCGAG-3" and 5'-
CAAAGGTGGAGGAGTGGGTGTCG -3'. The
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PCR products were separated on 1% agarose gels
RNA

isolation from organ samples (spleen, liver, kidney

using ethidium bromide for visualization.

and lung) and subsequent PCR amplification were
performed as described above. All reactions were
repeated three times.
1.6 Bioinfomatics analysis

Similarity searches of the sequenced DNA
fragments and deduced amino acid sequence were
done by BLASTN and BLASTP using nr/nt
database of NCBI. The alignment of PD-1 with its
Clustal X,
Phylogenetic tree was constructed using MEGA

homologs was conducted in

version 4. 017,

2 Results

2.1 Isolation and sequence analysis of tree shrew

PD-1 ¢cDNA

Full-length PD-1 ¢DNA was cloned by a
combination of RT-PCR, 3" and 5 RACE-PCR.
Analysis of nucleic acid sequence indicated that tree
shrew PD-1 ¢DNA (GenBank accesion number
EU730948) contained an ORF consisting of 726
nucleotides and encoding 242 amino acid residues
(Fig. 1). Coding sequence starts from ATG at
position 61 and terminates at the stop codon TGA

AGTTCTGCCAGAGCAGCAGAGGAGGGAGGAGCCGGCACGGGAGCGACAGACTCCACTGCC 60
ATGCAGACCACGCAGACCTGGCGACTGCTCTGGCCACCGGTCTGGGCCGCGCTACAGCTG 120
Q@ T T QT WURULULWEPPVWARLRTLOGOQL
GGCTGGAGGCCAGGACGGCTGCTAGACCTGCCGGGCGCACCCCGTGGCCTCCTCACCTIC 180

G W R P G R LLDTLU PG AT PR RTGTLTLTF
TCCCCTGCCCAGCTCACGGTGCCTGAGGGGGAGAACGCCACCTTCGTCTGCAGCTICTCC 240
S P AQ LTV PEGE F V C S F §
AACACCACCGAGCGCTTCGTGCTGAACTGGTACCGCCTGAGCCCCAGCAACCAGACGGAC 300
R F VL NW Y R L S P §
ARGCTGGCCGCCTTCCCCGAGGACCGCAGCCAGCCGGGCCACGATCGCCGCTICCATGIC 360
K L A AF P EDU RGSOQZPGHTDTZ RT RTEFHV
ACGCTGCTGCCAGGCGGGCGCGACTICCTCATGAGCATCGTGGCCGCCCGGCGCAATGAC 420
T L L P G G R DF L M S I V A ATRR
AGCGGCACCTACCTICIGIGGTGCCATICTICCCIGCCCCCCARGATCAACGAGAGCCCCCAC 480
T ¥ L C G A I S L PP KTINTETSTEPH
GCAGAGCICACGGIGACRGAGAGAGICCIGGAGCCACCCACAGAGCACCCTAGCCCCICE 540
A ELTVTTETRTVYTULET P PTTETHT PSTEP S
CCGGAGCCCCAGAGCCAGTCCCARGGCCTGGTAGTGGGCGTCACGAGCACCCTGGTGGGC 600
P E P Q S Q SsS 06 L VVveVvVTSsSTLV G|
ACCCTGCTGCTGCTGGCCTGGGTCCTGGCTGCCTCCTGCCTCAGGGCAGAGCGTGGTCCC 660
T L L L L AWV VULA AABASTCLRAET RGP
CGAGGGCCCAGAGGAGCCAGCAGTCAGGACCCGCCCCCGAAGGAGGACCCCTCTGGCATE 720
R 6 PR GA S S QDU&PUPUPIEKTETDTPSGM
CCTGCGGCCACTGTGGACTATGGAGAGCTGGACTTCCAGTGGCGAGAGAAGACCCCAGAG 780
P AATUVDYGETULTUDTFOQTWH® RTETKTPE
CCCCCATGAGGGTGTGGAGTTAGCCTTCGTCTCAATGCAGCGAGATGGCGTGCAGGCAGT 840
P p A
GCCTATGGGGGCTCCACAGCGGGAGCCTGAGGGTCTCCCCACCACACAGACACCCGGCGA 900
GGAGCARAGACTGACAGCAAGAAGCTTCACGCACGCATACGCAATTGAGACGTGTGTGCA 960
ACTGTGTATGCACATGATGTACATCTGTGTCTACGTGTGTGCACATCTGTGCACAGTATG 1020
TGTGCATGCGCACATGTGCATCCACATGTGTGTGCAGTGTGAGCATACATGTGTGTCCCT 1080
TAAACGATGAAATTTCAAACTGATGTTCAGTTCGAAATCATGCTCARATTTGCTCATAAT 1140

GRGAAAAATAAAAATTAAAGATATGCCTAAAAAAAAAAAAAAAAA

1185

The nucleotides are numbered on the right. The start codon ATG and stop codon TGA are marked with A.

The polyadenylation signal sequence is in italics. The putative IgV domain is underlined, and the boxed amino

acids correspond to the transmembrane region. Potential N-glycosylation sites are shaded.
The GeneBank accesion number of tree shrew PD-1 is EU730948

Fig. 1 Nucleotide and deduced amino acid sequences of tree shrew PD-1
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at position 789 of the nucleotide (nt) sequence.
The nt sequence from 1 144 to 1 185 was a typical
polyadenylation signal sequence, indicating that
the obtained sequence contained the full length of
the 3-UTR of the cDNA. We found four potential
N-linked glycosylation sites using NetNGlyc 1.0
C1G)
predicted with
SMART program. The IgV region starts at nt 184

and ends at nt 498 while the transmembrane region

Server.  Immunoglobulin domain and

transmembrane domain were

starts at nt 565 and ends at nt 633. Application of
SignalP 3.0 Chttp://www. cbs. dtu. dk/ services/
SignalP/) predicted that tsPD-1 has a 16-residue
hydrophobic signal peptide and that the mature
protein contains 226 amino acid residues.
2.2 Amino acid sequence analysis of tree shrew

PD-1

The theoretical pl (isoelectric point) and Mw
(molecular weight) of the mature tsPD-1 protein
were computed by Compute pl/M Chttp://www.
expasy. org/tools/pi_tool. html) with a calculated
pl of 5.6 and an overall Mw of 25 kDa. The
deduced amino acid sequence was compared for the
highest scoring proteins by using the program
BLASTP ( http://www. ncbi. nlm. nih. gov/
BLAST/). The best match was found with Homo
sapiens (NM _ 005018 ), FEquus caballus (XP _
001497914), Macaca nemestrina ( ABR15757 ),
Bos taurus (NP _001076975), Canis familiaris
(XP _ 543338 ), (NP _
001100397) and Mus musculus (NP 032824 ).

Amino acid sequence homology analysis reveals

Rattus norvegicus

only moderate homology between the deduced
amino acid sequence of tree shrew PD-1 and known
(Fig.2 (b)). Multiple

sequence alignment of five homologous PD-1 amino

homologous proteins
acid sequences shows that all of the cysteine
residues are conserved. In addition, three of the
N-linked

(consensus sequence NX (S/T)) are conserved

four potential glycosylation  sites
(Fig. 2(a)). The 68 amino acid residues between
two cysteine residues (Cys57 and Cys120) in PD-1
disulfide-linked

bear resemblance to

immunoglobulin domain of the V-set sequences.
Further analysis of the tree shrew PD-1 sequence
predicts the presence of immunoreceptor tyrosine-
based inhibitory motif ITIM (I/L/VXYXXL/V)
that is also conserved. The conservation in
structure and sequence between tree shrew and
PD-1s

functions and mechanism of action for this protein

other vertebrate suggests  conserved
in vertebrates. In addition, a phylogenetic tree was
constructed by aligning the amino acid sequences of
tree shrew PD-1 with published PD-1 proteins of
other species (Fig. 3). To generate a reliable
phylogeny of PD-1, we have reconstructed the
phylogenetic tree by neighbor-joining method with
Poisson correction model®’, The results show
that the tree shrew PD-1 gene is closest to that in
Bos Taurus and Canis Familiaris.
2.3 Organ distribution and expression analysis of

Tree shrew PD-1 mRNA

To determine the organ distribution of PD-1
expression, total RNAs extracted from various
tree shrew organs were analyzed by RT-PCR. The
PD-1 mRNA was detected at a low level in the
spleen but not in other organs such as liver, lung
or kidney, indicating that PD-1 expression is
lymphoid organ restricted. The amount and quality
of the cDNA were verified by GAPDH expression
in each organ (Fig. 4 (a)). Next, we examined
whether the expression of PD-1 mRNA could be
augmented by activating the PBMCs in vitro. We
extracted total RNAs from freshly isolated or
PMA/ PBMCs and
determined PD-1 mRNA expression by semi-
quantitative RT-PCR (Fig. 4 (b)). The results
show that PD-1 transcript was not detected in
unstimulated PMBCs. Expression was found,
although at a low level, in PBMCs 24 h post-
stimulation, and then decreased to an undetectable

level in PMBCs stimulated more than 24 h.

ionomycin  stimulated

3 Discussion

PD-1 is an immunoreceptor that belongs to the

immunoglobulin (Ig) superfamily and plays critical
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Amino aclds identity of PD-1(%o)

ts
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ts, Tree shrew; s, Homo sapivns; ec, Equus caballies; mn, Macdaed et estring,
bt, Bos tanruys, of, Cands faniliares; v, Rattus worvegicus; mum, Mus mnsculns

(b) Overall amino acid identity between tree shrew PD-1 and its homologs

n other species, some of which are also included n (a)

Identical amino acids are marked by an asterisk and similar amino acids are marked with dots and semicolons.

Dashes indicate gaps introduced for better alignment. The three conserved cysteine residues are marked by vertical box.

The potential N-glycosylation sites are underlined. The immunoreceptor tyrosine-based inhibitory motif ITIM (I/L/VXYXXL/V)

on the cytoplasmic domains of PD-1 is indicated by horizontal box

Fig. 2 Comparison of the amino acid sequences of PD-1 from tree shrew to other vertebrates

roles in immune regulations!'"”’. To fully utilize tree shrew PD-1 molecule had common
tree shrew as an animal model of human infectious characteristic tyrosine residues in its cytoplasmic
diseases, we have cloned tree shrew PD-1 and region forming the immunoreceptor tyrosine-based

analyzed its expression in tree shrew organs. The inhibitory motif (ITIM), I/L/VXYXXL/V. This
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63 bos taurus (NP 001076975)
72 canis familiaris (XP 543338)
71 treeshrew (EU730948)

equus caballus (XP 001497914)

homo sapiens (NM 005018)
100 macaca nemestrina (ABR15757)

—— rattus norvegicus (NP 001100397)
100—— mus musculus (NP 032824)

The tree was generated using the neighbour-joining
Poisson-corrected distance matrix method(condensed tree.
cut-off value is 50%). The numbers at relevant branches refer
to bootstrap values of 1 000 replications
Fig. 3 Phylogenetic tree of evolutionary relationship

between tree shrew PD-1 and its homologous proteins

spleen  liver  kidney lung WNTC

PD-1 749 bp

GAPDH 668 bp

5 pg todal RNA prepared (rom spleen, liver, kidney or lung of
tree shrew were subjected to PCR amplification of TT-1.
NTC represents no template control. GAPDI was used as a
control for cDNA template
{a) Tissue distribution ol tree shrew PD-1 mRNA

1 2 3 4 5

PD-1 749 bp

GAPDIIL 668 bp

Freshly isolated tree shrew PBMCs (1:x10%) were cultured
for 72 h in the abscnee (lanc 1) or presence (lanes 2-3) of
stimudators (500 b/L womomyem and 10 pg/L. PMA).
Samples were collected at 24 h (lane 23, 48 h (lane 3) or 72
h (lanc 4) after the stimulation. Lanc 5 refers to negative
control lacking lemplate cDNA. The reaction producls were
analyzed by 1% agarose gel electrophoresis and visualized
with cthidium bromide staining

(b} Expression of PD-1 mRNA in PBMCs with or
without PMA and ionomycin

Fig. 4 RT-PCR analysis of tree shrew PD-1 mRNA

expression in tree shrew PBMCs and organs

motif is conserved in all species in which the PD-1
sequence has been examined, further confirming a
role for this motif in PD-1 signaling and function.
Three cysteines in PD-1 were conserved among the
mammalian counterpart molecules and two of
which were found in the IgV-set region. The tsPD-
1 protein had four potential N-linked glycosylation
sites identified in the extracellular domains, three
of which were found to be completely conserved in
primate and rodent

the human, counterpart

molecules.

In summary, we have successfully cloned the
tree shrew PD-1 ¢DNA and showed that the
putative protein is a relatively conserved protein in
vertebrates. Our studies also indicated that PD-1
mRNA was not detectable in resting lymphocytes.
However, after stimulation of lymphocytes with
mitogens such as PMA and inomycin, mRNA
expression of tree shrew PD-1 in the activated
lymphocytes could be readily detected by RT-PCR.
The full length cDNA of tree shrew PD-1 reported
herein will allow the synthesis of tree shrew PD-1

recombinant  protein to  raise  monoclonal

antibodies, which will facilitate future studies on

immune responses in tree shrews,
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