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Pig to human xenotransplantation is considered to be a possible approach to alleviate the
shortage of human allografts. Porcine endogenous retrovirus (PERV) is the most
significant pathogen in xenotransplantation. We screened for pigs that consistently did
not transmit human-tropic replication competent PERVs (HTRC PERVs), namely, non-
transmitting pigs. Then, we conducted whole-genome resequencing and full-length
transcriptome sequencing to further investigate the sequence characteristics of one
non-transmitting pig. Using in vitro transmission assays, we found 5 (out of 105) pigs of
the Chinese Wuzhishan minipig inbred line that did not transmit PERV to human cells, i.e.,
non-transmitting pigs. Whole-genome resequencing and full-length transcriptome
sequencing of one non-transmitting pig showed that all of the pol genes were defective
at both the genome and transcript levels. We speculate that the defective PERV pol genes
in this pig might be attributable to the long-term inbreeding process. This discovery is
promising for the development of a strain of highly homozygous and genetically stable pigs
with defective PERV pol genes as a source animal species for xenotransplantation.

Keywords: porcine endogenous retrovirus, Chinese miniature pig, defective gene, inbreeding, whole-genome
resequencing, full-length transcriptome sequencing

INTRODUCTION

Pigs are considered to be the most suitable donor animals for xenotransplantation because of their
anatomical and physiological similarities to humans, large litter size, short gestation period and
genetic malleability (1). However, the risk of transmission of porcine microorganisms to human
xenotransplant recipients is a great concern. Many exogenous microorganisms can be eliminated from
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donor herds by using various barrier methods and specific
pathogen-free (SPF) breeding. However, porcine endogenous
retroviruses (PERVs) cannot be eliminated in this way since they
are integrated into the genomes of all pigs (2). PERVs can infect
human cells in vitro under certain experimental conditions (3).
Transspecies transmission has been shown for many retroviruses,
including human immunodeficiency virus type 1 and 2 (HIV-1/2),
human T-cell lymphotropic virus type 1 and 2 (HTLV-1/2), Koala
retrovirus (KoRV) and Gibbon ape leukemia virus (GALV), and
these viruses can cause more serious disease in newly infected hosts
than in their natural hosts (4-8). Therefore, although transmission
of PERVs has not been observed when animals (including
nonhuman primates) were inoculated with PERV preparations,
during preclinical xenotransplantation or in clinical transplantation
to humans (9, 10), PERVs share the pathogenic potential and
features common to other retroviruses and thus remain a major
potential zoonotic risk in xenotransplantation.

PERVs are present in multiple copies (3 to 140 copies) in the pig
genome (11). Three subtypes of PERVs were identified. PERV-A
and PERV-B are present in the genome of all pigs and infect human
cells as well, and PERV-C infects only pig cells and is not present in
all pigs (12). In addition, recombinants of human-tropic PERV-A
and ecotropic PERV-C have been detected, and one of the
recombinant PERV-A/C viruses was found to be 500-fold more
infectious than the prototype PERV-A (13). PERVs contain three
open reading frames (ORFs), encoding gag, pol and env, that are
located between two long terminal repeats (LTRs). The pol gene,
encoding the reverse transcriptase, is highly conserved and is
essential for PERVs’ function.

In recent years, various strategies have been proposed to
reduce the risk of PERV transmission to human recipients (14),
including the selection of pig strains with low expression of
PERV-A and PERV-B, the selection of pigs lacking PERV-C in
the genome (in order to prevent recombination between PERV-
A and PERV-C), the induction of neutralizing antibodies (15-
17), the generation of transgenic pigs expressing PERV-specific
small interfering (si)RNA (18-21) and gene editing using either a
zinc finger nuclease (22) or clustered regularly interspaced short
palindromic repeats (CRISPR)/CRISPR-associated protein 9
(Cas9) technology (23, 24) to inactivate all provirus copies in
the genome. Among these, CRISPR-Cas9 technology has been
the most promising approach to address the PERV problem. In
2015, Yang et al. (23), using CRISPR-Cas9 technology, succeeded
in inactivating 62 PERV sequences in an immortalized pig cell
line. In 2017, the same group reported the successful generation
of PERV-inactivated pigs by somatic cell nuclear transfer
(SCNT) from primary pig fetal fibroblast cells in which PERVs
have been inactivated genome-wide using the CRISPR-Cas9
system (24). This approach may minimize the risk of PERV
transmission after xenotransplantation and could provide donor
animals suitable for xenotransplantation.

In this study, we reported the screening and identification of
the first non-CRISPR/Cas9-treated Chinese miniature pig with
defective PERV pol genes. We screened for pigs that consistently
did not transmit human-tropic replication competent PERVs
(HTRC PERVs), namely, non-transmitting pigs. Then, we

conducted whole-genome resequencing and full-length
transcriptome sequencing to further investigate the sequence
characteristics of one non-transmitting pig. The results indicated
that all the PERV pol genes in this pig’s genome, as well as all the
PERV pol transcripts, were defective.

MATERIAL AND METHODS

Animals

The pigs studied in this study were from a highly inbred strain of
Chinese Wuzhishan minipigs (WZSPs), which was developed by
the Institute of Animal Science of the Chinese Academy of
Agriculture Science (CAAS) based on the inbreeding of one male
and one female WZSP by full-sib mating over more than 24
generations. A total of 105 WZSPs were screened. Animal
experiments were performed after receiving approval from the
Beijing Experimental Animal Administration Committee
(Beijing-SCXK-2015-0006) and according to the animal
ethics guidelines.

Cell Lines

The cell lines used in these studies were obtained from the American
Type Culture Collection (ATCC): human embryonic kidney cell
line (HEK-293 cells, ATCC CRL-1573), porcine kidney cell line
(PK-15 cells, ATCC CCL-33). Cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM, Gibco, Carlsbad, USA)
supplemented with 5% fetal bovine serum (Zhejiang Tianhang
Biological Technology Co., Ltd., Hangzhou, China). Cells were
maintained by subpassaging 1 or 2 times/week as needed.

PBMC Isolation and Activation

Blood (6 ml) was collected in ethylenediamine tetra-acetic acid
tubes from each WZSP maintained by Grand Life Science and
Technology Ltd., Beijing, China. Peripheral blood mononuclear
cells (PBMCs) were isolated by centrifugation in lymphocyte
separation medium (Tianjin HAO YANG Biological
Manufacture Co., Ltd., Tianjin, China). After three washes in
phosphate-buffered saline (PBS), half of the PBMCs were
cryopreserved in RPMI 1640 culture medium (Gibco, Carlsbad,
CA, USA) supplemented with 40% fetal bovine serum and 10%
dimethyl sulfoxide. The rest of the PBMCs were mitogenically
stimulated in the following medium: RPMI 1640 culture medium
supplemented with 10% fetal bovine serum, 2.5 ug of
phytohemagglutinin (PHA) per ml, 100 U/ml penicillin and
100 mg/ml streptomycin (Gibco, Carlsbad, CA, USA).

In Vitro Coculture Assay

Briefly, HEK293 cells were plated in standard medium in a six-
well plate at a density of 3x10° cells per well. On the following
day, approximately 6x10° PHA-stimulated PBMCs isolated from
the blood of WZSPs were plated onto HEK293 cells. The PBMCs
were kept in contact with HEK293 cells for 4 days. After that, the
culture medium and PBMCs were removed and replaced with
fresh medium, and the total RNA of HEK293 cells was harvested
and amplified via RT-PCR to detect PERV elements in the
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human cells. Then, the HEK293 cells cocultured with PBMCs
derived from non-transmitting WZSPs were subcultured for a
longer time, and HEK293 cells cocultured with PBMCs derived
from a transmitting WZSP were cultured as a positive control.
During this period, as HEK293 cells reached confluence, culture
medium was collected for reverse transcriptase (RT) assays, and
10° cells were collected for genomic DNA and RNA isolation and
subsequent PCR and RT-PCR test.

PCR and RT-PCR

Genomic DNA and total RNA were extracted from HEK293 cells
with TRI Reagent (Sigma-Aldrich, Merck KGaA, Darmstadt,
Germany) according to the manufacturers’ instructions. Genomic
DNA was used as a template for detecting pig GGTA1 to control for
potential porcine genome contamination of HEK293 cells after
coculture. Three microliters of DNA was added to a reaction
mixture (in a final volume of 25 pl) containing 12.5 ul Premix
Taq (Takara Biomedical Technology (Beijing) Co., Ltd., Dalian,
China) and 1 pmol of each GGTAI primer. Amplification was
performed on a Veriti 96-well Thermal Cycler (Applied Biosystems,
California, USA) under the following conditions: 1 cycle of 94°C for
5 min; 35 cycles of 94°C for 30 s, 56°C for 50 s,and 72°C for 45 s; and
a final elongation step at 72°C for 5 min. RNA was converted to
c¢DNA with M-MuLV reverse transcriptase (New England Biolabs,
Ipswich, MA, USA) according to the manufacturer’s protocols.
Genomic DNA and cDNA of HEK293 cells were then tested by PCR
to detect PERV elements (gag, pol and env) in the human cells using
three primer pairs as described previously (25). The cDNA of PK15
cells was used as a positive control. All the amplified products were
evaluated by 1.5% agarose gel electrophoresis with ethidium
bromide staining.

Reverse Transcriptase Activity Assay

RT activity in the culture supernatants was assayed by using an
HS-Mn RT Activity Kit (Cavidi AB, Uppsala, Sweden) according
to the manufacturer’s protocol.

Whole-Genome Resequencing and
Sequence Analyses

Genomic DNA was extracted from PBMCs of WZSP452 using a
Wizard® genomic DNA purification kit (Promega (Beijing) Biotech
Co., Ltd., Beijing, China) and then submitted to iGeneTech
Bioscience Co., Ltd. (Beijing, China) for whole-genome
resequencing on an Illumina HiSeq 4000 system (Illumina Inc.,
San Diego, CA, USA). Library preparation and sequencing as well as
sequence data processing were conducted as previously described
(26). After quality filtering, the remaining reads were mapped to the
genomic data from the Sus scrofa breed Wuzhishan isolate L1-53
(GenBank accession number: AJKK01000000.1) using Burrows-
Wheeler Alignment (BWA) (27). Then, the sequence of full-length
proviral DNA of PERV-WZSP (GenBank accession number:
EF133960.1), which had been previously derived from WZSP and
sequenced by our group (28), was used as the reference sequence of
PERV for the following sequence analysis. The pig genomes of
WZSP452, Wuzhishan isolate L1-53 (GenBank accession number:
AJKK01000000.1) and Duroc isolate T] Tabasco (GenBank
accession number: AEMK00000000.2) were screened with the pol

gene of the PERV reference sequence by using SAMtools-0.1.19
(29). Then, the complete genome of the PERV-WZSP sequence was
mapped onto the WZSP452 genomes with BLAST to detect full-
length PERV insertions. The characteristics of PERV protein genes
integrated into the WZSP452 genome were analyzed using the
DNA Star software package (30).

Validation of Assembly po/ Sequences in
Scaffold640 and Scaffold5028 of WZSP452
The pol sequence in Scaffold640 contains 426 gaps (indicated by N).
We designed the primers Scaffold640-polF (5’-
AAGGGAAACAAAGGACTGAAGG-3’) and Scaffold640-polR
(5-GAGTTCAGGCTGTCTCCTATGC-3’) to close the gaps in
Scaffold640 based on their flanking regions, and the fragment
length amplified by this pair of primers is 3400 bp. Genomic
DNA (6 pl) extracted from PBMCs of WZSP452 was added to a
reaction mixture (in a final volume of 50 pl) containing 25 ul Q5®
Hot Start High-Fidelity 2x Master Mix (New England Biolabs,
Ipswich, MA, USA) and 5 pmol of each Scaffold640-pol primer.
Amplification was performed on a Veriti 96-well Thermal Cycler
(Applied Biosystems, California, USA) under the following
conditions: 1 cycle of 94°C for 30 s; 35 cycles of 94°C for 10 s,
57°C for 30 s, and 65°C for 100 s; and a final elongation step at 65°C
for 10 min. After treatment with Premix Ex Taq (Takara
Biomedical Technology (Beijing) Co., Ltd., Dalian, China), the
resultant deoxyadenosine triphosphate (dA)-tailed PCR products
were characterized by 1% agarose gel electrophoresis and extracted
using a TIANgel Midi Purification Kit (TTANGEN Biotech
(Beijing) Co., Ltd., Beijing, China). Purified products were ligated
into the pMD18-T vector (Takara Biomedical Technology (Beijing)
Co., Ltd., Dalian, China) according to the manufacturer’s
instructions and transformed into E. coli DH50. competent cells
(Takara Biomedical Technology (Beijing) Co., Ltd., Dalian, China).
Plasmids were purified using the PureYield'" Plasmid Miniprep
System (Promega (Beijing) Biotech Co., Ltd., Beijing, China). The
insert size was confirmed by restriction digestion and analysis (Sall
and Xbal) (New England Biolabs, Ipswich, MA, USA). The
plasmids containing inserts of the correct size were submitted to
Beijing Biomed company (Beijing, China) for Sanger sequencing.
Then, the sequences were aligned with the sequence of Scaffold640
using the DNA Star software package (30).

With regard to Scaffold5028, based on flanking regions of the
premature termination codon of the PERV-pol gene, PCR primers
Scaffold5028-polF (5-ACTTGGGAGTGGGACGGGTAAC-3)
and Scaffold5028-polR (5-AATCCATCCCTGCGGTTTCTAC-
3’) were designed to amplify a 276 bp product. Genomic DNA (2
ul) extracted from PBMCs of WZSP452 was added to a reaction
mixture (in a final volume of 50 pul) containing 25 pl Q5® Hot Start
High-Fidelity 2x Master Mix (New England Biolabs, Ipswich, MA,
USA) and 2 pmol of each Scaffold5028-pol primer. Amplification
was performed on a Veriti 96-well Thermal Cycler (Applied
Biosystems, California, USA) under the following conditions: 1
cycle of 98°C for 30 s; 35 cycles of 98°C for 10 s, 64°C for 30 s, and
72°C for 100 s; and a final elongation step at 72°C for 2 min. The
resultant PCR products were submitted to Allwegene Tech.
(Beijing, China) for high-throughput next-generation sequencing
on the Illumina MiSeq platform (PE300).
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Full-Length Transcriptome Sequencing
Transcriptome sequencing was performed by using single-molecule
real-time (SMRT) sequencing, developed by Pacific Biosciences
(PacBio). Briefly, total RNA was extracted from PBMCs derived
from WZSP452 using TRI Reagent (Sigma-Aldrich, Merck KGaA,
Darmstadt, Germany) according to the manufacturers’ protocol.
Then, according to the Isoform Sequencing protocol (Iso-Seq), Iso-
Seq libraries were prepared using the SMARTer PCR ¢cDNA
Synthesis Kit (Clontech, Mountain View, CA, USA) and the
BluePippin""" Size Selection System (Sage Science, Beverly, MA,
USA) as described by Pacific Biosciences (Part Number 100-092-
800-03). Sequencing was carried out on the Pacific Bioscience RS II
platform (Pacific Biosciences, Menlo Park, CA, USA).

The raw data obtained by sequencing were processed using
SMRTlink 5.0 software. Circular consensus sequences (CCSs)
were generated from subread BAM files and then classified as
full-length or non-full-length reads using ‘pbclassify.py’. Reads
without poly(A) tail signals and short reads (minimum sequence
length = 200) were discarded. The full-length reads were then fed
into the isoform-level clustering, namely, iterative clustering for
error correction (ICE), followed by polishing using the Arrow
function. Additional nucleotide errors in consensus reads were
corrected using the Illumina RNA-seq data with the software
LoRDEC (31). The consensus reads were aligned with GMAP
(32) to the pig genome sequence and to the genome of the PERV-
WZSP isolate (GenBank accession number: EF133960.1).

RESULTS

In Vitro Transmission Assays for
Screening WZSPs With Non-Transmitting
PERV

We conducted in vitro transmission assays to screen for WZSPs
that did not transmit PERVs from pig to human cells. After
coculture with PHA-stimulated PBMCs derived from each

A
L 1 23 4 5 6 7 8 910
PERV-pol
150b
L 1 23 4 5 6 7 8 910
PERV-gag
361bp:
L 1 23 4 56 7 8 910
PERV-env
265bp—>

WZSP for 4 days, total RNA was extracted from the HEK293
cells and amplified via RT-PCR to detect the expression of PERV
gag, pol, and env genes in the human cells. Overall, we screened
105 WZSPs, and 17 WZSPs tested negative in the assay.

Subsequently, the HEK293 cells cocultured with PBMCs
derived from 8 out of 17 abovementioned WZSPs were
maintained for a longer time, as were those derived from the
positive control WZSP153 (a pig with transmitting PERV).
During this period, genomic DNA as well as total RNA of the
HEK293 cells were collected at each cell passage, followed by
PCR and RT-PCR analysis for PERV detection. PERV infection
of HEK293 cells was also determined by the measurement of
reverse transcriptase (RT) activity in the HEK293 cell culture
supernatant. Finally, 5 out of 8 WZSPs were confirmed to be
negative for all these assays (Figure 1 and Table 1). These 5
WZSPs could be considered to have non-transmitting PERV,
that is, there was no in vitro transmission of PERV from pig to
human cells.

Whole-Genome Resequencing of WZSPs
With Non-Transmitting PERV

We conducted whole-genome resequencing on one of these non-
transmitting pigs (i.e., WZSP452) to further investigate the
sequence characteristics. We compared the quality control gene
fragment with the reference genome (Wuzhishan Inbred Pig
GenBank: AJKK01000000.1). The average depth was 13.55x,
and these mapped reads covered 95.03% of the swine reference
assembly. The genomes of WZSP452, Wuzhishan isolate L1-53
(GenBank No.: AJKK01000000.1) and Duroc isolate T] Tabasco
(GenBank No.: AEMK00000000.2) were searched for the pol gene
of PERV-WZSP. In total, 95 pol gene fragments were detected in
WZSP452, with 1 fragment longer than 3000 bp, 4 fragments
between 1000 and 3000 bp, and the remaining fragments all
shorter than 1000 bp. None of these pol gene fragments were
intact. We also found a similar scenario in Wuzhishan isolate L1-
53. In Duroc isolate T] Tabasco, 49 pol gene fragments were
detected, with 18 fragments longer than 3000 bp, 9 fragments

B
L 1 23 4 56 7 8 910
PERV-pol
150bp
L I 23 4 56 7 8 910
PERV-ga,
gg361bp
L 1 23 4 5 6 7 8 910
PERV-env
265bp

FIGURE 1 | PCR (A) and RT-PCR (B) analysis of PERV elements. Agarose gel electrophoresis was performed with PERV-pol, PERV-gag, and PERV-env PCR and
RT-PCR products obtained from DNA (A) and RNA (B) prepared from HEK293 cells cocultured with the PBMC derived from the following WZSPs: lane 2, WZSP153
(a transmitting WZSP, as a positive control); lane 3-9, WZSP169, WZSP456, WZSP444, WZSP129, WZSP1213, WZSP505, WZSP452. Lane 1, positive control
(PK15 cells); lane 10, no template control (NTC). The sizes of the products obtained are indicated to the left.
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TABLE 1 | Reverse transcriptase (RT) activity in the supernatant of HEK293 cell cocultured with PBMC derived from WZSPs.

Pig No. RT activity (WU/ml) in the supernatant of HEK293 cells on following days passaged

Days post coculture with PBMC derived from WZSPs

10 14 16 18 19 21 24

169
456
444
129
1213
505
452
1209
153

421.18

445.81

27

658.65

28 33 35 40 42 46 47 49 51 54 61

1450.74

647.78

475.96

Shown are data of RT activity in the supernatant of HEK293 cell cocultured with PBMC derived from WZSPs for approximately 24-61 days. Blank fields indicate that the RT activity was not
tested on that day. “-” indicates that the RT activity was negative. 153 is a transmitting WZSP, which is used as the positive control.

between 1000 and 3000 bp and 22 fragments shorter than 1000 bp.
Among them, 8 pol gene fragments were intact (Table 2).

We next searched the genome of WZSP452 for the nucleotide
sequences of PERV-WZSP-encoding proteins (gag, pol, env) with
the following parameters: e-value cutoff le-10, 280% sequence
identity, and 280% length coverage. A total of 8 PERV-derived
protein-coding genes were identified, including 1 gag gene, 2 pol
genes and 5 env genes. Only 1 copy of the complete sequence of
PERV, integrated into Scaffold5028, was detected in the genome
of WZSP452 (Table 3), consistent with the results when screened
with the complete genome of PERV reference sequence. The 2
assembly pol sequences were further validated by PCR and
subsequent sequencing analysis. A sequence gap of 690 bp
within the pol gene region of Scaffold640 was filled with Sanger
sequence data generated with primers that flanked the gap. The
complete pol gene of Scaffold640 was 3437 bp in length.
Compared with the pol sequence of the PERV-WZSP genome,
a 2-bp (CC) insertion after nt 3026 of Scaffold640-pol resulted in
a frameshift mutation and premature termination at peptide
position 1038. The pol gene of Scaffold5028 was 3360 bp in

TABLE 2 | Copy number of PERV-pol gene in pig genomes.

length and carried a 235A>T mutation, confirmed by next-
generation sequencing, that led to a premature stop codon and
resulted in a protein sequence truncated to 78 amino acids
compared to the normal protein with 1144 amino
acids (Figure 2).

These results indicated that all of the pol genes in the
WZSP452 pig genome were defective. Furthermore, the gag
and env genes of Scaffold5028 were defective as well, with
lengths of 1574 and 1964 bp and premature termination at
peptide positions 11 and 137, respectively.

Full-Length Transcriptome Analysis of
WZSPs With Non-Transmitting PERV
WZSP452 pig transcriptomes were further sequenced using the
PacBio platform to analyze the expression profile of PERV-pol.
PacBio sequencing yielded a total of 29,8126 polished consensus
reads. The mean length of all resulting transcripts was 2751 bp,
ranging from 192 to 17,500 bp.

These transcripts were aligned to the genome of the PERV-
WZSP isolate by BLAT search and screened against PERV

Host Copy number of PERV-pol gene fragments
Total Fragments >3000 bp in  Fragments between 1000 and 3000 bp  Fragments <1000 bp in Defective Intact
copies length in length length genes genes
Duroc isolate TJ 49 18 9 22 41 8
Tabasco
Wuzhishan isolate 95 1 4 90 95 0
L1-53
WZSP452 95 1 4 90 95 0
TABLE 3 | Location of PERV genome integrated into the WZSP452 genome.
WZSP452Scaffolds Strand Length Start End Viral protein genes included
Scaffold12 - 2776 321642 318867 env
Scaffold42 - 2153 299876 297724 env
Scaffold226 + 3431 443655 447103 env
Scaffold640 + 6955 1381011 1387965 pol, env
Scaffold5028 + 8875 23882 32756 gag, pol, env
Frontiers in Immunology | www.frontiersin.org 5 January 2022 | Volume 12 | Article 797608


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Ma et al.

First WZSP With Defective PERV-pol

PERV-WZSP-pol.pro
452-Scaffold640-pol.pro
452-Scaffold5028-pol.pro

PERV-WZSP-pol.pro
452-Scaffoldé40-pol.pro
452-Scaffold5028-pol.pro

PERV-WZSP-pol.pro
452-Scaffoldé640-pol.pro
452-Scaffold5028-pol.pro

PERV-WZSP-pol.pro
452-Scaffold640-pol.pro
452-Scaffold5028-pol.pro

PERV-WZSP-pol.pro
452-Scaffoldé40-pol.pro
452-Scaffold5028-pol.pro

PERV-WZSP-pol.pro
452-Scaffold640-pol.pro
452-Scaffold5028-pol.pro

PERV-WZSP-pol.pro
452-Scaffoldé640-pol.pro
452-Scaffold5028-pol.pro

PERV-WZSP-pol.pro
452-Scaffold640-pol.pro
452-Scaffold5028-pol.pro

PERV-WZSP-pol.pro
452-Scaffoldé40-pol.pro
452-Scaffold5028-pol.pro

PERV-WZSP-pol.pro
452-Scaffoldé640-pol.pro
452-Scaffold5028-pol.pro

MDATGQRQYPWITRRTVDLGVGRVTHSFLVIPECPVPLLGRDLLTXMGAQISFEQGRPEVSANNXPITVLT PQLDDEYRLYSPQVKPDQDIQSWLEQFPQAWAETAGHMGLAXQVPPQVIQ
MGATGQQQRYPWITRRTVDLGVGWDGHSFLVIPECPAPLLGRDLLTXMGAQISFEQGXPEVSANNXPITVLTLQLDDEYRLYSPLVKPDONIQFWLEQFPQAWAETAGHMGLAXQVPPQVIQ
MGATGRRQYPWITQRTVDLGVGRVIHSFLVIPECPAPLLGRDLLTXMGAQISFEQGXKPEVSANNXKPITVLTLQLDDEY . LYSPLVKPDONIQFWLEQFPQVWVETAGMDLAXQVPPQVIQ

LXASATPVSVRQYPLSREAREGIWPEVQRLIQQGILVPVQSPWNT PLLPVRXPGINDYRPVQDLREVNXRVQDIHPTVPNPYNLLSALPPERNWYTVLDLXDAFFCLRLEPTSQPLFAFE
LXASATPVSVRQYPLSXKEAREGIRPEVQRLIQQOGILVPVQSPWNT PLLPVRXKPGINDYRPVQDLREVNXKQVODIHPTVLNPYNLLCALPPQRSWYTVLDLXDAFFCLRLEPTSQPLFAFE
LXASATPVSVRQYPLSKETREGIQPHVQRLIQQOGILVPVQSPWNT PLLPVRXKPGINDYRPVQDLREVNXKRVODIHPTVPNPYNLLCALPPQRSWYTVLDLXDAFFCLRLHPTSQPLFAFD

WRDPGTIGRIGQLTWIRLPQGFXNSPTIFDEALHRDLANFRIQHPQVILLQYVDDLLLAGATKQDCSEGTXKALLLELSDLGYRASAKKAQICRREVIYLGYSLRDGQRWLTEARKKIVVQI
WRDPGAGRTGQLTWIRLPQGFXNSPTIFDEALHRDLANFRIQHPQVILLQYVDDLLLAGATXQDCLEGTXKALLLELSDLGYRASAKXKAQICRREVIYLGYSLRGGQRWLTEARKXRIVVQI
WXDPGTIGRIGQLTWIRLPQGFXNSPTIFDEALHRDLANFRIQHPQVILLQYVDDLLLAGATXKQDCLEGTXKALLLELSDLGYRASAXKAQICRREVIYLGYSLRGGQRWLTEARKKIVVQI

PAPTTAXQVREFLGTAGFCRLWIPGFATLAARPLYPLTXEXGEFSWAPERQXAFDAIXXKALLSAPALALPDVIXPFTLYVDERXGVARGVLTQTLGPWRRPVAYLSXXLDPIASGWPVCLK
PAPTTAXQVREFLGTAGFCRLWIPGFATLTAPLYPLTXKEXGEFSWAPERQXAFDAIXXKALLSAPALALPDVIXKPFTLYVDERXGVARGVLTQTLGPWRRPVAYLSXKXLDPVASGWPVCLK
PAPTTAXQVREFLGTAGFCRLWIPGFATLAAPLYPLTKEXGEFSWAPERQKAFDAIKKALLSAPALALPDVIXPFTLYVDERKGVARGVLTQTLGPWRRPVAYLSKKLDPVASGWPVCLK

AIAAVAILVKDADXKLTLGENITIIAPHALENIVRQPPDRWMINARMIQYQSLLLTERITFAPPAALNPATLLPEETDEPVIHDCHQLLIEETGVRXDLIDIPLTGEVLIWFIDGSSYVVE
AIAAVAILVKDADRLILGONITVIAPHALENIVRQPPDRWMINARMIHEYQSLLLTERVIFAPPAALNPATLLPEEADEPVIHRDCHQLLIEETGVRXKDLTDIPLTGEVLIWFIDGSSYVVE
AIAAVAILVKDADXKLTLGONITVIAPHALENIVRQPPDRWMTNARMIHYQSLLLTERVIFAPPAALNPATLLPEETDEPVIHDCHQLLIEETGVRXDLTDIPLTGEVLTWETDGNNYVVE

GXRMAGARVVDGTRTIWASSLPEGTSAQXAELMALTQALRLADGKSINIYTDSRYAFATARVHGAI YKQRGLLTSAGREIXNKEEILSLLEALHLPXRLAITHCPGHQXKAXDPISRGNQM
GXRMAGAAVVDGTRTINASSLPEGTSAQXAELMALTQALRLAEGKSINIYTDSRYAFATARVHGAIYKQRGLLTSAGREIXNKEEILSLLEALHLPXRLAITHCPGHQXSXDLISRGNQM
DXRMAGAVVVDGTRTIWASSLPEGT SAQKAELMALTQALRLAEGKS INIYTDSRYAFATAHVHGAIYXQRGLLT SAGREIXNKEEILSLLEALELPXRLATI IHCPGHQXAXDPISRGNQM

ADRVAXQAAQGVNLLPIIETPXAPEPGRQYTLEDWQE IXKIDQFSETPERTCYTSDGKEILPHXKEGLEYVQQIHRLTHLGTXKELQQLVRTSPYHVLRLPGVADSVVKHCVPCQLVNANPS
ADRVAXQAAQGVNLLPIIETPXKAPEPRRQYTLEDWQE IXKIDQFSETPEGTCYTSDGKXEILPHKEGLEYVQRQIHRLTHLGTXKHLQQLVRTSPYHVLRLPGVADSVVKHCVPCQLVNANPS
ADRVAXQAAQAVNLLPIIETPXKAPEPGRQYTLEDWQEIXKIDQFSETPEGTCYTSYGKEILPHKEGLEYVQQIHRLTHLGTXKELQQLVRTSPYHVLRLPGVADSVVKHCVPCQLVNANPS

RIPPGKRLRGSHPGAHWEVDFIEVKPAKYGNKYLLVEVDTFSGWVEAYPTKKETSTVVAKKILEEIFPRFGIPXVIGSDNGPAFVAQVSQGLAXILGIDWXKLHCAYRPQSSGQVERMNRT
RIPPGKRLRGSHPGAHWEVDFIEVKPAKYGNKYLLVEVDTFSGWVEAYPTKKETSTVVAKKILEEIFPRFGIPXVIGSDNGPAFVAQVSQGLAKTLGIDWKLHCAYRPQSSGQVERMNRT
RIPPGKRLRGSHPGAHWEVDFTEIXPAXYGNXKYLLVEVDTFSGWVEAYPTXKKETSTVVAXKILEEIFPRFGIPXVIGSDNGPAFVAQVSQGLAXILGIDWXLHCAYRPQSSGQVERMNRT

IKETLTXLITETGINDWIALLPFVPFRVRNTPGQFGLTPYELLYGGPPPLAEIALAHSADVLLSQPLFSRLXKALEWVRQRAWKQLREAYSGGDLQVPHRFQVGDSVYVRRHRAGNLET -~
IXETLTXLITETGINDWIALLPFVLFRVRNTPGQFGLTPYELLYGGPPPRWQKLPLYIVLMCCFPSLCCLGSRC: PTQEETCXFHIASXLEIQSMLDATVQETS
IKETLTXLITETGINDWIALLPFVLFRVRNTPGQFGLTPYE! LLYGGP*AE IAFAHSADG EAYSEGDLQVPHCFQDXDSVYVRHHRAEXLET-—

G.—-——-GSE

RWKGPYLVLLTITPTTVK---VEGIPTWIHASHVKPVPPPDSGWXKAEXKTENPLXLR-LHRVVPYSVNNSSS
RLGGRALISYF.PHQRL.KSKESPPGSMHPTLSRRELPIRGG-XPXRLXKIPLSFASIAWFLTLSITPQV
WWXGPYLVLLTTPTAVK---VEGISTWIHASHVKPAPPPDSG. KAEXTENPLXKLR-LERVVPYSVNNSSS .

120
120
120

240
240
240

360
360
360

480
480
480

600
600
600

720
720
720

840
840
840

960
960
960

1078
1077
1083

1144
1145
1120

FIGURE 2 | Alignment of the deduced amino acid sequences of the PERV pol from Scaffold640 and Scaffold5028 with that of PERV-WZSP isolate (GenBank
accession number: EF133960.1). The filled arrowhead indicates the position of a two base-pair (CC) addition in the sequence of Scaffold640, which results in a
frameshift mutation and premature termination at peptide position 1038 (indicated by the filled triangle). The unfilled triangle indicates an A>T mutation in the
sequence of Scaffold5028, which leads to a premature stop codon and resulted in a protein sequence truncated to 78 amino acids.

protein sequences by BLASTX with identity of 260% and length
of >60 bp set as criteria. Then, the detected transcripts were
aligned with the pol sequence of PERV-WZSP. Consequently, 23
transcripts that harbored the PERV-pol sequence were detected
and named after their length (Figure 3). Of the 23 transcripts
detected, 3 could be mapped to the full-length sequence of the pol
gene. Sequence analysis further indicated that pol6825 revealed
an A>G transversion at the first base of the start codon, leading
to the loss of the start codon ATG (methionine) of the pol gene.
In pol5723, we found a single base deletion at 209 nt causing a
frameshift and a consequent premature stop codon at peptide
position 70. In pol5141, the 23 nt deletion after the 1137 nt
position led to an altered amino acid sequence and introduced a
premature stop codon at peptide position 400.

The remaining 20 transcripts harbored incomplete pol gene
sequences, and they were located as follows: two transcripts
mapped from nts 60 to 3435 on the PERV-pol gene, and one of
them had a deletion from nts 1802 to 3073; two transcripts
mapped from nts 642 to 3434 and from nts 721 to 3435,
respectively, and both of them had a deletion of nts 1802 to
3073; one transcript mapped from nts 1605 to 3435; one
transcript mapped from nts 2336 to 3435; two transcripts
mapped from nts 1 to 3208 with 2 deletions (nt 194-1414 and
nt 1762-2561); eleven transcripts mapped from nts 3074 to 3435;
and one transcript mapped from nts 3094 to 3435 with a deletion
of nts 3156 to 3219.

These results indicated that all pol transcripts in the
WZSP452 pig were unlikely to produce functional POL proteins.

DISCUSSION

To address the potential risk of PERV transmission in pig-to-
human xenotransplantation, scientists have tried multiple
approaches for years. During recent years, the successful
generation of live piglets in which PERV genes were
inactivated using CRISPR-Cas9 technology has attracted
considerable attention. Undoubtedly, the generated PERV-
inactivated pigs could be considered a remarkable
breakthrough, as these pigs could serve as organ donors for
future clinical xenotransplantation. This aside, using
conventional animals (non-CRISPR/Cas9-treated animals) in
well-controlled trials is believed to be feasible and has been
performed in the past (10). Apart from pigs with the absence of
PERV-C and low copy number and low expression of PERV-A
and PERV-B, pigs that do not transmit human-tropic
replication-competent PERVs (HTRC PERVs), namely, “non-
transmitting pigs”, could be an option.

In 2002, Oldmixon BA (33) investigated the PERV
transmission characteristics of a unique inbred herd of
miniature swine, with the result that inbred miniature swine
that consistently do not transmit HTRC PERVSs can be identified,
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FIGURE 3 | Location of the detected 23 transcripts of WZSP425 on the PERV-WZSP pol gene. Arrow-rectangles in red indicated the ORF of PERV-WZSP pol
gene, arrow-rectangles in orange indicated the detected 23 transcripts of WZSP452. Horizontal black lines represented deletions or introns of the gene. The black
arrowhead indicated the position of a single base mutation (A>G), which results in the loss of start codon ATG of pol6825. The “*” symbol marked the positions of
the premature stop codons in the pol gene from the po/5723 and pol5141.

and two of these lines of miniature swine (SLA d/d and SLA g/g)
showed low incidences of transmission. In 2004, Wood JC (34)
identified a group of miniature swine that do not carry PERV
that infects either human or pig cells; these animals are referred
to having a PERV-null transmission phenotype. Mainly using the
coculture infectivity test with human HEK293 or porcine ST-
IOWA target cell lines, Garkavenko O (35) established that
Auckland Islands pigs have an extremely low risk of
transmitting PERV infection and can therefore be qualified as
“null” pigs. Islet cells from these well-characterized Auckland
island pigs were used for two clinical trials that have been
performed to treat diabetes in humans in New Zealand and
Argentina (36, 37). In all cases, a positive medical effect was
observed, and neither PERVs nor other porcine viruses under
investigation were transmitted to the transplant recipients.

In the present study, we screened Chinese WZSP inbred pigs
and found that 5 pigs consistently did not transmit HTRC
PERVs in the in vitro coculture assays recommended by the
U.S. Food and Drug Administration (FDA) (38). We further
demonstrated that WZSP (WZSP452) was characterized by
defective PERV pol genes at both the genomic DNA and
transcriptome levels. To the best of our knowledge, this is the
first report of a non-CRISPR/Cas9-treated Chinese miniature pig

with defective porcine endogenous retrovirus pol genes. The
WZSP inbred line in this study was developed based on the
inbreeding of one male and one female WZSP by full-sib mating
over more than 27 generations (39). These inbred WZSPs are
characterized by a high level of homozygosity and genetic
stability (40, 41). It has been demonstrated that genomic
regions with extremely low rates of heterozygosis (<0.001%)
account for 60% of the WZSP inbred line genome (40),
providing a theoretical basis for massive gene loss during
inbreeding. The defects in the PERV pol genes might be
attributed to mutations, deletions, and insertions of proviral
gene fragments accumulated during the long-term
inbreeding process.

Further identification of more WZSPs with defective PERV
pol genes and inbreeding might lead to the generation of a highly
homozygous and genetically stable pig strain with defective
PERV pol genes. This is a cost-effective strategy compared to
gene editing combined with somatic cell nuclear transfer and, to
some extent, would be safer. This strain could be a promising
source of tissues and organs for xenotransplantation.

However, since the defective sites in different pigs could be
different, we could not completely exclude the possibility that
recombination and complementation of intact ORFs from two
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defective proviral genomes could lead to infectious PERVs.
Similarly, two defective RNAs can theoretically be packaged
into a single viral particle and give rise to infectious virus by
recombination and complementation, though the likelihood of
such an event is considered to be low (42, 43). Therefore, further
identification and monitoring of the PERV transmission
characteristics of this pig strain are necessary.

In summary, the present study screened and identified the
first non-CRISPR/Cas9-treated Chinese miniature pig with
defective PERV pol genes. The development of a strain of
highly homozygous and genetically stable pigs with defective
PERV pol genes as source animal species is promising
for xenotransplantation.

DATA AVAILABILITY STATEMENT

The whole genome sequence data and transcriptome data
generated in this study have been deposited in NCBI Sequence
Read Archive, under the accession number SRR6832872 and
SRR10914223, respectively. The Sanger sequencing data of the
pol sequence in Scaffold640 of WZSP452 have also been
deposited at GenBank under the accession number MH198419.

REFERENCES

1. Cooper DK, Gollackner B, Sachs DH. Will the Pig Solve the Transplantation
Backlog? Annu Rev Med (2002) 53:133-47. doi: 10.1146/annurev.med.
53.082901.103900

2. Tucker A, Belcher C, Moloo B, Bell J, Mazzulli T, Humar A, et al. The
Production of Transgenic Pigs for Potential Use in Clinical
Xenotransplantation: Microbiological Evaluation. Xenotransplantation
(2002) 9(3):191-202. doi: 10.1034/j.1399-3089.2002.01050.x

3. Patience C, Takeuchi Y, Weiss RA. Infection of Human Cells by an
Endogenous Retrovirus of Pigs. Nat Med (1997) 3(3):282-6. doi: 10.1038/
nm0397-282

4. GaoF, Yue L, Robertson DL, Hill SC, Hui H, Biggar R], et al. Genetic Diversity
of Human Immunodeficiency Virus Type 2: Evidence for Distinct Sequence
Subtypes With Differences in Virus Biology. J Virol (1994) 68(11):7433-47.
doi: 10.1128/JV1.68.11.7433-7447.1994

5. Gao F, Bailes E, Robertson DL, Chen Y, Rodenburg CM, Michael SF, et al.
Origin of HIV-1 in the Chimpanzee Pan Troglodytes Troglodytes. Nature
(1999) 397(6718):436-41. doi: 10.1038/17130

6. Koralnik IJ, Boeri E, Saxinger WC, Monico AL, Fullen J, Gessain A, et al.
Phylogenetic Associations of Human and Simian T-Cell Leukemia/
Lymphotropic Virus Type I Strains: Evidence for Interspecies
Transmission. ] Virol (1994) 68(4):2693-707. doi: 10.1128/JV1.68.4.2693-
2707.1994

7. Voevodin A, Samilchuk E, Schitzl H, Boeri E, Franchini G. Interspecies
Transmission of Macaque Simian T-Cell Leukemia/Lymphoma Virus Type 1
in Baboons Resulted in an Outbreak of Malignant Lymphoma. J Virol (1996)
70(3):1633-9. doi: 10.1128/JV1.70.3.1633-1639.1996

8. Denner J. Transspecies Transmission of Gammaretroviruses and the Origin
of the Gibbon Ape Leukaemia Virus (GaLV) and the Koala Retrovirus
(KoRV). Viruses (2016) 8(12):336. doi: 10.3390/v8120336

9. Denner J. Why was PERV Not Transmitted During Preclinical and Clinical
Xenotransplantation Trials and After Inoculation of Animals? Retrovirology
(2018) 15(1):28. doi: 10.1186/s12977-018-0411-8

10. Denner J, Scobie L, Schuurman HJ. Is It Currently Possible to Evaluate the
Risk Posed by PERVs for Clinical Xenotransplantation? Xenotransplantation
(2018) 25(4):e12403. doi: 10.1111/xen.12403

ETHICS STATEMENT

The animal study was reviewed and approved by Beijing
Experimental Animal Administration Committee.

AUTHOR CONTRIBUTIONS

YM, JJ, RF, and YL contributed equally. YM, JJ, RF, and YL
performed most of the experiments and analyzed the data. YM
and JJ wrote the paper. XZ, YZ, JY, and LMa collected samples
and performed the experiments. YW, ML, and HY critically
revised the manuscript. LMo and YD helped with result
interpretation. SF and JZ conceived the project. All authors
reviewed the draft before submission. All authors contributed
to the article and approved the submitted version.

FUNDING

This work was supported by National Natural Science
Foundation of China (32070538, 31502060 and 81874144) and
National Key R&D Program of China (2017YFC1103701
and 2017YFC1103704).

11. Denner J. Advances in Organ Transplant From Pigs. Science (2017) 357
(6357):1238-9. doi: 10.1126/science.aa06334

12. Denner J, Tonjes RR. Infection Barriers to Successful Xenotransplantation
Focusing on Porcine Endogenous Retroviruses. Clin Microbiol Rev (2012) 25
(2):318-43. doi: 10.1128/CMR.05011-11

13. Harrison I, Takeuchi Y, Bartosch B, Stoye JP. Determinants of High Titer in
Recombinant Porcine Endogenous Retroviruses. J Virol (2004) 78(24):13871—
9. doi: 10.1128/JV1.78.24.13871-13879.2004

14. Denner ], Schuurman HJ, Patience C. The International Xenotransplantation
Association Consensus Statement on Conditions for Undertaking
Clinical Trials of Porcine Islet Products in Type 1 Diabetes—Chapter 5:
Strategies to Prevent Transmission of Porcine Endogenous Retroviruses.
Xenotransplantation (2009) 16(4):239-48. doi: 10.1111/j.1399-3089.2009.
00544.x

15. Fiebig U, Stephan O, Kurth R, Denner J. Neutralizing Antibodies Against
Conserved Domains of P15e of Porcine Endogenous Retroviruses: Basis for a
Vaccine for Xenotransplantation? Virology (2003) 307(2):406-13.
doi: 10.1016/s0042-6822(02)00140-x

16. Kaulitz D, Fiebig U, Eschricht M, Wurzbacher C, Kurth R, Denner J.
Generation of Neutralising Antibodies Against Porcine Endogenous
Retroviruses (PERVs). Virology (2011) 411(1):78-86. doi: 10.1016/
j.virol.2010.12.032

17. Waechter A, Denner ]. Novel Neutralising Antibodies Targeting the N-
Terminal Helical Region of the Transmembrane Envelope Protein P15e of
the Porcine Endogenous Retrovirus (PERV). Immunol Res (2014) 58(1):9-19.
doi: 10.1007/s12026-013-8430-y

18. Karlas A, Kurth R, Denner J. Inhibition of Porcine Endogenous Retroviruses
by RNA Interference: Increasing the Safety of Xenotransplantation. Virology
(2004) 325(1):18-23. doi: 10.1016/j.virol.2004.04.022

19. Ramsoondar J, Vaught T, Ball S, Mendicino M, Monahan J, Jobst P, et al.
Production of Transgenic Pigs That Express Porcine Endogenous Retrovirus
Small Interfering RNAs. Xenotransplantation (2009) 16(3):164-80.
doi: 10.1111/j.1399-3089.2009.00525.x

20. Dieckhoff B, Petersen B, Kues WA, Kurth R, Niemann H, Denner J.
Knockdown of Porcine Endogenous Retrovirus (PERV) Expression by
PERV-Specific shRNA in Transgenic Pigs. Xenotransplantation (2008) 15
(1):36-45. doi: 10.1111/j.1399-3089.2008.00442.x

Frontiers in Immunology | www.frontiersin.org

January 2022 | Volume 12 | Article 797608


https://doi.org/10.1146/annurev.med.53.082901.103900
https://doi.org/10.1146/annurev.med.53.082901.103900
https://doi.org/10.1034/j.1399-3089.2002.01050.x
https://doi.org/10.1038/nm0397-282
https://doi.org/10.1038/nm0397-282
https://doi.org/10.1128/JVI.68.11.7433-7447.1994
https://doi.org/10.1038/17130
https://doi.org/10.1128/JVI.68.4.2693-2707.1994
https://doi.org/10.1128/JVI.68.4.2693-2707.1994
https://doi.org/10.1128/JVI.70.3.1633-1639.1996
https://doi.org/10.3390/v8120336
https://doi.org/10.1186/s12977-018-0411-8
https://doi.org/10.1111/xen.12403
https://doi.org/10.1126/science.aao6334
https://doi.org/10.1128/CMR.05011-11
https://doi.org/10.1128/JVI.78.24.13871-13879.2004
https://doi.org/10.1111/j.1399-3089.2009.00544.x
https://doi.org/10.1111/j.1399-3089.2009.00544.x
https://doi.org/10.1016/s0042-6822(02)00140-x
https://doi.org/10.1016/j.virol.2010.12.032
https://doi.org/10.1016/j.virol.2010.12.032
https://doi.org/10.1007/s12026-013-8430-y
https://doi.org/10.1016/j.virol.2004.04.022
https://doi.org/10.1111/j.1399-3089.2009.00525.x
https://doi.org/10.1111/j.1399-3089.2008.00442.x
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Ma et al.

First WZSP With Defective PERV-pol

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Semaan M, Kaulitz D, Petersen B, Niemann H, Denner J. Long-Term
Effects of PERV-Specific RNA Interference in Transgenic Pigs.
Xenotransplantation (2012) 19(2):112-21. doi: 10.1111/j.1399-
3089.2012.00683.x

Semaan M, Ivanusic D, Denner J. Cytotoxic Effects During Knock Out of
Multiple Porcine Endogenous Retrovirus (PERV) Sequences in the Pig
Genome by Zinc Finger Nucleases (ZFN). PloS One (2015) 10(4):¢0122059.
doi: 10.1371/journal.pone.0122059

Yang L, Guell M, Niu D, George H, Lesha E, Grishin D, et al. Genome-Wide
Inactivation of Porcine Endogenous Retroviruses (PERVSs). Science (2015) 350
(6264):1101-4. doi: 10.1126/science.aad1191

Niu D, Wei HJ, Lin L, George H, Wang T, Lee IH, et al. Inactivation of Porcine
Endogenous Retrovirus in Pigs Using CRISPR-Cas9. Science (2017) 357
(6357):1303-7. doi: 10.1126/science.aan4187

Wu J, Ma Y, Lv M, Yang Y, Guo Y, Yu X, et al. Large-Scale Survey
of Porcine Endogenous Retrovirus in Chinese Miniature Pigs.
Comp Immunol Microbiol Infect Dis (2008) 31(4):367-71. doi: 10.1016/
j.cimid.2007.06.004

Keel BN, Nonneman DJ, Rohrer GA. A Survey of Single Nucleotide
Polymorphisms Identified From Whole-Genome Sequencing and Their
Functional Effect in the Porcine Genome. Anim Genet (2017) 48(4):404-11.
doi: 10.1111/age.12557

Li H. Aligning Sequence Reads, Clone Sequences and Assembly Contigs
With BWA-MEM [Online] (2013). Available at: https://arxiv.org/abs/1303.
3997.

Ma Y, Lv M, Xu S, Wu J, Tian K, Zhang J. Identification of Full-Length
Proviral DNA of Porcine Endogenous Retrovirus From Chinese Wuzhishan
Miniature Pigs Inbred. Comp Immunol Microbiol Infect Dis (2010) 33(4):323—
31. doi: 10.1016/j.cimid.2008.10.007

Li H, Handsaker B, Wysoker A, Fennell T, Ruan ], Homer N, et al. The
Sequence Alignment/Map Format and SAMtools. Bioinformatics (2009) 25
(16):2078-9. doi: 10.1093/bioinformatics/btp352

Burland TG. Dnastar’s Lasergene Sequence Analysis Software. Methods Mol
Biol (2000) 132:71-91. doi: 10.1385/1-59259-192-2:71

Salmela L, Rivals E. LoRDEC: Accurate and Efficient Long Read Error
Correction. Bioinformatics (2014) 30(24):3506-14. doi: 10.1093/
bioinformatics/btu538

Wu TD, Watanabe CK. GMAP: A Genomic Mapping and Alignment
Program for mRNA and EST Sequences. Bioinformatics (2005) 21(9):1859-
75. doi: 10.1093/bioinformatics/bti310

Oldmixon BA, Wood JC, Ericsson TA, Wilson CA, White-Scharf ME,
Andersson G, et al. Porcine Endogenous Retrovirus Transmission
Characteristics of an Inbred Herd of Miniature Swine. J Virol (2002) 76
(6):3045-8. doi: 10.1128/jvi.76.6.3045-3048.2002

Wood JC, Quinn G, Suling KM, Oldmixon BA, Van Tine BA, Cina R, et al.
Identification of Exogenous Forms of Human-Tropic Porcine Endogenous
Retrovirus in Miniature Swine. J Virol (2004) 78(5):2494-501. doi: 10.1128/
jvi.78.5.2494-2501.2004

Garkavenko O, Wynyard S, Nathu D, Muzina M, Muzina Z, Scobie L, et al.
Porcine Endogenous Retrovirus Transmission Characteristics From a

Designated Pathogen-Free Herd. Transplant Proc (2008) 40(2):590-3.
doi: 10.1016/j.transproceed.2008.01.051

36. Wynyard S, Nathu D, Garkavenko O, Denner J, Elliott R. Microbiological
Safety of the First Clinical Pig Islet Xenotransplantation Trial in New Zealand.
Xenotransplantation (2014) 21(4):309-23. doi: 10.1111/xen.12102

37. Morozov VA, Wynyard S, Matsumoto S, Abalovich A, Denner J, Elliott R. No
PERV Transmission During a Clinical Trial of Pig Islet Cell Transplantation.
Virus Res (2017) 227:34-40. doi: 10.1016/j.virusres.2016.08.012

38. Food and Drug Administration. Source Animal, Product, Preclinical, and
Clinical Issues Concerning the Use of Xenotransplantation Products in
Humans: Guidance for Industry. Rockville, MD: U. S. Food and Drug
Administration (2016). Available at: https://www.fda.gov/regulatory-
information/search-fda-guidance-documents/source-animal-product-
preclinical-and-clinical-issues-concerning-use-xenotransplantation-products.

39. FengS. Experimental Miniature Pig of China. Beijing: China Agriculture Press
(2011).

40. Fang X, Mou Y, Huang Z, Li Y, Han L, Zhang Y, et al. The Sequence and
Analysis of a Chinese Pig Genome. Gigascience (2012) 1(1):16. doi: 10.1186/
2047-217X-1-16

41. Wang L, Mu Y, Xu L, Li K, Han J, Wu T, et al. Genomic Analysis Reveals
Specific Patterns of Homozygosity and Heterozygosity in Inbred Pigs. Anim
(Basel) (2019) 9(6):314. doi: 10.3390/ani9060314

42. Goff SP. “Retroviridae,”. In: Knipe DM, Howley PM, Cohen JI, Griffin DE,
Lamb RA, Martin MA, Racaniello VR, Roizman B, editors. Fields Virology
(Sixth Edition). Philadelphia, PA: Lippinscott Williams & Wilkins (2013). p.
1424-73.

43. Louz D, Bergmans HE, Loos BP, Hoeben RC. Reappraisal of Biosafety Risks
Posed by PERVs in Xenotransplantation. Rev Med Virol (2008) 18(1):53-65.
doi: 10.1002/rmv.559

Conflict of Interest: Authors SF and JY are employed by Grand Life Science and
Technology, Ltd.

The remaining 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.

Copyright © 2022 Ma, Jia, Fan, Lu, Zhao, Zhong, Yang, Ma, Wang, Lv, Yang, Mou,
Dai, Feng and Zhang. This is an open-access article distributed under the terms of the
Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal is
cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Immunology | www.frontiersin.org

January 2022 | Volume 12 | Article 797608


https://doi.org/10.1111/j.1399-3089.2012.00683.x
https://doi.org/10.1111/j.1399-3089.2012.00683.x
https://doi.org/10.1371/journal.pone.0122059
https://doi.org/10.1126/science.aad1191
https://doi.org/10.1126/science.aan4187
https://doi.org/10.1016/j.cimid.2007.06.004
https://doi.org/10.1016/j.cimid.2007.06.004
https://doi.org/10.1111/age.12557
https://arxiv.org/abs/1303.3997
https://arxiv.org/abs/1303.3997
https://doi.org/10.1016/j.cimid.2008.10.007
https://doi.org/10.1093/bioinformatics/btp352
https://doi.org/10.1385/1-59259-192-2:71
https://doi.org/10.1093/bioinformatics/btu538
https://doi.org/10.1093/bioinformatics/btu538
https://doi.org/10.1093/bioinformatics/bti310
https://doi.org/10.1128/jvi.76.6.3045-3048.2002
https://doi.org/10.1128/jvi.78.5.2494-2501.2004
https://doi.org/10.1128/jvi.78.5.2494-2501.2004
https://doi.org/10.1016/j.transproceed.2008.01.051
https://doi.org/10.1111/xen.12102
https://doi.org/10.1016/j.virusres.2016.08.012
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/source-animal-product-preclinical-and-clinical-issues-concerning-use-xenotransplantation-products
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/source-animal-product-preclinical-and-clinical-issues-concerning-use-xenotransplantation-products
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/source-animal-product-preclinical-and-clinical-issues-concerning-use-xenotransplantation-products
https://doi.org/10.1186/2047-217X-1-16
https://doi.org/10.1186/2047-217X-1-16
https://doi.org/10.3390/ani9060314
https://doi.org/10.1002/rmv.559
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	Screening and Identification of the First Non-CRISPR/Cas9-Treated Chinese Miniature Pig With Defective Porcine Endogenous Retrovirus pol Genes
	Introduction
	Material and Methods
	Animals
	Cell Lines
	PBMC Isolation and Activation
	In Vitro Coculture Assay
	PCR and RT-PCR
	Reverse Transcriptase Activity Assay
	Whole-Genome Resequencing and Sequence Analyses
	Validation of Assembly pol Sequences in Scaffold640 and Scaffold5028 of WZSP452
	Full-Length Transcriptome Sequencing

	Results
	In Vitro Transmission Assays for Screening WZSPs With Non-Transmitting PERV
	Whole-Genome Resequencing of WZSPs With Non-Transmitting PERV
	Full-Length Transcriptome Analysis of WZSPs With Non-Transmitting PERV

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	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


