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Abstract: Minipigs play an important role in biomedical research and have also been used as
donor animals in xenotransplantation. To serve as a donor in xenotransplantation, the animals
must be free of potential zoonotic viruses, bacteria and parasites. Porcine endogenous retroviruses
(PERVs) are integrated in the genome of all pigs and cannot be eliminated as most of the other pig
viruses can. PERV-A and PERV-B infect human cells in cell culture and are integrated in all pigs,
whereas PERV-C infects only pig cells and it is found in many, but not all pigs. Minipigs are known
for a high prevalence of recombinant PERV-A/C viruses able to infect human cells (Denner and
Schuurman, Viruses, 2021;13:1869). Here, Mini-LEWE minipigs are screened for the first time for pig
viruses including PERV. Peripheral blood mononuclear cells (PBMCs) from 10 animals were screened
using PCR-based methods (PCR, RT-PCR, and real-time PCR). In comparison with our previous
screening assays, numerous improvements were introduced, e.g., the usage of gene blocks as a PCR
standard and foreign RNA to control reverse transcription in RT-PCR. Using these improved detection
methods, Mini-LEWE pigs were found to be negative for porcine cytomegalovirus (PCMV), porcine
lymphotropic herpesviruses (PLHV-1, -2 and -3), porcine circoviruses (PCV1, 2, 3 and 4), porcine
parvovirus (PPV) and hepatitis E virus (HEV). All animals carried PERV-A, PERV-B and PERV-C in
their genome. PERV-A/C was not found. In contrast to all other minipig breeds (Göttingen minipigs,
Aachen minipigs, Yucatan micropig, Massachusetts General Hospital miniature pigs), Mini-LEWE
minipigs have less viruses and no PERV-A/C. Parasitological screening showed that none of the
Mini-LEWE minipigs harbored ecto- and gastrointestinal parasites, but at least one animal tested
positive for anti-Toxoplasma gondii antibodies.

Keywords: minipigs; xenotransplantation; pig viruses; porcine endogenous retroviruses

1. Introduction

Pigs (Sus scrofa) have great potential as biomedical models for studying developmental
processes, congenital diseases and pathogen response mechanisms and can be used as
xenotransplant organ donors and tools for vaccine and drug design [1,2]. Minipigs are also
broadly used in several fields of biomedicine, e.g., experimental surgery, pharmacology,
toxicology and basic research (for review see [3–6]). This particular group of miniature
size pigs (called minipigs, micropigs or miniature swine) has moved into focus as a model
animal with many well-documented similarities to humans. Various minipig breeds have
been used for research purposes worldwide, including the Mexican Yucatan minipig or
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the Minnesota minipigs, two of the oldest breeds in laboratory use [3,7], or the Göttingen
miniature pig (GöMP) developed in Europe [8]. An example of use of these breeds is
the research work carried out for xenotransplantation, for which minipigs have been
considered as potentially suitable donors of islet cells in order to alleviate the increasing
shortage of human donors of pancreata [9]. Thus, a preclinical trial was performed using
islet cells transplanted from Göttingen minipigs into non-human primates as a potential
future treatment for diabetic patients [10]. These studies are part of the development of a
new technology, xenotransplantation, using cells, tissues and organs from pigs in order
to alleviate the increasing shortage of human donors [11]. Furthermore, preclinical trials
have been performed to address possible complications that need to be considered for
xenotransplantation and/or transplantation. In a study on lung transplantation, Mini-
LEWE minipigs were used as a model for successful proof of concept that an ex vivo lung
perfusion can act as a bioreactor for the rehabilitation of transplanted lungs [12].

This particular minipig population, named Mini-LEWE due to its original breeding
locations Lehnitz and Wendefeld (LEWE) in the former German Democratic Republic
(GDR), has been suggested as a genetic resource of versatile use as an animal model [13,14].
It was bred as a cross between Vietnamese Pot-bellied sows and a boar, which was derived
from mating a German Saddleback pig with a Deutsches Veredeltes Landschwein [13,14].
Further backcrossing to Vietnamese Pot-bellied pigs and thorough selection finally resulted
in a minipig of white skin, large ears with pronounced veins and the desired low body
weight [15]. The Mini-LEWE pigs showed a similar diversity level when compared with the
better known GöMP [14]. Mini-LEWE pigs represent a closed population, separated from
historically related pig populations. A great genetic distance was found in Mini-LEWE to
the GöMP as well as Leicoma and Large White [14]. Leicoma is a synthetic dam line breed
also bred in the former GDR.

Using minipigs in different fields of biomedicine requires that the animals are healthy
and do not suffer from infections, otherwise the results of the experiments will be falsified
by the interaction of the microorganism with the animal. Transplantation and xenotrans-
plantation studies using minipigs are especially vulnerable concerning microbiological
infections, including virus infections. The reason is that the cells or organs will be trans-
planted into an immunosuppressed recipient. In the above-mentioned transplantation of
islet cells from GöMP into non-human primates, no porcine viruses were transmitted [10].
The pigs used were derived from Ellegaard Göttingen Minipigs A/S, where they are bred
at a very high hygienic standard. They tested negative for about 89 porcine microorgan-
isms. However, some animals were positive for porcine cytomegalovirus (PCMV) [16], and
hepatitis E virus (HEV) [17].

In other preclinical xenotransplantation trials using genetically modified donor pigs
for orthotopic heart transplantation into baboons (Papio anubis), an infection of the donor
pigs with PCMV resulted in a drastic reduction in the survival time of the xenotrans-
plantat [18]. A similar reduction was observed when pig kidneys were transplanted into
baboons or rhesus monkeys (Macaca mulatta) (for review, see [19]).

In addition to the GöMP, the Aachen minipigs were also screened for porcine
viruses [20,21]. HEV RNA was found by real-time reverse transcriptase PCR (real-time
RT-PCR) in most, and DNA of PCMV, PLHV-2, and PLHV-3 was found by PCR in some
animals. The animals were free of eight other microorganisms tested, but some were
seropositive for porcine circovirus 2 (PCV2), porcine reproductive and respiratory syn-
drome virus (PRRSV), and porcine epidemic diarrhea virus (PEDV).

Porcine endogenous retroviruses pose a special risk for xenotransplantation, because
they are integrated into the genome of all pigs and cannot be eliminated as all other viruses
can. PERV-A and PERV-B were found in all pigs, they are able to infect human cells in cell
culture [22]. PERV-C is present in most, but not all pigs, and it infects only pig cells [23].
Recombinations between PERV-A and PERV-C were observed in vivo, in the living pigs,
and these PERV-A/C viruses are able to infect human cells and they are characterized by
high replication rates (for review see [24]). In GöMP from Ellegaard Göttingen Minipigs
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A/S, Denmark [16] and from the University of Göttingen [25] all three PERVs were found
integrated in the genome. Whereas in a small number of Ellegaard GöMPs no PERV-A/C
were found, in three out of 11 animals from the University of Göttingen PERV-A/C was
found. In one case an infectious PERV-A/C isolate able to infect human 293 cells was
released [25]. Interestingly, the prevalence of PERV-A/C is generally high in minipigs
(for review see [26]). There is consensus that only PERV-C-free pigs should be used for
xenotransplantation in order to avoid PERV-A/C recombination [27]. Whether it will be
necessary and possible to use pigs treated with CRISPR/Cas9 to inactivate all PERV copies
in the genome [28,29] is still unclear [30].

Whereas pigs are well characterized concerning their viruses, the analysis of bacteria
and parasites has been less comprehensive. In most cases only viruses [20,25,31], in some
cases also bacteria [16,32], and only in rare cases also parasites were studied [33]. Here,
we perform for the first time a broad virological and parasitological analysis of the Mini-
LEWE pigs.

2. Materials and Methods
2.1. Mini-LEWE: Genetics and Breeding Conditions

All today’s breeding animals are derived from 5 boars and 10 sows born in 2003/2004,
which were the only ones left with the demise of former GDR [14]. They were the last
remnants from a breeding program started in 1965 at Humboldt University in Berlin [34], in
which Vietnamese Pot-bellied sows were initially mated with a white boar (German Saddle-
back X Deutsches Veredeltes Landschwein) and their progeny subsequently backcrossed
using Vietnamese Pot-bellied pigs [13]. This population kept a surprisingly nearly constant
level of genetic diversity in a similar fashion as the more frequently used population of
GöMP [14]. Nevertheless, the Mini-LEWE are genetically distinct to historically related
breeds including GöMP, Leicoma and Large White [14].

The Mini-LEWE population is kept now under conventional farm-like (not specified
pathogen free) conditions at the Farm for Education and Research Ruthe at a remote
location of the University of Veterinary Medicine Hannover. In total, 14 breeding animals
and 47 offspring represent the current Mini-LEWE population. A breeding pro-gram was
performed within this closed population aiming at long generation intervals with low
relationship coefficients to keep the increase in inbreeding as low as possible [35]. The
average inbreeding coefficient was estimated to be 11.7% [35]. All individuals were kept
on untreated (not sterilized) straw and fed with grain mixture (wheat meal, wheat bran)
supplemented with mineral feed. They underwent a standard health monitoring, but
despite current investigations, were not investigated by special screenings for viruses,
bacteria, fungi, or parasites.

2.2. Samples and Mitogen Stimulation of Peripheral Blood Mononuclear Cells

To determine the virological status of the Mini-LEWE minipigs, heparin blood samples
taken from ten minipigs for diagnostic purposes (Table 1) were investigated. For the
isolation of peripheral blood mononuclear cells (PBMCs), the heparin blood was dispensed
on Pancoll human (PAN-Biotech GmbH, Aidenbach, Germany), centrifugated at 900 g for
21 min and the isolated PBMCs were washed twice with phosphate-buffered saline. One
million cells per sample were diluted in 2 mL Roswell Park Memorial Institute medium
(RPMI-1640, PAN-Biotech GmbH, Aidenbach, Germany), seeded in a 12-well plate (Sarstedt
AG & Co. KG, Nümbrecht, Germany) and stimulated with 10 µg/mL phytohemagglutinin-
L (PHA-L) Solution (500 ×) (Invitrogen, Waltham, MA, USA). After five days, the activated
PBMCs were pelleted and stored at −20 ◦C until further processing.
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Table 1. Characterization of the ten Mini-LEWE minipigs that were tested in this study.

Sample ID Gender Animal
Status

Age at the Time of
Sampling

LEWE-1 female breeding animal 10 years
LEWE-2 female breeding animal 6 years
LEWE-3 female breeding animal 5 years
LEWE-4 male breeding animal 6 months
LEWE-5 male offspring 13 months
LEWE-6 male offspring 13 months
LEWE-7 male offspring 6 months
LEWE-8 male offspring 6 months
LEWE-9 male offspring 4 months

LEWE-10 male offspring 4 months

2.3. DNA and RNA Isolation

DNA nucleic acid extraction from activated PBMCs was carried out using the DNeasy
Blood and Tissue kit (Qiagen, Hilden, Germany) for the detection of PCMV, PLHV-1, PLHV-
2, PLHV-3, PCV-1, PCV-2, PCV-3, PCV-4, PPV-1 and to determine the proviral status of
PERV A, B and C. For the detection of HEV, total RNA was extracted from activated PBMCs
using the RNeasy Mini kit (Qiagen, Hilden, Germany) according to the manufacturer’s
instructions in an elution volume of 30 µL. For the quantification of DNA and RNA in all
samples, a NanoDrop Spectrophotometer ND-1000 (peqlab Biotechnologie GmbH, Erlan-
gen, Germany) was used and the samples were stored at −20 ◦C until further processing.

2.4. PCR and Real-Time RT-PCR for the Detection of Porcine Endogenous Retroviruses

For the detection of all three subtypes, PERV-A, PERV-B and PERV-C, a real-time PCR
targeting the PERV polymerase (PERV pol) was carried out using a TaqMan-based PCR
(Table 2) [36] and using the SensiFAST Probe No-ROX kit (Meridian Bioscience, Cincinnati,
OH, USA) in a reaction volume of 20 µL. Real-time PCR was performed on the qPCR
cycler qTOWER3 G (Analytik Jena, Jena, Germany) using a temperature–time profile that
comprises an activation step of 5 min at 95 ◦C, followed by 45 cycles of 15 s at 95 ◦C for
denaturation, 30 s at 58 ◦C for annealing and 30 s at 72 ◦C for elongation.

To detect PERV-C, a conventional PCR was carried out, using specific primers for the
envelope gene of PERV C [37]. This real-time PCR was carried out in a reaction volume
of 25 µL comprising 1.2 µL of 10 µM env.2-forward primer, 1.2 µL of 10 µM env.2-reverse
primer, 0.125 µL AmpliTaq DNA Polymerase (Applied Biosystems, Waltham, MA, USA),
2.5 µL of 10x PCR Buffer I (Applied Biosystems, Waltham, MA, USA) and 0.5 µL of 10 mM
dNTP Mix (Thermo Fisher Scientific, Waltham, MA, USA) and applied on the Biometra
TRIO cycler (Analytik Jena, Jena, Germany).

To detect PERV-A/C [38], a PCR was performed in a reaction volume of 25 µL contain-
ing 1 µL of 10 µM PERV-A env VRBF, 1 µL of 10 µM PERV-C env TMR, 0.125 µL AmpliTaq
DNA Polymerase (Applied Biosystems, Waltham, MA, USA), 2.5 µL of 10× PCR Buffer I
(Applied Biosystems, Waltham, MA, USA), 0.5 µL of 10 mM dNTP Mix (Thermo Fisher
Scientific, Waltham, MA, USA) and filled to a final volume of 25 µL with nuclease-free
water. The PCR was run on the Biometra TRIO cycler (Analytik Jena, Jena, Germany).

2.5. Real-Time RT-PCR for the Detection of Hepatitis E Virus

For the detection of HEV, a TaqMan based real-time RT-PCR described by Jothikumar
et al. was performed [39]. The oligosequences of the primers and probes are listed in
Table 2. All real-time RT-PCR reactions were prepared using the SenisFAST™ Probe No-
ROX One-Step Kit (Meridian Bioscience, Cincinnati, OH, USA) in a volume of 16 µL and
the real-time RT-PCR was performed at the qPCR cycler qTOWER3 G (Analytik Jena, Jena,
Germany). The temperature time profile applied consisted of a reverse transcriptase step
of 30 min at 50 ◦C and an activation step of 15 min at 95 ◦C, followed by 45 cycles of 10 s
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at 95 ◦C, 20 s at 55 ◦C and 15 s at 72 ◦C. To further enhance the reliability of the assay
and to check the presence of inhibitory substances, an internal control (IC) system was
integrated and validated. Two microliters of Influenza A-RNA derived from a mouse-
adapted Influenza A strain A/WSN/1933 were spiked to each sample during the lysis of
the nucleic acid extraction. The IC was detected by using a Flu-A (NA) real-time RT-PCR
assay [40] that was applied as a duplex real-time RT-PCR assay along with the detection of
the gene of interest.

2.6. PCR and Real-Time PCR for the Detection of DNA Viruses

The detection of PCMV, PLHV-1, PLHV-2, PLHV-3 and PCV1, PCV2, PCV3, PCV4 and
PPV-1 was performed by species-specific real-time PCR assays (Table 2) based on TaqMan
technology as described previously [37,41–45]. All experiments were performed with the
SensiFAST Probe No-ROX kit (Meridian Bioscience, Cincinnati, OH, USA) at the qPCR
cycler qTOWER3 G (Analytik Jena, Jena, Germany). The fluorescence signal was measured
during the annealing step. All assays were performed as duplex real-time PCR using the
reference gene porcine glycerinaldehyd-3-phosphat-dehydrogenase (pGAPDH), which is
also an excellent reference gene in expression studies [46,47].

For the PCMV real-time PCR [41], a reaction volume of 20 µL was prepared containing
1.8 µL of PCMV-FAM mix and 1.8 µL of pGAPDH-HEX mix as IC and 4.0 µL of extracted
DNA. The reaction was carried out for 2 min at 50 ◦C for activation 10 min at 95◦C followed
by 45 cycles comprising 15 s at 95 ◦C for denaturation and 60 s at 60 ◦C for annealing
and elongation.

PLHV-1, -2 and 3 were detected as single real-time PCR, each performed in a 20 µL
reaction volume as described by Chmielewicz et al. [42]. The temperature–time profile
applied consisted of an activation step of 5 min at 95 ◦C, followed by 45 cycles containing
15 s at 95 ◦C for denaturation, 60 s at 56 ◦C for annealing and 30 s at 72 ◦C for extension.

Table 2. Primers and probes used in this study.

PCR Assay Primer/Probe Sequence 5′-3′ Amplicon
(Base Pair) Reference

HEV
JVHEV-Fwd GGT GGT TTC TGG GGT GAC

70 [39]JVHEV-Rev AGG GGT TGG TTG GAT GAA
JVHEV-Probe 6FAM-TGA TTC TCA GCC CTT CGC-BHQ

PCMV
PCMV-Fwd ACT TCG TCG CAG CTC ATC TGA

63 [41] modifiedPCMV-Rev GTT CTG GGA TTC CGA GGT TG
PCMV-Probe 6FAM-CAG GGC GGC GGT CGA GCT C-BHQ

PLHV-1
PLHV-1 (1125)-Fwd CTC ACC TCC AAA TAC AGC GA

73 [42]PLHV-1 (1125)-Rev GCT TGA ATC GTG TGT TCC ATA G

PLHV-1 (1125)-Probe 6FAM-CTG GTC TAC TGA ATC GCC GCT AAC
AG-TAMRA

PLHV-2
PLHV-2 (1155)-Fwd GTC ACC TGC AAA TAC ACA GG

74 [42]PLHV-2 (1155)-Rev GGC TTG AAT CGT ATG TTC CAT AT

PLHV-2 (1155)-Probe 6FAM-CTG GTC TAC TGA AGC GCT GCC AAT
AG-TAMRA

PLVH-3
PLHV-3 (1156)-Fwd CTC ACC TCC AAA TAC AGC GA

73 [42]PLHV-3 (1156)-Rev GCT TGA ATC GTG TGT TCC ATA G

PLHV-3 (1156)-Probe 6FAM-CTGGTCTACTGAATCGCCGCTAACAG-
TAMRA

PCV1

PCV-1 (F2020)-Fwd AAC CCC ATA AGA GGT GGG TGT T

129 [43] modifiedPCV-1 (F2020)-Rev TTC TAC CCT CTT CCA AAC CTT CCT

PCV-1 (F2020)-Probe 6FAM-TCC GAG GAG GAG AAA AAC AAA ATA
CGGGA-BHQ1
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Table 2. Cont.

PCR Assay Primer/Probe Sequence 5′-3′ Amplicon
(Base Pair) Reference

PCV2

PCV-2 (F2020)-Fwd CTG AGT CTT TTT TAT CAC TTC GTA ATG GT

146

[43] modified
PCV-2 (F2020)-Rev ACT GCG TTC GAA AAC AGT ATA TAC GA

PCV-2 (F2020)-Probe 6FAM-TTA AGT GGG GGG TCT TTA AGA TTA AAT
TCT CTG AAT TGT-TAMRA

PCV3

PCV-3-Fwd AGT GCT CCC CAT TGA ACG 112 [44]
PCV-3-Rev ACA CAG CCG TTA CTT CAC

PCV-3-Probe 6FAM-ACC CCA TGG CTC AAC ACA TAT GAC
C-BHQ1

PCV4 PCV-4 (F2020)-Fwd ATT ATT AAA CAG ACT TTA TTT GTG TCA TCA CTT 103 [43]
PCV-4 (F2020)-Rev ACA GGG ATA ATG CGT AGT GAT CAC T

PCV-4 (F2020)-Probe 6FAM-ATA CTA CAC TTG ATC TTA GCC AAA AGG
CTC GTT GA-BHQ1

PPV-1 PPV-1-Fwd CAG AAT CAG CAA CCT CAC CA 106 [45] modified
PPV-1-Rev GCT GCT GGT GTG TAT GGA AG

PPV-1-Probe 6FAM-TGC AAG CTT/ZEN/AAT GGT CGC ACT AGA
CA-BHQ1

PERVpol PERVpol-Fwd CGA CTG CCC CAA GGG TTC AA 236 [36]
PERVpol-Rev TCT CTC CTG CAA ATC TGG GCC
PERVpol-Probe 6FAM-CAC GTA CTG GAG GAG GGT CAC CTG-BHQ1

PERV-C envC.2-Fwd GAT TAG AAC TGG AAG CCC CAA GTG CTC T 288 [37]
envC.2-Rev TCT GAT CCA GAA GTT ATG TTA GAG GAT GGT

PERV-A/C PERV-A env
VRBF-Fwd CCT ACC AGT TAT AAT CAA TTT AAT TAT GGC 1266 [38]

PERV-C env
TMR-Rev CTC AAA CCA CCC TTG AGT AGT TTC C

pGAPDH pGAPDH-Fwd ACA TGG CCT CCA AGG AGT AAG A 106 [46]
pGAPDH-Rev GAT CGA GTT GGG GCT GTG ACT
pGAPDH-Probe HEX-CCA CCA ACC CCA GCA AGA GCA CGC-BHQ1

Flu-A (NA) NG05 NA-Fwd CTG GAC TAG TGG GAG CAT CA 93 [40] modified
NG06 NA-Rev ATG GTG AAC GGC AAC TCA G
NG07 NA-Probe HEX-CAC CGT CTG GCC AAG ACC AAT C-BHQ1

Fwd = forward primer, Rev = reverse primer.

For the detection of four different PCVs, independent real-time PCR with a reaction
volume of 20 µL was performed. The real-time PCR for PCV1, PCV2 and PCV4 was carried
out as described by Chen et al. [43], while the real-time PCR assay for PCV3 was performed
according to the recommendations of Palinski et al. [44]. Each probe was labeled with a
6-carboxyfluorescein (6-FAM) fluorophore for PCV-1, PCV-2, PCV-3 and PCV-4, whereas
the probe for pGAPDH was labeled with a HEX fluorophore [43].

For the PPV-1 real-time PCR [45], a reaction volume of 20 µL was prepared including
1.8 µL of PPV1-FAM mix and 1.8 µL of pGAPDH-HEX mix and 4.0 µL of extracted DNA.
The PCR run was performed for 5 min at 95 ◦C, followed by 40 cycles comprising 15 s at
95 ◦C, 60 s at 56 ◦C and 30 s at 72 ◦C.

2.7. Generation of Viral Standards

For validation purpose and optimization of the real-time PCR used, four different
gBlock Gene Fragments (hereinafter referred as gBlock; Integrated DNA Technologies,
IDT, Coralville, IA, USA) were designed [48]. gBlocks are synthetic double-stranded
DNA fragments, which can be used as a standard for a various number of applications
in molecular biology. In this study, the gBlocks comprise the nucleotide sequence of
the genes of interest, which are separated by spacers (Figure 1). The sequences of the
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investigated viruses were taken from [36,39,41–44,46,49–54]. The spacers are non-functional
oligosequences of eight to fifteen base pairs that are used as placeholders to separate the
oligosequences of interest. The nucleotide sequence of the gBlocks were submitted to
IDT for production and access control. The lyophilized gBlocks were dissolved according
to the manufacturer’s instructions and the DNA content was measured using a Qubit 4
Fluorometer (Thermo Fisher Scientific, Waltham, MA, USA). The copy number/µL can be
calculated according to the formula [48]:

copy number per µL = c×M× 1× 10−15 mol
f mol

× Avogadro′s number

where c is the current concentration of the gBlock in ng/µL, and M is the molecular weight
in fmol/ng. Afterwards, a log10 dilutional series was prepared in nuclease-free water. In
the case of positive samples, a standardization was performed by application of the log10
dilutional series of the corresponding gBlocks containing the gene of interest and pGAPDH,
respectively (Figure S1).

Figure 1. Schematic representation of four gBlocks: gBlock I (A), gBlock II (B), gBlock III (C), gBlock
IV (D). Sequences of the investigated viruses were taken from [36,39,41–44,46,49–54]. Grey boxes
indicate spacers; white boxes are virus-specific oligosequences corresponding to primer and probe.
References are given in brackets; detailed information on the oligosequences are listed in Table S1.

2.8. Minimum Information for Publication of Quantitative Real-Time PCR Experiments (MIQE)

For an improved reporting of technical information concerning the qPCR approaches
used in this study, experimental details were provided in accordance with the MIQE
guidelines [55,56]. In this study, the qPCR assays are well-established diagnostic methods
(see Table 2) that were adapted to the requirements in xenotransplantation. Quality control
tools and measurements were conducted to ensure reliable and reproducible test results in
diagnostic applications (Tables S1 and S2).

2.9. Parasitological Screening

All animals were carefully checked for macroscopically visible ectoparasites (lice,
ticks). To test for sarcoptic mange infestations, sera of the individual pigs were checked for
antibodies using the Sarcoptes-ELISA 2001 Pig (Afosa, Blankenfelde-Mahlow, Germany)
according to the manufacturer’s instructions. Individual serum samples were also used to
screen for Toxoplasma gondii infection with the ID Screen Toxoplasmosis Indirect Elisa
(IDvet, Grabels, France), as recommended by the manufacturer. Accordingly, samples with
a sample/positive (S/P) ratio ≤ 40% were classified as negative, with 40% < S/P < 50% as
questionable and with S/P ≥ 50% as positive.

Infections with gastrointestinal parasites were tested by fecal examination. To consider
potential intermittent egg, oocyst or cyst shedding, all pigs were sampled on three con-
secutive days. All fecal samples (n = 30) were processed individually using the combined
sedimentation–flotation technique as previously described [57].
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3. Results
3.1. Prevalence of Porcine Endogenous Retroviruses

To determine the presence and proviral status of PERV, a set of PCRs, and real-time
PCRs were carried out analyzing nucleic acids extracted from mitogen-stimulated and
unstimulated PBMCs. The ten Mini-LEWE minipigs were positive for the polymerase gene
(pol) of PERV, indicating that PERV is present in the genome of the Mini-LEWE minipigs
as expected. PERV-A and PERV-B are present in all pig breeds. A conventional PCR, which
uses a primer pair targeting the envelope gene (env) of PERV-C, revealed that in addition
all animals were PERV-C positive (Table 3). Since the presence of PERV-C is a prerequisite
for a recombination event to generate PERV A/C recombinants, all animals were tested for
PERV A/C. All Mini-LEWE minipigs were negative for PERV A/C.

Table 3. Prevalence of PERVs in Mini-LEWE minipigs 1.

Sample ID PERVpol PERV-C PERV-A/C

LEWE-1 15.12 positive negative
LEWE-2 14.47 positive negative
LEWE-3 15.37 positive negative
LEWE-4 16.14 positive negative
LEWE-5 14.01 positive negative
LEWE-6 15.31 positive negative
LEWE-7 15.43 positive negative
LEWE-8 17.49 positive negative
LEWE-9 16.01 positive negative

LEWE-10 16.70 positive negative
1 PERV pol were detected using a real-time PCR, and the numbers indicate the Ct value; PERV-C and PERV-A/C
were detected using a conventional PCR.

3.2. Screening for Hepatitis E Virus

Screening for hepatitis E virus (HEV), a porcine RNA virus with known zoonotic
potential, was performed with a real-time RT-PCR and all samples were found to be
negative (Table 4).

To improve the HEV real-time RT-PCR, an internal control (IC) system was established
to check the RNA isolation and the reverse transcription reaction. As IC, a real-time PCR
detecting the neuraminidase (NA) gene of the influenza virus-A strain A/WSN/1933
(abbreviated Flu-A (NA)) was used. With the help of a log10 dilutional series of the Flu-
A virus-containing cell culture supernatant diluted in nuclease-free water, an optimal
concentration was found, which was added to each minipig sample before the isolation of
the RNA.

Table 4. Absence of HEV in ten Mini-LEWE minipigs.

Sample ID HEV Flu-A (NA)

LEWE-1 no Ct 27.20 *
LEWE-2 no Ct 26.59
LEWE-3 no Ct 26.83
LEWE-4 no Ct 27.23
LEWE-5 no Ct 32.91
LEWE-6 no Ct 31.06
LEWE-7 no Ct 31.83
LEWE-8 no Ct 27.60
LEWE-9 no Ct 32.17
LEWE-10 no Ct 26.92

* The numbers indicate the Ct values.



Microorganisms 2021, 9, 2617 9 of 15

3.3. Screening for Porcine Herpes Viruses, Circoviruses and Porcine Parvovirus-1

The Mini-LEWE pigs were screened for four different herpes viruses (PCMV, PLHV-1,
PLHV-2, PLHV-3), four circoviruses (PCV1, PCV2, PCV3, PCV4) and porcine parvovirus-1
(PPV-1); all animals were negative.

3.4. Establishment of gBlocks for the Standardization

For an easy-to-handle and less time-consuming preparation of a real-time PCR-
standard, four gBlocks were designed (Figure 1). Each gBlock contains specific oligose-
quences corresponding to the PCR amplicon of the gene of interest of different virus species
(Table S3), which are divided by spacers. After dissolution of the lyophilized gBlocks,
the DNA content was determined by using the Qubit 4 Fluorometer. The DNA content
measured varied between 1.13 and 4.72 ng/µL (Table S1) and was a prerequisite for the
calculation of the copy numbers of the gBlock stock solutions. The gBlock stock solutions
comprised 1.6 to 7.4 × 109 copies/µL (Table S1). Afterwards, the gBlock stock solution
was diluted in a log10 dilutional series (108 to 10−1) per gBlock and the dilutional steps
(starting with 106) were applied in a corresponding real-time PCR run. A standard curve
was calculated by the qPCRsoft software package of Analytik Jena (Jena, Germany) by
which the cycle threshold (Ct) values are plotted against the copy numbers/µL and the PCR
efficiencies were calculated. The PCR efficiencies ranged from 0.85 to 1.07 (Table S2). The
log10 dilutional series of all gBlocks showed a similar Ct value at the same dilution step,
indicating that the run conditions for each real-time PCR assay are optimized. Since all
animals were negative for all tested viruses, there was no need to estimate the copy number.

3.5. Screening for Pig Parasites

None of the ten tested Mini-LEWE pigs were infested with large ectoparasites such
as lice or ticks and all individuals tested serologically negative for sarcoptic mange mites.
Furthermore, all animals tested coproscopically negative for eggs, oocysts or cysts of
gastrointestinal parasites. Screening for anti-Toxoplasma gondii antibodies revealed the
animal with the sample ID LEWE-3 as seropositive (S/P = 75%), while LEWE-2 was
questionable (S/P = 47%).

4. Discussion

This is the first virological examination of the Mini-LEWE minipigs at the molecular
level using a set of PCR-based methods. When the animals were first characterized at
the end of the 1970s, the clinical absence of virus infection was mainly diagnosed, and no
molecular and only one immunological assay had been performed [58]. At that time Gregor
et al. [58] reported that the animals kept under specified pathogen-free conditions were sero-
logically free of brucellosis, caused by Brucella bacteria; transmissible gastro-enteritis (TGE),
caused by the coronavirus TGEV; leptospirosis, caused by Leptospira bacteria; Aujeszky’s
disease, caused by the Suid alphaherpesvirus 1 (SuHV-1), also called pseudorabies virus;
and that the animals were clinically free of dysentery; salmonellosis, caused by Salmonella
bacteria; Teschen disease and Talfan disease, both caused by teschoviruses; swine vesicular
disease, caused by the swine vesicular disease virus, an enterovirus; foot-and-mouth dis-
ease, caused by the foot-and-mouth disease virus, an aphthovirus; classical swine fever
caused by pestivirus C; porcine enzootic pneumonia, caused by Mycoplasma hyopneumoniae;
pleuropneumonia due to Haemophilus pleuropneumoniae; and rhinitis atrophicans, caused by
Pasteurella multocida. Serological tests showed the absence of pig-pathogenic mycoplasms,
Chlamydia, Bordetella bronchiseptica and Pasteurella multocida. Furthermore, the animals were
free of lice, mange mites and endoparasites.

In this study, nine DNA viruses (PCMV, PLHV-1, PLHV-2, PLHV-3 and PCV1, PCV2,
PCV3, PCV4 and PPV-1), one RNA virus (HEV) and the integrated PERV proviruses (PERV-
A, PERV-B, PERV-C and PERV-A/C) were analyzed because these viruses were declared
as xenotransplantation relevant [25,59]. Although it still remains unclear, which porcine
virus may cause a zoonosis when transmitted to human xenotransplant recipients, HEV is
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a well-known zoonotic virus which can be transmitted from pigs by undercooked pig meat
and direct contact with infected animals (for review see [60]). Transmission of HEV from
infected humans to other humans by blood transfusion and organ transplantation has also
been observed (for review see [61]). HEV causes self-limiting acute hepatitis, acute liver
failure, and neurological illness. Immunosuppressed individuals are at risk of developing
chronic infections which may lead to liver fibrosis and cirrhosis.

The second virus with known zoonotic potential, at least for non-human primates,
is PCMV, which is actually a porcine roseolovirus (PRV), closely related to the human
herpes viruses 6A, 6B and 7. Transmission of PCMV/PRV in preclinical trials resulted in
a significant reduction in the survival time of pig kidneys and hearts in rhesus monkeys
and baboons (for review see [19]). In a recent study, orthotopic pig heart transplants
survived up to 195 days in baboons, whereas the transplants from PCMV/PRV-positive
animals survived less than 30 days [18]. PCMV/PRV was shown to increase the levels of
interleukin-6 (IL-6) and tumor necrosis factor α (TNFα) in the transplanted baboons. In
addition, increased levels of tissue plasminogen activator (tPA) and plasminogen activator
inhibitor 1 complexes (tPA-PAI-1) were found, as measured in plasma samples by an
ELISA. This indicates a complete loss of the pro-fibrinolytic properties of the endothelial
cells. Since a reduction in the transplant survival time was observed in two different non-
human primates (baboons, rhesus monkeys), it is very likely that the same may happen in
human recipients.

Although transmission of PCV3 in a preclinical trial transplanting pig hearts into
baboons was demonstrated, no pathological effects in the recipients were observed [62].
There are no reports showing transmission of any of the other viruses to non-human
primate recipients. This is also true for PERVs, which are integrated into the genome of
all pigs and therefore cannot be eliminated easily. PERV was also not transmitted in the
first clinical trials transplanting pig islet cells in diabetic patients in New Zealand [63] and
Argentina [64], as well as in more than 200 other human xenotransplant recipients (for
review see [65,66]).

It is important to note that in this study only PBMCs isolated from fresh blood of
the Mini-LEWE pigs were analyzed. It is possible that some viruses, especially latent
viruses, may hide in certain organs and were not detected in the blood. For example,
in one preclinical trial transplanting a pig heart orthotopically into baboons, PCMV was
not detected in the blood of the donor pig, but transmitted to the recipient baboon [67].
Furthermore, microorganisms may also interact and one microorganism may enhance the
effect of other microorganisms and worsen the clinical score associated with the disease [68].

Nevertheless, among all minipigs analyzed in our laboratory, the Mini-LEWE pigs
have less exogenous viruses and surprisingly for minipigs have no PERV-A/C, which
is common in minipigs [26] (Table 5). Minipigs that we did not analyze, such as the
Massachusetts General Hospital SLA-defined miniature pigs, are also characterized by a
high prevalence of PERV-A/C [38,69] and the presence of PCMV [70,71].

To test the viruses by PCR or real-time PCR, three new improvements were introduced.
First, the usage of a Qubit instead of the less sensitive Nanodrop, second, the use of a control
RNA virus, here the use of influenza virus RNA, to demonstrate that the transcription of
the RNA by the reverse transcriptase took place in all tubes identical, and third, the use of
gBlocks. The gBlocks guarantee a reproducible positive control on one hand, and on the
other hand they will allow an exact determination of the copy number in the case virus is
found. These improvements will guarantee a more correct testing in future.
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Table 5. Virus prevalence in six minipig breeds analyzed in our laboratory.

Minipig
Breed 1

Institution/
Company PERV-C PERV-A/C PCMV PCV1 PCV2 PCV3 HEV PLHV-1 PLHV-2 PLHV-3 References

Mini
LEWE 2

University
of

Veterinary
Medicine
Hannover,
Germany

10/10
PBMCs

0/10
PBMCs

0/10
PBMCs

0/10
PBMCs

0/10
PBMCs

0/10
PBMCs

0/10
PBMCs

0/10
PBMC

0/10
PBMCs

0/10
PBMCs

this
manuscript

Göttingen
minipigs

Ellegaard
Göttingen
Minipigs

A/S,
Denmark

28/28 None
PBMCs

10/22
PBMC
liver

spleen
n.t. 3

3/21
PBMC
liver

spleen

0/10
PBMC
liver

spleen

9/40
serum

1/10
anti-

bodies

0/5
PBMC
liver

spleen

0/5
PBMC
liver

spleen
[10,16,17]

Göttingen
minipigs

University
Göttingen,
Göttingen,
Germany

11/11 3/13
PBMCs

PBMCs
0/10 n.t. 3/10

PBMCs
0/10

PBMCs
0/10

PBMCs
2/11

PBMCs
2/11

PBMCs
2/11

PBMCs [25]

Aachen
minipigs 4

Aachen
Minipig,

Heinsberg,
Germany

18/18
3/18
liver

spleen
5/18

PBMCs n.t. 6/18
antibodies n.t. 12/18

serum
0/18

PBMCs
5/18

PBMCs
2/18

PBMCs [20]

Yucatan
micropig

Charles
River,
Saint-

Aubin-
Les-

Elbeuf,
France

1/1 5 1/1
PBMCs n.t. n.t. n.t. n.t. n.t. n.t. n.t. n.t. [72]

Munich
miniature

swine
(MMS) 6

Institute
of

Veterinary
Pathology,
University
of Munich

Yes 5/5
PBMCs n.t. n.t. n.t. n.t. n.t. n.t. n.t. n.t. [73]

1 all animals were PERV-A and PERV-B positive, 2 the animals were in addition negative for PCV4 and PPV1; 3 n.t., not tested; 4 the animals
were in addition negative for the suid herpesvirus-1 (SuHV-1), 1/10 positive for the porcine reproductive and respiratory syndrome virus
(PRRSV), 1/10 positive for the porcine epidemic diarrhea virus (PEDV), negative for the African swine fever virus, and the classical swine
fever virus (CSFV); 5 PERV proteins were found in different organs by immunohistochemistry; 6 strain Troll.

Whereas in most cases the donor pigs were tested only for viruses [20,25,31], or viruses
and bacteria [16,32], one study also screened for parasites [33]. The authors screened for
pathogenic protozoa including Cryptosporidium parvum, Giardia sp. and Toxoplasma gondii,
helminths, Trichinella spiralis, blood parasites and pathogenic arthropods such as lice and
mites. In the present study, we examined the Mini-LEWE minipigs for common pathogenic
parasites. No ectoparasites such as lice, ticks or zoonotic sarcoptic mites were detected.
Furthermore, fecal examination to detect eggs, oocysts or cysts of gastrointestinal parasites,
e.g., of (zoonotic) helminths such as Ascaris suum, Strongyloides ransomi or Trichuris suis, or
(zoonotic) protozoans such as Giardia spp., Cystoisospora (former: Isospora) suis or Eimeria
spp., was negative in all individuals. However, when testing for Toxoplasma gondii infections,
one animal tested seropositive, and another one questionable. T. gondii is an important
opportunistic pathogen in immunocompromised patients and can be transmitted from
animals to humans with, e.g., blood products or tissue transplants [74]. In the present
study, Mini-LEWE minipigs were housed under conventional conditions and kept on straw,
providing various possibilities for T. gondii exposure. Conventional housing involves the
risk of (infective) parasite stages being introduced by staff or equipment. Straw bedding in
pig farming and laboratory husbandry provides employment and nest-building material,
thus promoting animal welfare. If properly dried, straw is not a particular microbial
hygiene risk; however, T. gondii infections can occur if animals have access to the storage
rooms and the straw is contaminated with cat feces or dead rodents [75]. Although
toxoplasmosis can be treated with antiparasitic drugs such as pyrimethamine, spiramycine
and sulfadiazine, plus folinic acid, cysts are not eliminated completely. Therefore, animals
generated for xenotransplantation should be tested regularly by serological methods and
negative animals should be kept under designated pathogen-free conditions.

5. Conclusions

Mini-LEWE minipigs generated originally in East Germany were screened for the
first time for several xenotransplantation-relevant pig viruses, including PERV, using PCR-
based methods. All animals were found to be negative for PCMV, PLHV-1, -2 and -3,
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PCV1, 2, 3 and 4, PPV-1 and HEV. All animals carried PERV-A, PERV-B and PERV-C in
their genome, but recombinant PERV-A/C was not found. In contrast to all other minipig
breeds tested in the past, such as Göttingen minipig, Aachen minipig, Yucatan minipig or
Minnesota minipigs, Mini-LEWE minipigs have less viruses and no PERV-A/C. Toxoplasma
gondii, which may pose a high risk in immunosuppressed humans, was found in at least
one animal, suggesting that a screening for parasites should also be performed in animals
which may be used in xenotransplantation.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/microorganisms9122617/s1, Figure S1: Workflow of using gBlock gene fragments as the
standard for the determination of the copy number, using gBlock I as example, Table S1: gBlock
gene fragments used in this study, Table S2: Experimental details concerning quality control criteria
when applying a log10 dilutional series of the gBlock in the respective qPCR approaches. Table S3:
Virus-specific oligo sequences of the amplicons integrated in gBlocks I, II, III and IV.

Author Contributions: Conceptualization, J.D. and J.M.; methodology, S.H., C.S., L.K. and B.K.;
validation, S.H., C.S. and L.K.; investigation, S.H., C.S. and L.K.; resources, J.M.; writing—original
draft preparation, J.D., S.H., J.M. and C.S.; writing—review and editing, J.D., S.H., J.M., L.K., C.S. and
B.K.; supervision and project administration, J.D. and B.K.; funding acquisition, J.D. and B.K. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Deutsche Forschungsgemeinschaft, TRR 127.

Institutional Review Board Statement: All samples for this study have been obtained according to
national and international guidelines of animal welfare and were taken for diagnostic purposes only.
The sampling of the pigs was approved by the Lower Saxony state veterinary office at the Niedersäch-
sische Landesamt für Verbraucherschutz und Lebensmittelsicherheit, Oldenburg, Germany (Ref. No.
33.9-42502-05-19A408). The owner has approved the use of the samples by informed client consent.

Informed Consent Statement: Not applicable.

Data Availability Statement: All data supporting the reported results can be found in this manuscript
and in the supplementary materials.

Acknowledgments: The authors acknowledge Christian Sürie and Jens-Oliver Minx from the Farm
for Education and Research Ruthe of the University of Veterinary Medicine Hannover for providing
knowledge and data on the Mini-LEWE population. We particularly acknowledge their effort to
preserve this valuable resource population. We would like to thank Sabrina Hansen and Ulla Küttler
for excellent technical assistance and the working group of M. Veit, Institute of Virology, for providing
the Influenza A supernatants. The publication of this article was funded by Freie Universität Berlin.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References
1. Lunney, J.K.; Van Goor, A.; Walker, K.E.; Hailstock, T.; Franklin, J.; Dai, C. Importance of the pig as a human biomedical model.

Sci. Transl. Med. 2021, 13, 5758. [CrossRef] [PubMed]
2. Meurens, F.; Summerfield, A.; Nauwynck, H.; Saif, L.; Gerdts, V. The pig: A model for human infectious diseases. Trends Microbiol.

2012, 20, 50–57. [CrossRef] [PubMed]
3. McAnulty, P.A.; Dayan, A.D.; Ganderup, N.-C.; Hastings, K.L. (Eds.) The Minipig in Biomedical Research; CRC Press: Boca Raton,

FL, USA, 2012.
4. Bollen, P.J.A.; Hansen, A.K.; Alstrup, A.K.O. The Laboratory Swine, 2nd ed.; CRC Press: Boca Raton, FL, USA, 2010.
5. Gutierrez, K.; Dicks, N.; Glanzner, W.G.; Agellon, L.B.; Bordignon, V. Efficacy of the porcine species in biomedical research. Front.

Genet. 2015, 6, 293. [CrossRef] [PubMed]
6. Panepinto, L.M. Miniature Swine Breeds used Worldwide in Research. In Advances in Swine in Biomedical Research; Springer:

Singapore, 1996; pp. 681–691.
7. Panepinto, L.M.; Kroc, R.L. History, genetic origins, and care of Yucatan miniature and micro pigs. Lab. Anim. 1995, 24, 31–34.
8. Ellegaard Göttingen Minipigs. Available online: https://minipigs.dk/goettingen-minipigs (accessed on 8 July 2021).
9. Van der Windt, D.J.; Bottino, R.; Kumar, G.; Wijkstrom, M.; Hara, H.; Ezzelarab, M.; Ekser, B.; Phelps, C.; Murase, N.; Casu, A.;

et al. Clinical islet xenotransplantation: How close are we? Diabetes 2012, 61, 3046–3055. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/microorganisms9122617/s1
https://www.mdpi.com/article/10.3390/microorganisms9122617/s1
http://doi.org/10.1126/scitranslmed.abd5758
http://www.ncbi.nlm.nih.gov/pubmed/34818055
http://doi.org/10.1016/j.tim.2011.11.002
http://www.ncbi.nlm.nih.gov/pubmed/22153753
http://doi.org/10.3389/fgene.2015.00293
http://www.ncbi.nlm.nih.gov/pubmed/26442109
https://minipigs.dk/goettingen-minipigs
http://doi.org/10.2337/db12-0033
http://www.ncbi.nlm.nih.gov/pubmed/23172951


Microorganisms 2021, 9, 2617 13 of 15

10. Morozov, V.A.; Ludwig, S.; Ludwig, B.; Rotem, A.; Barkai, U.; Bornstein, S.R.; Denner, J. Islet cell transplantation from Göttingen
minipigs to cynomolgus monkeys: Analysis of virus safety. Xenotransplantation 2016, 23, 320–327. [CrossRef] [PubMed]

11. Ekser, B.; Ezzelarab, M.; Hara, H.; van der Windt, D.J.; Wijkstrom, M.; Bottino, R.; Trucco, M.; Cooper, D.K. Clinical xenotrans-
plantation: The next medical revolution? Lancet 2012, 379, 672–683. [CrossRef]

12. Mansour, D.; Roberts, S.; Lee, M.; Shukrallah, B.; Whitson, B.A. The Role of Ex-vivo Lung Perfusion (EVLP) in Lung Trans-
plantation. In Thoracic Surgery; Nistor, C.E., Tsui, S., Kirali, K., Nistor, C., Aresu, G., Kocher, G.J., Eds.; Springer: Cham,
Switzerland, 2020; pp. 977–986.

13. Leucht, W.; Gregor, G.; Stier, H. Das Miniaturschwein, Versuchs- und Modeltier in Medizin und Biologie; VEB Gustav Fischer: Jena,
Germany, 1982; pp. 13–23.

14. Schachler, K.; Minx, J.-O.; Sürie, C.; Distl, O.; Metzger, J. Genetic characterisation of Mini-LEWE as resource population for
experimental research. Berl Münch Tierärtl Wochenschr 2020, 133. [CrossRef]

15. Gregor, G. Das Miniaturschwein „Mini-LEWE“ und seine Eigenschaften. Monatsh Veterinarmed 1976, 31, 624–629.
16. Morozov, V.A.; Plotzki, E.; Rotem, A.; Barkai, U.; Denner, J. Extended microbiological characterization of Göttingen minipigs:

Porcine cytomegalovirus and other viruses. Xenotransplantation 2016, 23, 490–496. [CrossRef]
17. Morozov, V.A.; Morozov, A.; Rotem, A.; Barkai, U.; Bornstein, S.; Denner, J. Extended Microbiological Characterization of

Göttingen Minipigs in the Context of Xenotransplantation: Detection and Vertical Transmission of Hepatitis E Virus. PLoS ONE
2015, 10, e0139893. [CrossRef]

18. Denner, J.; Längin, M.; Reichart, B.; Krüger, L.; Fiebig, U.; Mokelke, M.; Radan, J.; Mayr, T.; Milusev, A.; Luther, F.; et al. Impact of
porcine cytomegalovirus on long-term or-thotopic cardiac xenotransplant survival. Sci. Rep. 2020, 10, 17531. [CrossRef] [PubMed]

19. Denner, J. Reduction of the survival time of pig xenotransplants by porcine cytomegalovirus. Virol. J. 2018, 15, 1–7. [CrossRef]
[PubMed]

20. Plotzki, E.; Heinrichs, G.; Kubícková, B.; Ulrich, R.G.; Denner, J. Microbiological characterization of a newly established pig breed,
Aachen Minipigs. Xenotransplantation 2016, 23, 159–167. [CrossRef]

21. Morozov, V.A.; Heinrichs, G.; Denner, J. Effective Detection of Porcine Cytomegalovirus Using Non-Invasively Taken Samples
from Piglets. Viruses 2017, 9, 9. [CrossRef] [PubMed]

22. Patience, C.; Takeuchi, Y.; Weiss, R.A. Infection of human cells by an endogenous retrovirus of pigs. Nat. Med. 1997, 3, 282–286.
[CrossRef]

23. Takeuchi, Y.; Patience, C.; Magre, S.; Weiss, R.A.; Banerjee, P.T.; Le Tissier, P.; Stoye, J.P. Host range and interference studies of
three classes of pig endogenous retrovirus. J. Virol. 1998, 72, 9986–9991. [CrossRef] [PubMed]

24. Denner, J.; Tönjes, R.R. Infection Barriers to Successful Xenotransplantation Focusing on Porcine Endogenous Retroviruses. Clin.
Microbiol. Rev. 2012, 25, 318–343. [CrossRef] [PubMed]

25. Krüger, L.; Kristiansen, Y.; Reuber, E.; Möller, L.; Laue, M.; Reimer, C.; Denner, J. A Comprehensive Strategy for Screening for
Xenotransplantation-Relevant Viruses in a Second Isolated Population of Göttingen Minipigs. Viruses 2019, 12, 38. [CrossRef]
[PubMed]

26. Denner, J.; Schuurman, K.J. High prevalence of recombinant porcine endogenous retroviruses (PERV-A/Cs) in minipigs: A review
on origin and presence. Viruses 2021, 13, 1869. [CrossRef]

27. Spizzo, T.; Denner, J.; Gazda, L.; Martin, M.; Nathu, D.; Scobie, L.; Takeuchi, Y. First update of the International Xenotransplan-
tation Association consensus statement on conditions for undertaking clinical trials of porcine islet products in type 1 di-abetes–
Chapter 2a: Source pigs-preventing xenozoonoses. Xenotransplantation 2016, 23, 25–31. [CrossRef] [PubMed]

28. Niu, D.; Wei, H.-J.; Lin, L.; George, H.; Wang, T.; Lee, I.-H.; Zhao, H.-Y.; Wang, Y.; Kan, Y.; Shrock, E.; et al. Inactivation of porcine
endogenous retrovirus in pigs using CRISPR-Cas9. Science 2017, 357, 1303–1307. [CrossRef]

29. Güell, M. Genome-Wide PERV Inactivation in Pigs Using CRISPR/Cas9. Springer Protoc. Handb. 2020, 2110, 139–149. [CrossRef]
30. Scobie, L.; Denner, J.; Schuurman, H.-J. Inactivation of porcine endogenous retrovirus in pigs using CRISPR-Cas9, editorial

commentary. Xenotransplantation 2017, 24, e12363. [CrossRef]
31. Gazda, L.S.; Collins, J.; Lovatt, A.; Holdcraft, R.W.; Morin, M.J.; Galbraith, D.; Graham, M.; Laramore, M.A.; MacLean, C.; Black,

J.; et al. A comprehensive microbiological safety approach for agarose encapsulated porcine islets intended for clinical trials.
Xenotransplantation 2016, 23, 444–463. [CrossRef]

32. Hartline, C.B.; Conner, R.L.; James, S.H.; Potter, J.; Gray, E.; Estrada, J.; Tector, M.; Tector, A.J.; Prichard, M.N. Xenotransplantation
panel for the detection of infectious agents in pigs. Xenotransplantation 2018, 25, e12427. [CrossRef]

33. Noordergraaf, J.; Schucker, A.; Martin, M.; Schuurman, H.-J.; Ordway, B.; Cooley, K.; Sheffler, M.; Theis, K.; Armstrong, C.; Klein,
L.; et al. Pathogen elimination and prevention within a regulated, Designated Pathogen Free, closed pig herd for long-term
breeding and production of xenotransplantation materials. Xenotransplantation 2018, 25, e12428. [CrossRef]

34. Busse, H. Über weitere Maßnahmen zur Züchtung eines kleinen Versuchsschweines für medizinische Zwecke. Monatsh Veterin-
armed 1967, 23, 949–954.

35. Schachler, K.; Suerie, C.; Minx, J.; Distl, O.; Metzger, J. Estimation of the genetic diversity in the Mini-Lewe breeding population
and influence of inbreeding on litter traits. Zuchtungskd 2019, 91, 227–245.

36. Yang, L.; Guell, M.; Niu, D.; George, H.; Lesha, E.; Grishin, D.; Aach, J.; Shrock, E.; Xu, W.; Poci, J. Genome-wide inacti-vation of
porcine endogenous retroviruses (PERVs). Science 2015, 350, 1101–1104. [CrossRef] [PubMed]

http://doi.org/10.1111/xen.12252
http://www.ncbi.nlm.nih.gov/pubmed/27440468
http://doi.org/10.1016/S0140-6736(11)61091-X
http://doi.org/10.2376/1439-0299-2020-15
http://doi.org/10.1111/xen.12265
http://doi.org/10.1371/journal.pone.0139893
http://doi.org/10.1038/s41598-020-73150-9
http://www.ncbi.nlm.nih.gov/pubmed/33067513
http://doi.org/10.1186/s12985-018-1088-2
http://www.ncbi.nlm.nih.gov/pubmed/30409210
http://doi.org/10.1111/xen.12233
http://doi.org/10.3390/v9010009
http://www.ncbi.nlm.nih.gov/pubmed/28085106
http://doi.org/10.1038/nm0397-282
http://doi.org/10.1128/JVI.72.12.9986-9991.1998
http://www.ncbi.nlm.nih.gov/pubmed/9811736
http://doi.org/10.1128/CMR.05011-11
http://www.ncbi.nlm.nih.gov/pubmed/22491774
http://doi.org/10.3390/v12010038
http://www.ncbi.nlm.nih.gov/pubmed/31905731
http://doi.org/10.3390/v13091869
http://doi.org/10.1111/xen.12223
http://www.ncbi.nlm.nih.gov/pubmed/26940608
http://doi.org/10.1126/science.aan4187
http://doi.org/10.1007/978-1-0716-0255-3_10
http://doi.org/10.1111/xen.12363
http://doi.org/10.1111/xen.12277
http://doi.org/10.1111/xen.12427
http://doi.org/10.1111/xen.12428
http://doi.org/10.1126/science.aad1191
http://www.ncbi.nlm.nih.gov/pubmed/26456528


Microorganisms 2021, 9, 2617 14 of 15

37. Dieckhoff, B.; Kessler, B.; Jobst, D.; Kues, W.; Petersen, B.; Pfeifer, A.; Kurth, R.; Niemann, H.; Wolf, E.; Denner, J. Distri-bution and
expression of porcine endogenous retroviruses in multi-transgenic pigs generated for xenotransplantation. Xenotransplantation
2009, 16, 64–73. [CrossRef] [PubMed]

38. Wood, J.C.; Quinn, G.; Suling, K.M.; Oldmixon, B.A.; Van Tine, B.A.; Cina, R.; Arn, S.; Huang, C.A.; Scobie, L.; Onions, D.E.;
et al. Identification of Exogenous Forms of Human-Tropic Porcine Endogenous Retrovirus in Miniature Swine. J. Virol. 2004, 78,
2494–2501. [CrossRef] [PubMed]

39. Jothikumar, N.; Cromeans, T.L.; Robertson, B.H.; Meng, X.J.; Hill, V.R. A broadly reactive one-step real-time RT-PCR assay for
rapid and sensitive detection of hepatitis E virus. J. Virol. Methods 2006, 131, 65–71. [CrossRef] [PubMed]

40. Groenke, N. Molecular Mechanism of Virus Attenuation by Codon Pair Deoptimization. Ph.D. Thesis, Free University, Berlin,
Germany, 2019.

41. Mueller, N.J.; Barth, R.; Yamamoto, S.; Kitamura, H.; Patience, C.; Yamada, K.; Cooper, D.K.C.; Sachs, D.H.; Kaur, A.; Fishman, J.A.
Activation of Cytomegalovirus in Pig-to-Primate Organ Xenotransplantation. J. Virol. 2002, 76, 4866–4872. [CrossRef] [PubMed]

42. Chmielewicz, B.; Goltz, M.; Franz, T.; Bauer, C.; Brema, S.; Ellerbrok, H.; Beckmann, S.; Rziha, H.-J.; Lahrmann, K.-H.; Romero, C.;
et al. A novel porcine gammaherpesvirus. Virology 2003, 308, 317–329. [CrossRef]

43. Chen, N.; Xiao, Y.; Li, X.; Li, S.; Xie, N.; Yan, X.; Li, X.; Zhu, J. Development and application of a quadruplex real-time PCR assay
for differential detection of porcine circoviruses (PCV1 to PCV4) in Jiangsu province of China from 2016 to 2020. Transbound.
Emerg. Dis. 2021, 68, 1615–1624. [CrossRef] [PubMed]

44. Palinski, R.; Piñeyro, P.; Shang, P.; Yuan, F.; Guo, R.; Fang, Y.; Byers, E.; Hause, B.M. A Novel Porcine Circovirus Distantly Related
to Known Circoviruses Is Associated with Porcine Dermatitis and Nephropathy Syndrome and Reproductive Failure. J. Virol.
2017, 91, e01879-16. [CrossRef]

45. Opriessnig, T.; Shen, H.G.; Pal, N.; Ramamoorthy, S.; Huang, Y.W.; Lager, K.M.; Beach, N.M.; Halbur, P.G.; Meng, X. A Live-
Attenuated Chimeric Porcine Circovirus Type 2 (PCV2) Vaccine Is Transmitted to Contact Pigs but Is Not Upregulated by
Concurrent Infection with Porcine Parvovirus (PPV) and Porcine Reproductive and Respiratory Syndrome Virus (PRRSV) and Is
Efficacious in a PCV2b-PRRSV-PPV Challenge Model. Clin. Vaccine Immunol. 2011, 18, 1261–1268. [CrossRef] [PubMed]

46. Duvigneau, J.; Hartl, R.; Groiss, S.; Gemeiner, M. Quantitative simultaneous multiplex real-time PCR for the detection of porcine
cytokines. J. Immunol. Methods 2005, 306, 16–27. [CrossRef] [PubMed]

47. Facci, M.R.; Auray, G.; Meurens, F.; Buchanan, R.; van Kessel, J.; Gerdts, V. Stability of expression of reference genes in porcine
peripheral blood mononuclear and dendritic cells. Veter. Immunol. Immunopathol. 2011, 141, 11–15. [CrossRef] [PubMed]

48. IDT. Tips for Working with gBlocks Gene Fragments—How to Resuspend, Quantify, and Calculate Copy Number. Available
online: https://eu.idtdna.com/pages/education/decoded/article/tips-for-working-with-gblocks-gene-fragments (accessed
on 30 September 2021).

49. Zhang, H.H.; Hu, W.Q.; Li, J.Y.; Liu, T.N.; Zhou, J.Y.; Opriessnig, T.; Xiao, C.T. Novel circovirus species identified in farmed pigs
designated as Porcine circovirus 4, Hunan province, China. Transbound. Emerg. Dis. 2019, 67, 1057–1061. [CrossRef] [PubMed]

50. Corman, V.M.; Landt, O.; Kaiser, M.; Molenkamp, R.; Meijer, A.; Chu, D.K.; Bleicker, T.; Brünink, S.; Schneider, J.; Schmidt,
M.L.; et al. Detection of 2019 novel coronavirus (2019-nCoV) by real-time RT-PCR. Eurosurveillance 2020, 25, 2000045. [CrossRef]
[PubMed]

51. Xiao, C.-T.; Giménez-Lirola, L.; Huang, Y.-W.; Meng, X.-J.; Halbur, P.G.; Opriessnig, T. The prevalence of Torque teno sus virus
(TTSuV) is common and increases with the age of growing pigs in the United States. J. Virol. Methods 2012, 183, 40–44. [CrossRef]
[PubMed]

52. Behrendt, R.; Fiebig, U.; Norley, S.; Gürtler, L.; Kurth, R.; Denner, J. A neutralization assay for HIV-2 based on measurement of
provirus integration by duplex real-time PCR. J. Virol. Methods 2009, 159, 40–46. [CrossRef] [PubMed]

53. Zhao, K.; Han, F.; Zou, Y.; Zhu, L.; Li, C.; Xu, Y.; Zhang, C.; Tan, F.; Wang, J.; Tao, S.; et al. Rapid detection of porcine circovirus
type 2 using a TaqMan-based real-time PCR. Virol. J. 2010, 7, 374. [CrossRef] [PubMed]

54. McMahon, K.J.; Minihan, D.; Campion, E.M.; Loughran, S.T.; Allan, G.; McNeilly, F.; Walls, D. Infection of pigs in Ireland with
lymphotropic γ-herpesviruses and relationship to postweaning multisystemic wasting syndrome. Veter. Microbiol. 2006, 116,
60–68. [CrossRef] [PubMed]

55. Bustin, S.; Benes, V.; Garson, J.; Hellemans, J.; Huggett, J.; Kubista, M.; Mueller, R.; Nolan, T.; Pfaffl, M.; Shipley, G.; et al. The
need for transparency and good practices in the qPCR literature. Nat. Methods 2013, 10, 1063–1067. [CrossRef] [PubMed]

56. Bustin, S.A.; Benes, V.; Garson, J.A.; Hellemans, J.; Huggett, J.; Kubista, M.; Mueller, R.; Nolan, T.; Pfaffl, M.W.; Shipley, G.L.; et al.
The MIQE Guidelines: Minimum Information for Publication of Quantitative Real-Time PCR Experiments. Clin. Chem. 2009, 55,
611–622. [CrossRef]

57. Becker, A.-C.; Kraemer, A.; Epe, C.; Strube, C. Sensitivity and efficiency of selected coproscopical methods—sedimentation,
combined zinc sulfate sedimentation-flotation, and McMaster method. Parasitol. Res. 2016, 115, 2581–2587. [CrossRef]

58. Gregor, G.; H-Bohrisch, H.-G.; Knorck, H. Erfahrungen mit der spezifisch-pathogenfreien Haltung (SPF) des Miniaturschweines
Mini-Lewe (Experience with specific-pathogen-free (SPF) "Mini-Lewe" miniature pigs). MH Vet. Med. 1980, 35, 190–193.

59. Denner, J. Sensitive detection systems for infectious agents in xenotransplantation. Xenotransplantation 2020, e12594. [CrossRef]
60. Denner, J. Xenotransplantation and Hepatitis E virus. Xenotransplantation 2015, 22, 167–173. [CrossRef] [PubMed]
61. Denner, J.; Pischke, S.; Steinmann, E.; Blümel, J.; Glebe, D. Why all blood donations should be tested for hepatitis E virus (HEV).

BMC Infect. Dis. 2019, 19, 1–5. [CrossRef]

http://doi.org/10.1111/j.1399-3089.2009.00515.x
http://www.ncbi.nlm.nih.gov/pubmed/19392721
http://doi.org/10.1128/JVI.78.5.2494-2501.2004
http://www.ncbi.nlm.nih.gov/pubmed/14963150
http://doi.org/10.1016/j.jviromet.2005.07.004
http://www.ncbi.nlm.nih.gov/pubmed/16125257
http://doi.org/10.1128/JVI.76.10.4734-4740.2002
http://www.ncbi.nlm.nih.gov/pubmed/11967290
http://doi.org/10.1016/S0042-6822(03)00006-0
http://doi.org/10.1111/tbed.13833
http://www.ncbi.nlm.nih.gov/pubmed/32931644
http://doi.org/10.1128/JVI.01879-16
http://doi.org/10.1128/cvi.05057-11
http://www.ncbi.nlm.nih.gov/pubmed/21653745
http://doi.org/10.1016/j.jim.2005.06.021
http://www.ncbi.nlm.nih.gov/pubmed/16223507
http://doi.org/10.1016/j.vetimm.2011.01.005
http://www.ncbi.nlm.nih.gov/pubmed/21354629
https://eu.idtdna.com/pages/education/decoded/article/tips-for-working-with-gblocks-gene-fragments
http://doi.org/10.1111/tbed.13446
http://www.ncbi.nlm.nih.gov/pubmed/31823481
http://doi.org/10.2807/1560-7917.ES.2020.25.3.2000045
http://www.ncbi.nlm.nih.gov/pubmed/31992387
http://doi.org/10.1016/j.jviromet.2012.03.026
http://www.ncbi.nlm.nih.gov/pubmed/22484614
http://doi.org/10.1016/j.jviromet.2009.02.024
http://www.ncbi.nlm.nih.gov/pubmed/19442843
http://doi.org/10.1186/1743-422X-7-374
http://www.ncbi.nlm.nih.gov/pubmed/21192832
http://doi.org/10.1016/j.vetmic.2006.03.022
http://www.ncbi.nlm.nih.gov/pubmed/16672182
http://doi.org/10.1038/nmeth.2697
http://www.ncbi.nlm.nih.gov/pubmed/24173381
http://doi.org/10.1373/clinchem.2008.112797
http://doi.org/10.1007/s00436-016-5003-8
http://doi.org/10.1111/xen.12594
http://doi.org/10.1111/xen.12156
http://www.ncbi.nlm.nih.gov/pubmed/25676629
http://doi.org/10.1186/s12879-019-4190-1


Microorganisms 2021, 9, 2617 15 of 15

62. Krüger, L.; Längin, M.; Reichart, B.; Fiebig, U.; Kristiansen, Y.; Prinz, C.; Kessler, B.; Egerer, S.; Wolf, E.; Abicht, J.-M.; et al.
Transmission of Porcine Circovirus 3 (PCV3) by Xenotransplantation of Pig Hearts into Baboons. Viruses 2019, 11, 650. [CrossRef]
[PubMed]

63. Wynyard, S.; Nathu, D.; Garkavenko, O.; Denner, J.; Elliott, R. Microbiological safety of the first clinical pig islet xenotransplanta-
tion trial in New Zealand. Xenotransplantation 2014, 21, 309–323. [CrossRef] [PubMed]

64. Morozov, V.A.; 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. [CrossRef]

65. Paradis, K.; Langford, G.; Long, Z.; Heneine, W.; Sandstrom, P.; Switzer, W.M.; Chapman, L.E.; Lockey, C.; Onions, D.; Otto, E.
Search for Cross-Species Transmission of Porcine Endogenous Retrovirus in Patients Treated with Living Pig Tissue. Science 1999,
285, 1236–1241. [CrossRef]

66. Denner, J.; Schuurman, H.J.; 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, 239–248. [CrossRef] [PubMed]

67. Morozov, V.A.; Abicht, J.M.; Reichart, B.; Mayr, T.; Guethoff, S.; Denner, J. Active replication of porcine cytomegalovirus (PCMV)
following transplantation of a pig heart into a baboon despite undetected virus in the donor pig. Ann. Virol. Res. 2016, 2, 1018.

68. Saade, G.; Deblanc, C.; Bougon, J.; Marois-Créhan, C.; Fablet, C.; Auray, G.; Belloc, C.; Leblanc-Maridor, M.; Gagnon, C.A.; Zhu,
J.; et al. Coinfections and their molecular consequences in the porcine respiratory tract. Veter. Res. 2020, 51, 1–19. [CrossRef]
[PubMed]

69. Martin, S.I.; Wilkinson, R.; Fishman, J.A. Genomic presence of recombinant porcine endogenous retrovirus in transmitting
miniature swine. Virol. J. 2006, 3, 91–96. [CrossRef]

70. Fishman, J.A.; Sachs, D.H.; Yamada, K.; Wilkinson, R.A. Absence of interaction between porcine endogenous retrovirus and
porcine cytomegalovirus in pig-to-baboon renal xenotransplantation in vivo. Xenotransplantation 2018, 25, e12395. [CrossRef]

71. Yamada, K.; Tasaki, M.; Sekijima, M.; Wilkinson, R.A.; Villani, V.; Moran, S.G.; Cormack, T.A.; Hanekamp, I.; Arn, J.S.;
Fishman, J.A.; et al. Porcine Cytomegalovirus Infection Is Associated With Early Rejection of Kidney Grafts in a Pig to Baboon
Xenotransplantation Model. Transplantation 2014, 98, 411–418. [CrossRef] [PubMed]

72. Bittmann, I.; Mihica, D.; Plesker, R.; Denner, J. Expression of porcine endogenous retroviruses (PERV) in different organs of a pig.
Virology 2012, 433, 329–336. [CrossRef] [PubMed]

73. Dieckhoff, B.; Puhlmann, J.; Büscher, K.; Hafner-Marx, A.; Herbach, N.; Bannert, N.; Büttner, M.; Wanke, R.; Kurth, R.; Denner, J.
Expression of porcine endogenous retroviruses (PERVs) in melanomas of Munich miniature swine (MMS) Troll. Veter. Microbiol.
2007, 123, 53–68. [CrossRef] [PubMed]

74. Tenter, A.M.; Heckeroth, A.R.; Weiss, L.M. Toxoplasma gondii: From animals to humans. Int. J. Parasitol. 2000, 30, 1217–1258.
[CrossRef]

75. Kijlstra, A.; Meerburg, B.; Mul, M. Animal-friendly production systems may cause re-emergence of Toxoplasma gondii. NJAS
Wagening. J. Life Sci. 2004, 52, 119–132. [CrossRef]

http://doi.org/10.3390/v11070650
http://www.ncbi.nlm.nih.gov/pubmed/31315245
http://doi.org/10.1111/xen.12102
http://www.ncbi.nlm.nih.gov/pubmed/24801820
http://doi.org/10.1016/j.virusres.2016.08.012
http://doi.org/10.1126/science.285.5431.1236
http://doi.org/10.1111/j.1399-3089.2009.00544.x
http://www.ncbi.nlm.nih.gov/pubmed/19799764
http://doi.org/10.1186/s13567-020-00807-8
http://www.ncbi.nlm.nih.gov/pubmed/32546263
http://doi.org/10.1186/1743-422X-3-91
http://doi.org/10.1111/xen.12395
http://doi.org/10.1097/TP.0000000000000232
http://www.ncbi.nlm.nih.gov/pubmed/25243511
http://doi.org/10.1016/j.virol.2012.08.030
http://www.ncbi.nlm.nih.gov/pubmed/22975674
http://doi.org/10.1016/j.vetmic.2007.02.024
http://www.ncbi.nlm.nih.gov/pubmed/17418507
http://doi.org/10.1016/S0020-7519(00)00124-7
http://doi.org/10.1016/S1573-5214(04)80008-3

	Introduction 
	Materials and Methods 
	Mini-LEWE: Genetics and Breeding Conditions 
	Samples and Mitogen Stimulation of Peripheral Blood Mononuclear Cells 
	DNA and RNA Isolation 
	PCR and Real-Time RT-PCR for the Detection of Porcine Endogenous Retroviruses 
	Real-Time RT-PCR for the Detection of Hepatitis E Virus 
	PCR and Real-Time PCR for the Detection of DNA Viruses 
	Generation of Viral Standards 
	Minimum Information for Publication of Quantitative Real-Time PCR Experiments (MIQE) 
	Parasitological Screening 

	Results 
	Prevalence of Porcine Endogenous Retroviruses 
	Screening for Hepatitis E Virus 
	Screening for Porcine Herpes Viruses, Circoviruses and Porcine Parvovirus-1 
	Establishment of gBlocks for the Standardization 
	Screening for Pig Parasites 

	Discussion 
	Conclusions 
	References

