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Porcine endogenous retrovirus (PERV) is a potential pathogen in clinical xenotransplantation; transmission 
of PERV in vivo has been suggested in murine xenotransplantation models. We analyzed the transmission 
of PERV to human cells in vivo using a model in which immunodeficient NOD/SCID transgenic mice were 
transplanted with porcine and human lymphohematopoietic tissues. Our results demonstrate, we believe for 
the first time, that human and pig cells can coexist long-term (up to 25 weeks) without direct PERV infection 
of human cells. Despite the transplantation of porcine cells that did not produce human-tropic PERV, human 
cells from the chimeric mice were frequently found to contain PERV sequences. However, this transmission 
was due to the pseudotyping of PERV-C (a virus without human tropism) by xenotropic murine leukemia virus, 
rather than to de novo generation of human-tropic PERV. Thus, pseudotyping might account for the PERV 
transmission previously observed in mice. The absence of direct human cell infection following long-term in 
vivo coexistence with large numbers of porcine cells provides encouragement regarding the potential safety of 
using pigs that do not produce human-tropic PERV as source animals for transplantation to humans.

Introduction
Xenotransplantation of swine tissues has been proposed as a means 
to alleviate the shortage of organs and tissues needed for the treat-
ment of human organ failure and cellular diseases such as diabe-
tes mellitus (1). However, concerns have been raised about possible 
transmission of pig-derived pathogens to xenograft recipients (2, 3). 
Particular attention has focused on the porcine endogenous retro-
viruses (PERVs) that are present in pig genomes and that possess 
limited replication competence for certain human cell lines in vitro 
(4–7). Recently, exogenous forms of recombinant human-tropic 
PERV that grow to high titers in vitro have been identified in healthy 
swine. This indicates that the potential risk for human infection by 
PERV may be influenced more by the presence of exogenous PERV 
than by replication-competent germ-line PERV loci (8).

The possibility of interspecies infection by PERV in vivo has been 
suggested by studies of immunodeficient mice that demonstrate 
low-level PERV infection following the transplantation of porcine 
islets (9–11). These studies stand in contrast to the lack of infec-
tion detected in nonhuman primates (12–15) and several small 
laboratory animal species (12, 16). Similarly, it has not been pos-
sible to demonstrate PERV infection in patients exposed to living 
porcine tissues (17–23).

To date, PERV transmission to human cells in vivo has not been 
assessed in patients or animal models that involve long-term expo-
sure of human cells to comparable amounts of porcine tissues. 
To analyze the transmission of PERV to human cells in vivo, we 
developed a new xenotransplantation model in which human cells 
coexist with large numbers of porcine cells. NOD/SCID transgenic 
(NOD/SCID-Tg) mice that produce porcine cytokines were trans-
planted with porcine bone marrow (BM) cells and human lympho-
hematopoietic tissues. The human cells from chimeric mice were 
frequently found to contain PERV sequences. However, this infec-
tion resulted from the pseudotyping of PERV by an endogenous 
retrovirus of mice, murine leukemia virus (MLV).

Results
PERV transmission profile of donor pig cells. We determined the PERV 
transmission characteristics of PBMCs, primary aortic endothelial 
cells (PAECs), and BM cells from miniature swine (MS) using in 
vitro coculture with human 293 cells. The PBMCs, PAECs, and 
BM cells of MS nos. 15101 and 14813 did not transmit PERV to 
human cells in vitro but productively infected porcine cells with 
PERV-C (data not shown). In contrast, the PBMCs, PAECs, and thy-
mic stroma cells of MS 13605 each produced PERV that infected 
porcine and human cells. We used only cells from MS 15101 and 
14813, which did not transmit PERV to human cells in vitro, for all 
in vivo transplantation and subsequent in vitro coculture studies. 

Induction of mixed hematopoietic chimerism in vivo. We produced 
pig/human/mouse triple-chimeric mice by transplantation of 
porcine BM cells and human fetal thymus and liver tissues into 
NOD/SCID-Tg mice (24). Similarly, we produced double-chime-
ric mice possessing both mouse and human, or mouse and pig, 
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receptor 5; MLV, murine leukemia virus; MLV-X, xenotropic MLV; MS, miniature 
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PERV, porcine endogenous retrovirus; RT, reverse transcriptase; SLA, swine  
leukocyte antigen.
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cells by transplantation of human fetal thymus/liver or porcine 
BM cells, respectively. Flow cytometric analysis indicated that high 
levels of human and pig cell chimerism persisted in NOD/SCID-
Tg mouse recipients throughout the experimental period (25–26 
weeks) (Figure 1) (24).

PERV infection of human cells in vivo. We sorted human cells from 
20 triple-chimeric mice 25 weeks after transplantation. Despite 
stringent sorting conditions, many samples showed evidence of 
persistent low levels of residual pig cells, according to quantitative 
PCR analysis (Table 1 and data not shown). In samples from 5 of 
the 20 mice, we found that the ratio between the copy number of 
PERV and that of an internal control pig-genome sequence (MHC) 
was significantly higher than that which could be attributed to 
contamination by small numbers of residual pig cells (Table 1;  
P < 0.05). These results are consistent with, but do not prove, infec-
tion by PERV of human cells. To further characterize the PERV 
that appeared to have infected the human cells, we performed 
additional in vitro BM coculture studies.

Retrovirus transmission from bone marrow following mixed 
hematopoietic chimerism in vivo. We isolated BM cells from chime-
ric mice in two independent experiments and cocultured them 
with human 293 cells. The 293 cells became productively infected 
— that is, they showed reverse transcriptase (RT) activity — follow-
ing coculture with BM cells from mice transplanted with either 
pig cells alone or both pig and human cells (Table 2). In contrast, 
BM cells from mice that had received only human cells did not 
infect 293 cells (Table 2).

To identify the retrovirus present in these cocultures, we analyzed 
the infected 293 cells and chimeric BM samples for the presence 
of PERV and for MLV sequences, using PCR and sequencing. We 
found that all of the infected 293 cells had acquired both PERV-C 
and MLV (env) sequences, but no PERV-A, PERV-B, or recombi-
nant human-tropic PERV-A/C sequences (Table 3). In addition, 
we did not detect recombinant human-tropic PERV-A/C sequenc-
es in the porcine donor BM at the time of implantation or at 
explantation (Table 3 and Figure 2). Our identification of PERV-C  

in the infected human cells was unexpected, 
as this PERV subgroup has no tropism for 
human cells. Therefore, to determine whether 
the PERV-C and/or MLV were responsible for 
the infection of the primary 293 cell cultures, 
we exposed secondary 293 cell cultures to the 
supernatants of the primary infected cultures. 
The secondary cultures became productively 
infected (RT-positive) (Table 3 and Figure 2). 
By PCR analysis, we found that whereas MLV 
sequences were still present, PERV-C sequences 
had become undetectable, indicating that rep-
lication-competent MLV was responsible for 
the productive infection of the 293 cultures. 
We sequenced the MLV env PCR amplicon and 
found that it showed high sequence similarity 
to xenotropic MLV (MLV-X) (Table 4). Taken 
together, these results indicate that MLV-X 
can be recovered from the cells of NOD/SCID 
mice and can transiently expand the tropism 
of PERV in human cells by pseudotyping.

PERV transmission by hematopoietic cells in vitro. 
To confirm whether MLV-X is responsible for 
PERV transmission in the chimeric mice, we 

performed in vitro cocultures of murine BM cells, human fetal 
liver cells, and porcine BM cells. Once again, we used the non-
transmitting MS 15101 that did not infect 293 cells as the source 
of porcine cells. We maintained cultures in vitro for 8 days using 
supportive cytokines, after which we added human 293 cells and 
monitored virus infection by RT production and PCR. We detect-
ed infection of the 293 cells in the cocultures containing either 
pig and mouse cells or pig, mouse, and human cells (Table 5). No 
infection of 293 cells was observed following coculture with cell 
populations that did not contain both porcine and murine cells; 
that is, cocultures containing human and mouse cells, human and 
pig cells, or individual pig, mouse, or human cells alone did not 
infect the 293 cells (Table 5). PCR analysis of the infected 293 cells 
indicated that they had become infected with MLV, but not PERV. 
These results further support that MLV-X were responsible for 
the PERV transmission into human cells detected in the chimeric 
mice (Table 3). Notably, unlike BM cells from the chimeric mice, 
in vitro coculture of porcine and mouse cells for 8 days failed to 

Table 1
Purified human cells from triple-chimeric mice show evidence of PERV infection

Group and  Sorted  PERV-pol copies Pig-MHC copies Pol:MHC
mouse no. cells  ± SD  ± SD ratio
Porcine BM cells 
 4790 Pig (control) 195,096 ± 36,800 5,941 ± 279 33
Porcine BM + human fetal thymus/liver 
 4676 Human 3,141 ± 630 26 ± 3 135A

 4688 Human  849 ± 136 12 ± 3  71A

  507 Human 13,249 ± 725 178 ± 20  74A

  518 Human  652 ± 61  5 ± 1 130A

 4788 Human  1,403 ± 164  14 ± 2.2  94A

Human fetal thymus/liver 
 4794 Human 8 ± 7 <3 ND
 503 Human  49 ± 37 <3 ND
  510 Human  <7 <3 ND

Mice were transplanted with porcine BM cells, porcine BM plus human fetal thymus/liver tissues, 
or human fetal thymus/liver tissues. We prepared DNA from either human cells (700–14,000 
depending on cell yield from the sorted chimeric tissues) or pig cells purified from the BM cells 
of the mice 25 weeks after transplantation, and analyzed DNA samples by PCR. The quantita-
tive detection limit of the MHC PCR is 3 copies per reaction. Results reflect the mean ± SD of 3 
assays. AP < 0.05 according to confidence intervals. ND, not detected.

Figure 1
BM chimerism in NOD/SCID-Tg mice. NOD/SCID-Tg mice demon-
strate porcine, human and murine cell chimerism in the BM cells fol-
lowing the transplantation of (A) porcine BM cells alone, (B) porcine 
BM cells plus human thymus/liver, or (C) human thymus/liver alone. 
Shown are representative staining profiles of the recipient BM cells at 
week 25 after transplantation. Murine, human, and pig cells are located 
in the lower left, upper left, and lower right quadrants, respectively. The 
percentage of cells in each quadrant is shown.
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produce a sufficient amount of replication-competent MLV-X–
pseudotyped PERV-C. This suggests that PERV pseudotyping may 
occur at a relatively low efficiency and that longer observation is 
required for its detection.

Discussion
The study of PERV transmission to human cells in vivo has impor-
tant implications for the ongoing debate regarding the safety of 
xenotransplantation. In this study, we addressed PERV transmis-
sion in a mixed chimerism model using immunodeficient mice in 
which porcine and human cells coexisted markedly longer than the 
durations reported previously (9–11). Previously, McIntyre et al. 
demonstrated the production of replication-competent pig-tropic, 
but not human-tropic, PERV from porcine BM cells (25). In this 
study, we extend those findings and show that BM cells are capable 
of producing replication-competent PERV that can 
infect human cells. The absence of human-tropic 
PERV in the McIntyre study was most likely due to 
the use of cells from nontransmitting pigs, such as 
those used for this study (MS 15101 and 14813). 
The ability of BM to produce replication-compe-
tent PERV indicates that this tissue is suitable for 
PERV transmission studies in vivo.

According to a recent report (8), the ability of 
primary porcine cells to transmit PERV to human 
cells in vitro has been correlated with the presence 
of PERV-A/C recombinants. These viruses exist in 
pigs in vivo but are not derived from the germ-line 
DNA of the animals (8). Although the mechanism 
of formation of these viruses is unclear, they pre-
sumably arise from the recombination of PERV-A 
and PERV-C genomes. We did not detect PERV-A/C  
recombinants in the nontransmitting porcine 
BM at the time of implant, consistent with the 
absence of transmission of PERV to human cells 
in vitro. Significantly, we did not detect PERV-
A/C recombinants in the porcine or human cells 
at explantation, even with significant periods of 
growth together in a xenogeneic environment and 
with the ongoing production of replication-com-

petent PERV-C by the BM cells. Despite the use of nontransmit-
ting porcine cells and the absence of PERV-A/C recombinants, 
we were still able to detect transmission of PERV to human cells 
in chimeric mice. This observation raises the concern that grafts 
might develop the capacity to produce human-tropic PERV in a 
xenogeneic environment in vivo; this would pose a significant risk 
for clinical xenotransplantation. However, we have demonstrated 
that this infection of human cells can be due to pseudotyping of 
PERV genomes by MLV-X and may be an artifact of the murine 
model. Equally, the role of pseudotyping in PERV infectivity stud-
ies using other model species also warrants consideration.

We conclude that pseudotyping was the sole mechanism by 
which human cells were infected by PERV because (a) human-
tropic PERV sequences were not detected in the human cell 
cocultures; (b) the infected human cells contained PERV-C 
sequences, and this PERV subgroup is not infectious for human 
cells (6, 26, 27); (c) replication-competent MLV-X was identified in 
the infected human cells; and (d) the tropism of MLV-X includes 
porcine and human cells. Our identification of MLV-X trans-
mission from murine to human cells is consistent with previous 
studies demonstrating MLV infection of human cells ex vivo (28, 
29). Indeed, isolation of the prototypic MLV-X was first achieved 
using human xenografts in mice (29). Retroviral pseudotyping is 
a well-established phenomenon that commonly occurs between 
retroviruses of the same, and on occasion disparate, phylogenetic 
families (30), and it has been observed previously between PERV 
and MLV. For example, MLV core proteins can incorporate PERV 
envelope (Env) proteins, producing functional pseudotype par-
ticles (26), and replication-competent PERV can pseudotype MLV 
vector transcripts (31, 32). In addition, transient pseudotyping of 
PERV-C genomes into human cell lines by human-tropic PERV 
has been described (7). Taken together, the above evidence indi-
cates that the most likely route of PERV transmission to human 
cells in murine models is via the productive infection of pig cells 
by MLV-X and then subsequent pseudotyping of PERV genome 

Table 2
PERV transmission characteristics of bone marrow cells recov-
ered from chimeric NOD/SCID-Tg mice

 BM source RT activity (μU/ml)
Experiment I Mouse + pig 7,900
 Mouse + pig + human 14,500
 Mouse + human  <60
 None  <60

Experiment II Mouse + pig 54,000
 Mouse + pig + human 32,200
 Mouse + human  <60

Groups of mice were transplanted with porcine BM cells alone (mouse 
+ pig), human fetal thymus/liver fragments alone (mouse + human), or 
both (mouse + pig + human). After 25 weeks, we isolated the BM cells 
from the mice, pooled the BM cells within groups, and analyzed them 
using 293 cell in vitro transmission assays. n = 3 mice per group for 
both experiments.

Table 3
Transmission of PERV-C and MLV sequences to human and porcine cells follow-
ing in vivo chimerism

 PCR result 
 Bone RT PERV subgroup 
Sample marrow (μU/ml) A B C A/C MLV SLA CCR5
BM M/P NT + + + – + + –
 M/P/H NT + + + – + + +
 M/H NT – – – – + – +
    
Primary 293 None  <60 – – – – – – +
 M/P 55,000 – – + – + – +
 M/P/H 32,000 – – + – + – +
 M/H <60 – – – – – – +
    
Secondary 293 M/P 75,000 – – – – + NT NT
 M/P/H 27,000 – – – – + NT NT

PCR and RT analysis of chimeric mouse BM cells, and the associated primary human 
293 cell transmission assays. Cell-free supernatants from primary cocultures were used to 
infect secondary 293 cultures. M/P, BM cells from mice receiving porcine BM cells alone; 
M/P/H, BM cells from mice receiving porcine BM cells and human thymus/liver; M/H, BM 
cells from mice receiving human thymus/liver alone; NT, not tested. The results of two inde-
pendent experiments were identical.
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transcripts from the MLV-infected pig cells into human cells. We 
found that the recovery of MLV-X in the human 293 cells was 
dependent on the presence of porcine cells in the culture, indicat-
ing that the porcine cells contribute in a manner that enhances 
the transmission of MLV-X. It will prove valuable to determine 
the mechanism(s) underlying this dependence; for example, stud-
ies are needed to investigate whether cell-cell or viral interactions 
are responsible for the enhanced MLV-X transmission.

To develop a robust murine model for PERV infection in light 
of these data, it will be necessary to identify 
lines of mice that do not produce replica-
tion-competent MLV and that are also per-
missive for one or more of the human-trop-
ic subgroups of PERV. While pseudotyping 
appears to be a significant issue for the 
interpretation of infectivity data resulting 
from transplant procedures involving pig 
cells, it is likely to be less of a complication 
for cell-free virus infectivity studies. Solely 
based on the expression of functional recep-
tors in cell lines, a number of animal species 
might be considered suitable candidates 
for in vivo studies of PERV (26). Thus far, 
despite stringent attempts to infect immu-
nosuppressed animals from several species 
with PERV, infection has not been achieved, 
suggesting that post-receptor blocks may 
affect PERV replication (12, 16, 33). Howev-
er, because the expression of PERV-A recep-
tors on murine cells renders them fully sus-
ceptible to PERV replication (32), it should 
be possible to develop PERV transmission 
models via the prudent selection of mouse 
lines and the production of transgenic mice 
expressing PERV receptors.

In summary, we have shown that porcine 
xenografts that lack human-tropic PERV 
retain a nontransmitting phenotype toward 

human cells, despite intimate contact over extended periods in 
an immunosuppressed xenogeneic environment. The absence of 
direct human cell infection provides encouragement with respect 
to the potential safety of using pigs that do not produce human-
tropic PERV as source animals for transplantation to humans.

Methods
Animal tissues and transplants. Transgenic mice on a NOD/LtSz-SCID/SCID 
background (NOD/SCID-Tg) that produce porcine IL-3, GM-CSF, and 
stem cell factor, were generated by backcrossing the transgenic founders 
(on a mixed NIH Swiss × FVB background) to NOD/LtSz-SCID/SCID mice 
(The Jackson Laboratory) for 8–10 generations, as previously described 
(34). We used inbred Massachusetts General Hospital miniature swine 
(35) as porcine tissue donors and prepared porcine PBMCs and PAECs 
from adult swine as described previously (27, 36). Human fetal thymus 
and liver tissues (17- to 20-week-old fetuses) were obtained from Advanced 
Bioscience Resource Inc.

NOD/SCID-Tg mice were conditioned with 3-Gy whole-body irradia-
tion, followed by intravenous injection of 1 × 108 porcine BM cells on the 
same day. Human fetal thymus/liver fragments (∼1 mm3) were implanted 
under the recipient kidney capsule 3 days after whole-body irradiation, as 
described elsewhere (24). Protocols involving human tissues and animals 
were approved by the Institutional Review Boards of the Massachusetts 
General Hospital for Human Studies and for Research Animal Care.

Cell staining and flow cytometry. We determined the level of porcine and 
human chimerism by flow cytometry using anti-pig pan tissue mAb 1030H-
1-19 (Research Diagnostics Inc.), anti-HLA class I antibody (w6/32, Leinco), 
anti–human CD45 antibody (BD Biosciences — Pharmingen), anti–mouse 
CD45 antibody (BD Biosciences — Pharmingen), and appropriate isotype 
control mAbs (24). Analysis was performed on a FACSCalibur (BD). To sort 
human cells, we stained recipient BM cells with FITC-conjugated antibod-

Figure 2
Human 293 cells become transiently positive for PERV-C, and pro-
ductively infected with MLV, following cocultivation with chimeric bone 
marrow samples that contain murine cells. Human 293 cells were 
directly cocultured with chimeric bone marrow containing mouse + pig 
(M/P), mouse + pig + human (M/P/H), or mouse + human (M/H) cells. 
To determine the replication competence of the viruses in this primary 
culture (G1), a cell-free supernatant preparation was used to further 
challenge secondary uninfected 293 cells (G2). Cells were tested by 
PCR for the presence of MLV and PERV-C sequences.

Table 4
Amino acid alignment of the amino terminus of the MLV, derived from NOD/SCID mice, 
which infects 293 cells 

NOD/SCID YCGKWGCETTGQAYWKPSSSWDLISLKRGNTPKDQ-------GPCYDSS-
Xenotropic YCGKWGCETTGQAYWKPSSSWDLISLKRGNTPKDQ-------GPCYDSS-
Amphotropic YCGKWGCETTGQAYWKPTSSWDLISLKRGNTPWDTGCSKVACGPCYDLSK
Ecotropic YCASWGCETTGRVYWKPSSSWDYITVDNNLTSNQA---------------

NOD/SCID VSSGVQGATPGGRCNPLVLEFTDAGKKAS-WDAPKVWGLRLYRSTGADPV
Xenotropic VSSGVQGATPGGRCNPLVLEFTDAGKKAS-WDAPKVWGLRLYRSTGADPV
Amphotropic VSNSFQGATRGGRCNPLVLEFTDAGKKAN-WDGPKSWGLRLYR-TGTDPI
Ecotropic V-QVCKDNK---WCNPLAIRFTNAGKQVTSWTTGHYWGLRLYV-SGQDPG

NOD/SCID TRFSLTRQVLNVGPRVPIGPNPVITEQLPPSQPVQIMLP-RPP------H
Xenotropic TRFSLTRQVLNVGPRVPIGPNPVITEQLPPSQPVQIMLP-RPP------H
Amphotropic TMFSLTRQVLNVGPRVPIGPNPVLPDQRLPSSPIEIVPAPQPPSPLNTSY
Ecotropic LTFGIRLSYQNLGPRIPIGPNPVLADQLSFPLPNPLPKPAKSP-------

NOD/SCID PPPSGAASMVPGAPPPSQQP--GTGDRLLNLVKGAYQALNLTSPDRTQEC
Xenotropic PPPSGAASMVPGAPPPSQQP--GTGDRLLNLVKGAYQALNLTSPDRTQEC
Amphotropic PPSTTSTPSTSPTSPSVPQPPPGTGDRLLALVKGAYQALNLTNPDKTQEC
Ecotropic PASSSTPTLISPSPTPTQPPPAGTGDRLLNLVQGAYQALNLTNPDKTQEC

NOD/SCID WLCL
Xenotropic WLCL
Amphotropic WLCL
Ecotropic WLCL

The MLV isolate that grew in 293 cells possesses high sequence similarity to xenotropic MLV 
(CWM; M59793), and less to amphotropic (AAA46515) or ecotropic MLV (Z11128). At the nucleo-
tide level, we detected a single conservative base change between the NOD/SCID-derived MLV 
sequence (GenBank accession number GI 332080) and the MLV-X sequence.
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ies specific to human CD45 or HLA class I, and then sorted them using a 
HiPerFACS Vantage Cell Sorter (BD).

In vitro coculture of porcine, human, and mouse hematopoietic cells. Porcine 
BM cells, mouse BM cells, and human fetal liver cells were cocultured in 
MyeloCult H5100 medium (Stem Cell Technologies) supplemented with 
porcine cytokines IL-3 (2 ng/ml), porcine GM-CSF (5 ng/ml), porcine stem 
cell factor (25 ng/ml), human IL-3 (10 ng/ml), human GM-CSF (1,000 U/
ml), mouse IL-3 (10 ng/ml), and mouse GM-CSF (1,000 U/ml). Human and 
mouse cytokines were purchased from R&D Systems. The cultures were har-
vested 8 days after initiation and used for retrovirus transmission assays.

Retrovirus transmission assays. For transmission analysis of BM cells, we 
established BM cell cultures as described above and seeded 1 × 106 human 
293 or ST-IOWA cells (American Type Culture Collection). We supplement-
ed the DMEM culture medium with 50% RPMI 1640 Medium (Invitrogen 
Corp.) for the first two weeks of coculture to favor survival of the stromal 
cells. We followed established methods when performing transmission 
assays using PBMCs (27). Briefly, we stimulated approximately 1 × 108 
PBMCs with phytohemagglutinin and cocultured the cells and associated 
stimulation medium with subconfluent 293 or ST-IOWA cells in a 75-cm2 
flask. The PBMCs were left in contact with the target cells for 4–5 days, 
after which time the culture medium and PBMCs were removed. The target 
cells were maintained by subculturing as necessary. For retrovirus trans-
mission analysis of PAECs, we cocultured approximately 8 × 105 PAECs 
with 4 × 105 293 or ST-IOWA cells with subculture as necessary. Where 
appropriate, cell culture supernatants were passed through a 0.45-μm filter 
in order to serve as cell-free virus supernatants. We determined retroviral 
infection of cells by the presence of RT activity in the culture supernatant 
using an indirect ELISA (HS-kit Mn2+ RT kit; Cavidi Tech AB). We main-
tained the cell cultures for approximately 60 days before deeming them 
negative for retroviral infection.

PCR. We isolated DNA from pellets of approximately 2 × 105 cells using 
the QIAamp DNA Blood Mini Kit (QIAGEN). For the detection of PERV, we 
used subgroup-specific PERV-A, -B, -C, and pan-PERV (pol) primers in 50 μl 
HotStarTaq PCR master mix (QIAGEN). Each reaction contained 5 mM of 
each primer and 100 ng of genomic DNA. Cycling parameters were 94°C for 
15 minutes, then 35 cycles of the following: 94°C for 10 seconds, 60°C for 
30 seconds, 75°C for 30 seconds, and 5°C for 5 minutes. We used the same 
conditions for the detection of MLV using specific env primers with the 
exception of a 55°C annealing temperature. The primer sequences were as 
follows: PERV-A sense 5′-CCTACCAGTTATAATCAATTTAATTATGGC-3′; 

PERV-A antisense 5′-AGGTTGTATTGTAATCAGAGGGG-3′; PERV-B sense 
5′-TTCTGTAGGAGATGGAGCTGC-3′; PERV-B antisense 5′-TGGTAG-
GAATCAATCCAGTGG-3′; PERV-C sense 5′-CTGACCTGGATTAGAACT-
GGAAG-3′; PERV-C antisense 5′-TATGTTAGAGGATGGTCCTGGTC-3′; 
pan-PERV sense 5′-TGCAGGAAACCTCGAGACTC-3′; pan-PERV antisense 
5′-TAACGTGGGATGCATGGATC-3′; pan-MLV sense 5′-KCTACTGTGSC-
WMWTGGGGMTG-3′; pan-MLV antisense 5′-TAACGTGGGATGCATG-
GATC-3′; swine leukocyte antigen (SLA) sense 5′-GCCCTGGGCTTC-
TACCCTAA-3′; SLA antisense 5′-TCTCAGGGTGAGTGGCTCCT-3′; CC 
chemokine receptor 5 (CCR5) sense 5′-TACCTGCTCAACCTGGCCAT-3′; 
CCR5 antisense 5′-TTCCAAAGTCCCACTGGGC-3′.

We performed quantitative PCR for PERV pol using an ABI 7700 
(Applied Biosystems) with 400 nM each of the sense (5′-AGCTCCGGGAG-
GCCTACTC-3′) and anti-sense (5′-ACAGCCGTTGGTGTGGTCA-3′) 
primers, as well as 100 nM of the fluorogenic TaqMan probe (5′ FAM-
CCACCGTGCAGGAAACCTCGAGACT-TAMRA 3′). Each sample was 
assayed in triplicate. Quantification standards, consisting of serially dilut-
ed PERV pol DNA amplicons, were run simultaneously. The cycling condi-
tions were as follows: 1 cycle at 50°C for 2 minutes; 1 cycle at 95°C for 10 
minutes; 50 cycles at 94°C for 20 seconds, and a hold at 60°C for 1 min. 
The dynamic range of the assay is quantitative between 6.6 million and 
66 copies per sample. Pig MHC class I gene primers and probe were devel-
oped as internal controls for porcine cellular DNA (37, 38). Primers and 
probe were derived from the pig MHC gene and are as follows: MHC sense, 
5′-GCCCTGGGCTTCTACCCTAA-3′; MHC antisense, 5′-TCTCAGGGT-
GAGTGGCTCCT-3′; probe, 5′-6FAM-CCAGGACCAGAGCCAGGACATG-
GAGCTCGT-TAMRA-3'. Quantitative sensitivity was 3 copies per reaction. 
Quantification of pig MHC served as a control for the nucleic acid input 
amount and for nonspecific inhibition. A more sensitive qualitative PCR 
control for pig centromeric DNA (present at 1,000–2,000 copies per cell) 
was also used to detect both the presence of pig nucleic acids in human or 
murine samples and/or the presence of inhibition of the PCR reaction by 
the sample tested (sense, 5′-TAGCCATGCTGCATGTAATGC-3′; antisense, 
5′-GGAGCGTGGCCCAAT-3′). Each assay included an internal amplimer 
control fragment to detect inhibition of the PCR assay, which could be mis-
interpreted as a negative result in the absence of such internal controls.

GenBank accession number. The nucleotide and amino acid sequence of the 
MLV isolated from NOD/SCID-Tg mice has been deposited at GenBank 
(accession number AY366074).
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Table 5
In vitro transmission analyses of chimeric bone marrow cultures

 RT activity  DNA PCR 
Sample (μU/ml) PERV-A PERV-B PERV-C MLV
293 M/P/H 29,000 – – – +
293 M/P 51,000 – – – +
293 M/H <60 – – – –
293 P/H <60 – – – –
293 H <60 – – – –
293 P <60 – – – –
293 M <60 – – – –

Shown are PCR analysis results of 293 cells following in vitro coculture 
with cells from the species indicated. The human 293 cell cultures were 
screened by PCR to confirm that residual pig or murine cells were no 
longer present in the culture at the time of analysis. M/P/H, mouse BM 
cells + pig BM cells + human fetal liver cells; M/P, mouse + pig BM cells; 
M/H, mouse BM cells + human fetal liver cells; M, mouse BM cells; P, 
pig BM cells; H, human fetal liver cells.
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