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Abstract
Xenotransplantation carries the potential risk of the transmission of infection with the cells or
tissues of the graft. The degree of risk is unknown in the absence of clinical trials. The clinical
application of xenotransplantation has important implications for infectious disease surveillance,
both at the national and international levels. Preclinical data indicate that infectious disease events
associated with clinical xenotransplantation from swine, should they occur, will be rare; data in
human trials are limited but have demonstrated no transmission of porcine microorganisms
including porcine endogenous retrovirus. Xenotransplantation will necessitate the development of
surveillance programs to detect known infectious agents and, potentially, previously unknown or
unexpected pathogens. The development of surveillance and safety programs for clinical trials in
xenotransplantation is guided by a “Precautionary Principle,” with the deployment of appropriate
screening procedures and assays for source animals and xenograft recipients even in the absence
of data suggesting infectious risk. All assays require training, standardization and validation, and
sharing of laboratory methods and expertise to optimize the quality of the surveillance and
diagnostic testing. Investigation of suspected xenogeneic infection events (xenosis, xenozoonosis)
should be performed in collaboration with an expert data safety review panel and the appropriate
public health and competent authorities. It should be considered an obligation of performance of
xenotransplantation trials to report outcomes, including any infectious disease transmissions, in
the scientific literature. Repositories of samples from source animals and from recipients prior to,
and following xenograft transplantation are essential to the investigation of possible infectious
disease events. Concerns over any potential hazards associated with xenotransplantation may
overshadow potential benefits. Careful microbiological screening of source animals used as
xenotransplant donors may enhance the safety of transplantation beyond that of allotransplant
procedures. Xenogeneic tissues may be relatively resistant to infection by some human pathogens.
Moreover, xenotransplantation may be made available at the time when patients require organ
replacement on a clinical basis. Insights gained in studies of the microbiology and immunology of
xenotransplantation will benefit transplant recipients in the future. This document summarizes
approaches to disease surveillance in individual recipients of nonhuman tissues.
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Overview
Xenotransplantation is any procedure that involves the transplantation, implantation, or
infusion into a human recipient of live cells, tissues, or organs from an animal source. This
definition may include human bodily fluids, cells, tissues, or organs that have had ex vivo
contact with live non-human animal cells, tissues, fluids, or organs. The definition may also
include non-living or acellular biomaterials (e.g., heart valves, blood vessels, tendons)
derived from non-human species. These latter non-viable tissues have a much reduced
potential for the spread of infection but may elicit immune or other host responses. As with
any form of transplantation, xenotransplantation carries the potential risk of the transmission
of infection with the cells or tissues of the graft [1–8]. In xenotransplantation, there is the
unique potential risk for the transmission of both known and unknown zoonotic infectious
agents of animal origin into human recipients and into the wider human population. Thus,
the term “xenosis” (also “direct zoonosis” or “xenozoonosis”) was coined to reflect both the
unique epidemiology of infection of source animals used for xenotransplantation and
experience with immunocompromised patients that indicates that novel pathogens may
emerge as a cause of infection, including organisms not normally associated with human
disease [2,6]. The degree of risk is unknown in the absence of clinical trials. The clinical
application of xenotransplantation has important implications for infectious disease
surveillance, both at the national and international levels. As a result, World Health
Organization Resolution WHA57.18 emphasizes that members states should “allow
xenogeneic transplantation only when effective national regulatory control and surveillance
mechanisms overseen by national health authorities are in place [9].” This issue was further
defined in the Changsha Communiqué of the First WHO Global Consultation on Regulatory
Requirements for Xenotransplantation Clinical Trials (Changsha, China, 19–21 November
2008) [10]. The Changsha Communiqué stated that, in light of potential risks to xenograft
recipients and to the broader community, “there should be no xenotransplantation in the
absence of effective regulation by the government of the country.” A series of useful
guidance for xenotransplantation have been issued by the U.S. Food and Drug
Administration and other national authorities [11–14]. WHO has also previously provided a
series of guidance documents related to xenotransplantation [15,16].

Pre-clinical data indicate that infectious disease events associated with clinical
xenotransplantation from swine, should they occur, will be rare; data in human trials are
limited but have demonstrated no transmission of porcine microorganisms including porcine
endogenous retrovirus (PERV) [17–20]. This document will summarize approaches to
disease surveillance in individual recipients of non-human tissues. Some general concepts
may be useful:

1. The risk for infection is related to the properties of the specific organism, the
quantity of the organism transmitted, the availability of appropriate machinery
(e.g., receptors, nutrients) in the host, and the immune competence of the host. It is
not possible to predict the precise behavior of unidentified, animal-derived
pathogens in human hosts or the range of clinical manifestations that may occur.

2. Investigation into suspected xenogeneic infection events (xenosis, xenozoonosis)
should be performed in collaboration with an expert data safety review panel and
the appropriate public health and competent authorities. Expertise in the diagnosis
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and management of infections in immunocompromised hosts should be available
for trials using immuno-suppression. Reporting of such events should be expedited
to allow optimal care of the recipients and investigation into their contacts so as to
reduce the possibility of dissemination of infection.

3. It should be considered an obligation of performance of xenotransplantation trials
to report outcomes, including any infectious disease transmissions, in the scientific
literature while protecting the confidentiality of individual patients and
investigators.

4. Xenotransplantation will necessitate the development of surveillance programs to
detect known infectious agents as well as previously unknown or unexpected
pathogens in the absence of recognizable clinical syndromes. This may include
assays for known infectious agents, probes for classes of infectious agents (e.g.,
common genes or antigens of herpesviruses), and assays for unknown pathogens in
a variety of tissues.

5. Microbiological assays will require standardization of procedures and validation by
expert and/or reference laboratories. Such validation may necessitate the use of
regional or reference laboratories and shared reagents, laboratory practices and
methods. Such reference laboratories may require international collaboration.

6. Repositories of samples from source animals and from recipients prior to, and
following xenograft transplantation are essential to the investigation of possible
infectious disease events. As a result, such repositories will need to be maintained
for prolonged periods of time (i.e., many years).

7. An ideal data repository for xenotransplantation data requires standardized
definitions of terms and allows the international sharing of de-identified
microbiological data via secure web-based applications.

8. The public should be engaged in discussions regarding infectious risks given recent
public reactions to some innovations in biotechnology (e.g., in the application of
genetic technologies to the agriculture and food industries).

In general, it is likely that the development of surveillance techniques might be guided by
the “Precautionary Principle.” That is, the risk of xenogeneic infection is generally thought
to be low but the deployment of appropriate procedures and assays should not wait until a
risk is confirmed [21]. This concept includes implementation of appropriate assays and
emergency protocols in advance of clinical trials as well as further improvement of
surveillance technologies to facilitate future trials. All assays require training,
standardization, and validation, and given the relatively small number of clinical samples,
sharing of laboratory methods and expertise will be needed to optimize the quality of the
surveillance and diagnostic services provided.

Concerns over the potential hazards associated with xenotransplant procedures tend to
overshadow the potential benefits. Careful microbiological screening of source animals used
as xenotransplant donors may enhance the safety of transplantation beyond that of
allotransplant procedures. Xenogeneic tissues may be relatively resistant to infection by
human pathogens such as HIV, HTLV, and the hepatitis viruses, which could be beneficial
to individuals undergoing xenotransplantation [4]. Moreover, xenotransplantation may be
made available at the time when patients require organ replacement on a clinical basis,
possibly on a more timely basis than organs from deceased human donors. The insights
gained in basic studies of microbiology and immunology in xenotransplantation will benefit
many individuals in years to come.
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Targets of surveillance activities
1. Recipients of xenotransplantation products.

2. Sexual or close contacts of xenograft recipients.

3. Source animals, animal handlers, and facilities.

4. Medical care providers.

Donor-derived infections have been detected in multiple clusters of allotransplant recipients
receiving grafts from a single, infected donor [22–25]. Experience in this area has allowed
the evaluation of such recipients to be divided into three general categories: common
infections known to be transmitted frequently with viable cells or organs (e.g.,
cytomegalovirus [CMV]), uncommon infections (e.g., lymphocytic choriomeningitis virus
[LCMV]), or unknown pathogens, presenting as an infectious syndrome (e.g., fever) or as
asymptomatic infection (e.g., resulting in positive serology). A similar approach will be
needed for the evaluation of xenograft recipients. Investigations will be based on a number
of categories that reflect differing urgency and implications for clinical trials of
xenotransplantation:

1. Routine surveillance of healthy source animals (screening).

2. Routine surveillance of recipients (screening) pre- and post-transplantation {e.g.,
microbiologic testing for specific agents (e.g., PERV by serology and/or nucleic
acid testing [NAT] as dictated by the monitoring protocol such as every 3 months
for 5 years) following the transplant, then at appropriate intervals for the life of the
xenograft recipient}. Microbial assays that are performed in the absence of clinical
symptoms or other abnormalities may provide epidemiologic data useful in the
assessment of safety in clinical trials.

3. Routine evaluation of social and sexual contacts of xenograft recipients, possibly
including household pets.

4. Evaluation of infectious syndromes (e.g., fever of unknown origin [FUO],
leukocytosis, leukopenia, graft dysfunction, pneumonia, hepatitis, abscess
formation) in xenograft recipients, including,

• Exclusion of syndromes commonly associated with allotransplantation
(e.g., CMV) or due to immunosuppressive drugs or of technical/surgical
adverse events.

• Evaluation of PERV infection by serologic and NAT testing.

• Assessment of other recipients of xenografts derived from the same herd
or source of swine.

• Evaluation of sexual and close social contacts of recipient (and medical
care providers as appropriate) after identification of infectious syndrome
in the recipient.

• Investigation of recipients for unknown pathogens or organisms not
previously associated with clinical syndromes in humans.

Any indication that the infectious syndrome is related to the xenotransplantation procedure
would place a temporary hold on further trials using the source animal herd until the
identification and source of the presumed infection is determined. Consideration may be
given to hospital admission and isolation of the individual based on the clinical protocol, the
level of perceived risk to the community and local regulations.
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Investigations would require testing of the source animal (archived specimens and/or herd)
and recipient including, but not limited to (see details below):

1. Cultures and examination of blood, urine, sputum, stool, cerebrospinal fluids (as
appropriate) for bacteria, fungi, viruses, parasites.

2. Testing for common human pathogens of immunocompromised hosts depending on
the clinical syndrome (CMV, Epstein–Barr virus [EBV], Cryptococcus
neoformans, mycobacteria, Nocardia species, Pneumocystis jirovecii).

3. Specific porcine pathogen testing (PERV, porcine cytomegalovirus [PCMV],
porcine lymphotropic herpesvirus [PLHV], circovirus, hepatitis E virus, and others
—see Tables 1 and 2).

4. High-throughput sequencing of nucleic acids derived from sera or cell samples
using non-biased random or degenerate primers (search for unknown pathogens)
[25].

5. Cocultures on permissive cell lines.

The clinical trial would resume with approval from the institution and public health
authorities if the causal agent (or other etiology) is identified and found to be treatable, and
there is no evidence of transmission to contacts of the xenograft recipient. Decisions
regarding the subsequent use of the herd of source animals would be based on whether the
infectious agent is present in the herd and whether it can be excluded from the herd. In the
absence of a specific diagnosis, resumption of the trial would be assessed based on review of
clinical data by experts external to the trial and by the appropriate competent authority.

“Certainty of diagnosis” in surveillance
Early investigation, diagnosis/detection, and reporting are essential features of any
surveillance system developed for xenotransplantation and for the optimal care of xenograft
recipients. Confirmation of a microbiological diagnosis may require levels of sophistication
in clinical laboratories not available to all clinical centers. Laboratories should perform
validated assays in facilities accredited according to national standards. International
reference laboratories may serve as highly specialized resources for national research
programs. Such inter-laboratory collaboration may provide an additional degree of certainty
regarding microbiological assays. Any “in-house” (non-commercial) assays require
validation. The use of highly sensitive assays risks generation of false-positive results and
misinformation for patient and public health authorities. Confirmation of laboratory data
should be consistent with optimal clinical care while protecting public interests. The
infectious and pathogenic potential in humans of various organisms derived from swine is
generally unknown unless the same or similar organisms infect humans—in which instance
derivation from source animals may be suspect. A confounding variable may be whether the
recipient has been in contact with or, in some cases, consuming animal-derived proteins or
cells (e.g., porcine insulin, pancreatic lipases, heparin) that might affect certain assays (e.g.,
antibody assays). These may be potential sources of infection by specific viruses surviving
manufacturing processes. The role of such products as a potential source of infection or
false-positive assays merits clarification.

The presence of an organism in the xenograft itself, while undesirable, is not a clear
predictor of the risk of infection for that individual or their contacts. Thus, if the organism
cannot replicate in human cells or disseminate within the human host, the risk of infection is
likely to be limited.
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The need for accurate microbial diagnosis is emphasized by the need to share validated
information with other patients who have received similar xenotransplantation products or
grafts from animals of the same source herd and to test such individuals for infection.

Levels of responsibility
The performance of clinical trials in xenotransplantation and the initial responsibility for the
recognition and investigation of possible infectious complications rests with the medical
center performing clinical trials, the primary physicians providing clinical care, and local
clinical laboratories. These individuals must be aware of the public health implications of
possible infectious disease transmissions with xenografts and have a strategy in place for the
initial collection, processing and storage of clinical samples, the potential need for isolation
of the xenograft recipient, and the notification of public health and competent authorities.

Public health authorities must retain oversight for the maintenance of routine records and
archiving of specimens, the implementation of proper investigations of xenogeneic infection
events, and the communication of data to the appropriate competent authorities. The
requirements placed on source herd development and laboratory testing will vary with local
regulations. It is reasonable to consider “good manufacturing practices” and good laboratory
practice in which the quality of manufacturing processes and laboratory techniques is clearly
defined and controlled and critical processes carefully validated.

Specific pathogens-general considerations
Potential human pathogens derived from animals can be categorized according to the likely
behavior of related organisms in allotransplant recipients (Table 1) [2,4,8].
Xenotransplantation may enhance the risk of graft-derived infection because recipients
generally lack pre-formed immunity, clinical laboratory assays may not be available,
incompatible major histocompatibility antigens may reduce the efficacy of host cellular
immune responses, and because of unknown effects of genetic or other manipulations of
source animals used to improve xenograft immune compatibility or to reduce physiologic
(e.g., of the coagulation system) incompatibilities. For instance, human complement
regulatory proteins introduced into swine to overcome hyperacute rejection may serve as
receptors for human viruses.

The recognition of infection in immunocompromised hosts is more difficult than in normal
individuals because signs of infection such as inflammation may be absent. In this setting,
animal-derived infections may go undetected against the high background incidence of
infection in immunosup-pressed transplant recipients. Difficulty in predicting which animal-
derived organisms are likely to act as pathogens in human recipients is compounded when
such organisms do not cause disease in native host species or acquire new characteristics
(e.g., via genetic recombination or mutation) in a human host. The virulence of some
organisms may increase with passage in a new host through adaptation.

Common pathogens in the immunocompromised host
Based on experience with immunocompromised human transplant recipients and with
immunosuppressed swine and primate recipients of porcine xenografts, lists of
microorganisms of swine that could be associated with human infection can be made (Table
2). Ideally, such organisms could be eliminated prospectively from source animals that
could be considered “designated pathogen-free” for xenotransplantation purposes.
Additionally, animals may be bred to exclude some porcine herpesviruses (PCMV) or
porcine circoviruses (PCV1, PCV2). If not excluded from the donor herd, this list also
provides some basis for the investigation of infectious syndromes in xenograft recipients. It
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should be noted that most serological assays for viruses may not be species-specific and will
not distinguish between porcine and human pathogens, for example, circovirus, hepatitis E
virus, porcine parvovirus. Depending on the strategy developed for the screening, routine
evaluation, and diagnostic testing of source animals and recipients, local regulatory bodies
and competent authorities should require that these assays be validated in accredited clinical
laboratories prior to the commencement of any xenotransplantation trials.

The list of microorganisms may vary with the use intended for various specific xenografts.
Thus, encapsulated cells placed in the brain may pose a different risk from that posed by
either a heart or liver xenograft. Although such lists provide a basis for screening source
animals and recipients, these microbiological standards need to be dynamic and subject to
frequent review and updating. To exclude infectious agents and to prevent their
reintroduction or spread into animal herds, special facilities for housing source animals (e.g.,
barrier facilities) are needed. However, the precise manner for meeting these goals need not
be uniform so long as microbiologic hazards are excluded or appropriately minimized.

Retroviruses
Concern about retroviral transmission in xenotransplantation relates to the potential for
“silent” transmission, that is, unapparent infection that may cause altered gene regulation,
oncogenesis, or recombination [1,3,4,7,26]. No exogenous viruses, equivalent to HTLV or
HIV, have been found in pigs. However, endogenous retroviruses (part of the germ line
DNA) have been demonstrated in all mammalian species studied to date. Endogenous
retroviruses that are infectious for human cells in vitro have been detected in many species
including baboons (BaEV), cats (RD114), mice (murine ERV), and pigs (PERV). Although
the pig genome contains sequences closely related to mouse mammary tumor virus or
Mason–Pfizer monkey virus (betaretrovirus) and murine leukemia virus (gammaretrovirus)
sequences, only three subgroups of gammaretrovirus PERV (PERV-A, -B, -C) have been
identified in swine that possess infectious potential [27–34]. Two of these, PERV-A and -B,
can infect pig cells and several human cell lines and primary cell cultures in vitro
[29,33,35,36]. The third subgroup, PERV-C, infects porcine cells only [29]. Infectious forms
of the remaining PERV families have not been isolated and are unlikely to encode infectious
virus due to disruptions in open reading frames [30]. PERV mRNAs are expressed in all pig
tissues and in all breeds of swine tested to date; expression can be amplified by the
stimulation of swine peripheral blood lymphocytes in vitro [32,33,36,37]. There is a
variation between tissues in terms of the size and amount of PERV mRNA transcripts,
consistent with in vivo recombination and/or processing [26,32]. High-titer human-tropic
PERV (HTHT-PERV) are recombinants between PERV-A and PERV-C sequences.
Although the site of recombination varies, viral sequences are derived from the
recombination of PERV-A elements with the post-VRA (envelope) region of PERV-C
[33,36–38]. Therefore, although PERV-C is not capable of infecting human cells, it appears
to be an essential component of HTHT-PERV and important in the assessment of infectious
risk associated with PERV in xenotransplantation [33,36,39]. The source of these
recombinants in vivo is unknown. However, recombinant PERV-AC sequences have been
found in the cellular DNA of some miniature swine capable of infection of human cell lines
in vitro [26]. It is not known whether these elements result from autoinfection following
exogenous viral recombination or are pre-existing proviral elements. No evidence of PERV
infection has been demonstrated for human cells in vivo, and no disease due to this family of
viruses has been described in swine or humans to date. PERV appears to be susceptible to
certain currently available antiviral agents [40,41].
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Assays related to PERV
Assays for PERV may be used prior to xenotransplantation in the selection of the “safest”
animal donor and after the procedure to detect evidence of PERV transmission in the
recipient. Although it is extremely difficult, if not impossible, to eliminate all PERV from
the genomes of pigs, it is possible to select source animals with phenotypes consistent with
reduced capacity for PERV transmission to human cells. Current terminology includes a
“non-transmitter” animal that transmits PERV to pig, but not human cells; a “null” animal
does not transmit PERV to either human or pig cells in vitro [33,37,42]. It has been observed
that the non-transmitter or “null” phenotype is not stable and that transmission can be
demonstrated at subsequent testing [33]. The use of source animals free of PERV (none
identified to date) or free of PERV-C could, in theory, prevent PERV transmission.
Therefore, pigs with a null phenotype may or may not represent a reduced risk for PERV
transmission; this remains to be tested in vivo. Such phenotypic differences in PERV
transmission are partly directed by genotypic differences in PERV integration patterns. The
PERV integration pattern is highly polymorphic between various swine [28,31,35]. Pigs
without active PERV loci may be found by genomic analyses in the future. In this regard,
next-generation sequencing technologies and the swine whole genome sequence [43] will be
useful in addressing these issues.

To determine the transmission phenotype of pigs, PERV transmission methods were
employed based on the cocultivation of activated PBMC derived from candidate source
animals with human or porcine cells [33,36,37,42,44,45]. These protocols are considered the
“gold standard” for analyzing the potential for PERV transmission. These assays are
complex and time-consuming, but no alternatives are currently available.

Xenograft recipients can be monitored for both circulating pig cells (a potential source of
complication forassays termed “microchimerism”)and for any potential PERV infection. It is
notable in this regard that xenograft procedures to induce immunologic tolerance may
involve intentional exposure to porcine hematopoietic cells (“mixed chimerism”) [46,47].

Prior PERV infection or exposure in recipients can be assessed using serologic assays
seeking the presence of anti-PERV antibodies using an ELISA system [18,48,49].
Neutralization assays measuring virus-neutralizing antibodies in vitro may be more specific
than Western blots [7,50]. However, in the absence of consistent control samples (i.e., to
exclude exposure to pig cells or pig-derived products previously), the interpretation of such
assays in regard to the presence of active infection may be difficult. Individual recipients
may serve as their own controls for such assays; rising titers (usually at least four-fold) or an
antibody class switch (IgM to IgG) may be taken as evidence of likely infection.
Immunosuppressed patients may not generate timely serologic responses.

The most sensitive methods for PERV detection are PCR-based NAT. Use of accurate
primer sets to identify PERV subtypes and the ability to distinguish true infection from
contamination with porcine cellular material is essential. For PCR amplification, nucleic
acids should be prepared from blood, sera, cerebrospinal fluid, and other bodily fluids. The
use of validated, quantitative methods using human samples and with relevant controls and
confirmed specificity and sensitivity measurements is paramount. Standard operating
procedures should be provided to all participating laboratories, all equipment calibrated, and
assays validated prior to initiating the trials. Methods should be able to detect <5 copies of
DNA or RNA per 300 000 cells or 3 ul of supernatant, respectively [7,17,18,48,51]. The
lessons learned from recent false-positive nucleic acid assays from clinical samples (e.g.,
xenotropic murine leukemia virus-related virus) suggest the importance of meticulous
laboratory maintenance against contamination and assay error.
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Surveillance and search for novel pathogens
Familiar microbial agents account for many infectious syndromes in transplant recipients.
Infection in such hosts is often asymptomatic. Thus, stored samples should be investigated
for known pathogens at pre-established intervals as a basis for epidemiologic and safety
studies. Etiologic agents causing disease in immunocompromised hosts are often unknown.
With such uncertainty, investigators caring for xenograft recipients need to consider
alternative approaches to surveillance and diagnosis in their immunocompromised xenograft
recipients. This requires the routine collection and storage of frozen cells, serum samples,
and tissue biopsies as well as donor sera and multiple tissue samples in advance of any
adverse event. While these studies may be costly and considered as research investigations,
possible approaches include:

1. Use of broad-range molecular probes or polymerase chain reaction (PCR) primers
that identify common genes (e.g., ribosomal genes such as 16S rRNA) shared
within organism subclasses to recognize novel pathogens similar to those already
known to cause disease in immunosuppressed hosts.

2. Use of “chips” or microarrays carrying cDNAs for common classes of pathogens.

3. Developing additional molecular approaches for detecting novel genetic material
(e.g., new DNA or mRNA species) present in recipients of xenograft tissues but not
in normal individuals, including,

• Cloning of differences between two complex genomes (representational
difference analysis or RDA) can be used to isolate unusual mRNAs
against a background of “normal” mRNAs. This technique was used to
characterize pathogens such as Whipple's bacillus, hepatitis C and G
viruses, and HHV8, the Kaposi's sarcoma-associated virus.

• Next-generation sequencing or pyrosequencing allows sequencing of
cDNA samples for the detection of unknown pathogens. This may utilize
specific genetic targets such as hypervariable regions within bacterial 16S
rRNA genes amplified by PCR and then subjected to DNA
pyrosequencing. A new arenavirus has been identified from
allotransplantation recipients by unbiased high-throughput sequencing
[25]. Such approaches will enable clinical investigators and public health
officials to begin to recognize and assess novel infections in
xenotransplantation.

Routine monitoring for xenogeneic infection
In xenograft recipients, the risks of infection and rejection necessitate lifelong monitoring.
Monitoring schemes have been proposed to test for known pathogens and archive specimens
from source animals, and from patients, intimate contacts, and animal handlers on a routine
basis for use in the event of unexplained infectious episode (see also the Changsha
Communiqué and FDA guidances [11,13,14]). Archived aliquots are likely to be required to
be stored at least two separate locations. These samples may be utilized as further
microbiologic assays are developed against previously unrecognized pathogens. Routine
samples of sera and leukocytes might be studied for the emergence of human and pig-
derived pathogens (PERV, PCMV, HCMV, EBV, PLHV) and cocultivation of peripheral
blood leukocytes with human and donor cell lines in the absence of clinical evidence of
infection. In addition, it may be recommended for patients to annually complete a
questionnaire regarding their health status to monitor any developing syndromes or issues
that need attention.
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Assessment of the xenograft recipient with an infectious syndrome
The recipient presenting with fever, elevated or depressed leukocyte counts, hepatitis,
pneumonia, signs of central nervous system infection, abscess or other focal infections, or
xenograft dysfunction will have standard microbiological evaluations performed. This
includes blood, urine, sputum, stool, and/or cerebrospinal fluid, chest radiography, biopsy,
or drainage of infected fluids in advance of any empiric antimicrobial therapy. Hospital
admission and isolation may be required until the nature of the process is further defined.
Special precautions (e.g., respiratory, secretions, neutropenia) will be dictated by the
patients’ clinical presentation. In the event of the recognition of a novel recombinant
organism or severe infectious illness without explanation, strict isolation with HEPA
filtration will be required. Empiric antimicrobial therapy should be provided based on the
common causes of post-transplant infections.

If no etiologic agent or process can be established, special xenotransplant studies may be
obtained on a regular basis (e.g., every 3 days) including cocultivation of lymphocytes on
human and porcine cells, viral cultures of serum on permissive human and porcine cells,
nucleic acid testing for HCMV, PCMV, EBV, PLHV, hepatitis E virus, porcine circovirus,
PERV-A, -B, and -AC, human herpesvirus 6, and adenovirus. Specimens (serum,
leukocytes) for archiving should also be obtained and processed. Any lesions (skin, tumors)
should be biopsied for histopathology and cultures or nucleic acid testing.

Acknowledgments
This document was prepared to support discussions at the World Health Organization Second Global Consultation
of Regulatory Requirements for Xenotransplantation Clinical Trials, Geneva, October 17–19, 2010. The authors are
grateful for the expert editorial assistance of Luc Noel, Ralf Toenjes, Joachim Denner, Yannick Blanchard,
Emanuele Cozzi, and Takaaki Kobayashi. JAF's research has been supported by NIAID 2010A056237 and
P01AI45897. LS's and YT's research has been funded by the European Sixth Framework Programme (Life Science,
Genomics and Biotechnology for Health) funded project XENOME, LSHB-CT-2006-037377.

References
1. Bach FH, Fishman JA, Daniels N, et al. Uncertainty in xenotransplantation: individual benefit

versus collective risk. Nat Med. 1998; 4:141–144. [PubMed: 9461178]

2. Fishman JA. Xenosis and xenotransplantation: addressing the infectious risks posed by an emerging
technology. Kidney Int Suppl. 1997; 58:S41–S45. [PubMed: 9067941]

3. Fishman JA. Infection and xenotransplantation. Developing strategies to minimize risk. Ann N Y
Acad Sci. 1998; 862:52–66. [PubMed: 9928206]

4. Fishman JA, Patience C. Xenotransplantation: infectious risk revisited. Am J Transplant. 2004;
4:1383–1390. [PubMed: 15307825]

5. Fishman JA. Infection in solid-organ transplant recipients. N Engl J Med. 2007; 357:2601–2614.
[PubMed: 18094380]

6. Mattiuzzo G, Scobie L, Takeuchi Y. Strategies to enhance the safety profile of xenotransplantation:
minimizing the risk of viral zoonoses. Curr Opin Organ Transplant. 2008; 13:184–188. [PubMed:
18685301]

7. Mattiuzzo, G.; Takeuchi, Y.; Scobie, L. Potential zoonotic infection of PERV in
xenotransplantation.. In: Rafael Manez Mendiluce, CCV., editor. Xenotransplantation: Methods and
Protocols. Humana Press; London, UK: 2011. (in press)

8. Mueller NJ, Takeuchi Y, Mattiuzzo G, Scobie L. Microbial safety in xenotransplantation. Curr Opin
Organ Transplant. 2011; 16:201–206. [PubMed: 21358331]

9. World Health Organization. WHA57.18 Human Organ and Tissue Transplantation. World Health
Organization; 2004.

Fishman et al. Page 10

Xenotransplantation. Author manuscript; available in PMC 2013 September 10.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



10. First World Health Organization Global Consultation on Regulatory Requirements for
Xenotransplantation Clinical Trials: Changsha, China, 19–21 November 2008.
Xenotransplantation. 2008; 16:61–63.

11. U.S. Food and Drug Administration. PHS Guideline on Infectious Disease Issues in
Xenotransplantation. U.S. Food and Drug Administration; 2001.

12. U.S. Food and Drug Administation. Guidance for Industry: Eligibility Determination for Donors of
Human Cells, Tissues, and Cellular and Tissue-Based Products (HCT/Ps). U.S. Food and Drug
Administation; 2007.

13. U.S. Food and Drug Administration. Guidance for Industry: Public Health Issues Posed by the Use
of Non-Human Primate Xenografts in Humans. U.S. Food and Drug Administration; 1999.

14. U.S. Food and Drug Administration. Guidance for Industry: Source Animal, Product, Preclinical,
and Clinical Issues Concerning the Use of Xenotransplantation Products in Humans. U.S. Food
and Drug Administration; 2003.

15. World Health Organization. WHO Consultation on Xenotransplantation—WHO/EMC/ZOO/98.1
(Guidance Document). World Health Organization; 1997.

16. World Health Organization. OECD/WHO Consultation on Xenotransplantation Surveillance—
WHO/CDS/ CSR/EPH/2001.2 (Guidance Document). World Health Organization; 2000.

17. Garkavenko O, Croxson MC, Irgang M, Karlas A, Denner J, Elliott RB. Monitoring for presence
of potentially xenotic viruses in recipients of pig islet xenotransplantation. J Clin Microbiol. 2004;
42:5353–5356. [PubMed: 15528741]

18. Paradis K, Langford G, Long Z, et al. Search for cross-species transmission of porcine endogenous
retrovirus in patients treated with living pig tissue. The XEN 111 Study Group. Science. 1999;
285:1236–1241.

19. Heneine W, Tibell A, Switzer WM, et al. No evidence of infection with porcine endogenous
retrovirus in recipients of porcine islet-cell xenografts. Lancet. 1998; 352:695–699. [PubMed:
9728986] [erratum appears in Lancet 1998 October 31; 352(9138): 1478].

20. Patience C, Patton GS, Takeuchi Y, et al. No evidence of pig DNA or retroviral infection in
patients with short-term extracorporeal connection to pig kidneys. Lancet. 1998; 352:699–701.
[PubMed: 9728987] [see comments].

21. OECD/WHO. OECD/WHO Consultation on Xenotrans-plantation Surveillance: Summary. OECD/
WHO; 2001.

22. Humar A, Fishman JA. Donor-derived infection: old problem, new solutions? Am J Transplant.
2008; 8:1087–1088. [PubMed: 18522543]

23. Fishman JA, Strong DM, Kuehnert MJ. Organ and tissue safety workshop 2007: advances and
challenges. Cell Tissue Bank. 2009; 10:271–280. [PubMed: 19016348]

24. Fischer SA, Graham MB, Kuehnert MJ, et al. Transmission of lymphocytic choriomeningitis virus
by organ transplantation. N Engl J Med. 2006; 354:2235–2249. [PubMed: 16723615]

25. Palacios G, Druce J, Du L, et al. A new arenavirus in a cluster of fatal transplant-associated
diseases. N Engl J Med. 2008; 358:991–998. [PubMed: 18256387]

26. Martin SI, Wilkinson R, Fishman JA. Genomic presence of recombinant porcine endogenous
retrovirus in transmitting miniature swine. Virol J. 2006; 3:91. [PubMed: 17081300]

27. Bartosch B, Weiss RA, Takeuchi Y. PCR-based cloning and immunocytological titration of
infectious porcine endogenous retrovirus subgroup A and B. J Gen Virol. 2002; 83:2231–2240.
[PubMed: 12185278]

28. Herring C, Quinn G, Bower R, et al. Mapping full-length porcine endogenous retroviruses in a
large white pig. J Virol. 2001; 75:12252–12265. [PubMed: 11711616]

29. Takeuchi Y, Patience C, Magre S, et al. Host range and interference studies of three classes of pig
endogenous retrovirus. J Virol. 1998; 72:9986–9991. [PubMed: 9811736]

30. Ericsson T, Oldmixon B, Blomberg J, Rosa M, Patience C, Andersson G. Identification of novel
porcine endogenous betaretrovirus sequences in miniature swine. J Virol. 2001; 75:2765–2770.
[PubMed: 11222699]

31. Niebert M, Tonjes RR. Analyses of prevalence and polymorphisms of six replication-competent
and chromosomally assigned porcine endogenous retroviruses in individual pigs and pig
subspecies. Virology. 2003; 313:427–434. [PubMed: 12954210]

Fishman et al. Page 11

Xenotransplantation. Author manuscript; available in PMC 2013 September 10.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



32. Akiyoshi DE, Denaro M, Zhu H, Greenstein JL, Banerjee P, Fishman JA. Identification of a full-
length cDNA for an endogenous retrovirus of miniature swine. J Virol. 1998; 72:4503–4507.
[PubMed: 9557749]

33. Wood JC, Quinn G, Suling KM, et al. Identification of exogenous forms of human-tropic porcine
endogenous retrovirus in miniature Swine. J Virol. 2004; 78:2494–2501. [PubMed: 14963150]

34. Patience C, Switzer WM, Takeuchi Y, et al. Multiple groups of novel retroviral genomes in pigs
and related species. J Virol. 2001; 75:2771–2775. [PubMed: 11222700]

35. Le Tissier P, Stoye JP, Takeuchi Y, Patience C, Weiss RA. Two sets of human-tropic pig
retrovirus. Nature. 1997; 389:681–682. [PubMed: 9338777]

36. Wilson CA, Wong S, Muller J, Davidson CE, Rose TM, Burd P. Type C retrovirus released from
porcine primary peripheral blood mononuclear cells infects human cells. J Virol. 1998; 72:3082–
3087. [PubMed: 9525633]

37. Oldmixon BA, Wood JC, Ericsson TA, et al. Porcine endogenous retrovirus transmission
characteristics of an inbred herd of miniature swine. J Virol. 2002; 76:3045–3048. [PubMed:
11861871]

38. Bartosch B, Stefanidis D, Myers R, Weiss R, Patience C, Takeuchi Y. Evidence and consequence
of porcine endogenous retrovirus recombination. J Virol. 2004; 78:13880–13890. [PubMed:
15564496]

39. Scobie L, Taylor S, Wood JC, et al. Absence of replication-competent human-tropic porcine
endogenous retro-viruses in the germ line DNA of inbred miniature Swine. J Virol. 2004;
78:2502–2509. [PubMed: 14963152]

40. Wilhelm M, Fishman JA, Pontikis R, Aubertin AM, Wilhelm FX. Susceptibility of recombinant
porcine endogenous retrovirus reverse transcriptase to nucleoside and non-nucleoside inhibitors.
Cell Mol Life Sci. 2002; 59:2184–2190. [PubMed: 12568344]

41. Qari SH, Magre S, Garcia-Lerma JG, et al. Susceptibility of the porcine endogenous retrovirus to
reverse transcriptase and protease inhibitors. J Virol. 2001; 75:1048–1053. [PubMed: 11134319]

42. Hector RD, Meikle S, Grant L, Wilkinson RA, Fishman JA, Scobie L. Pre-screening of miniature
swine may reduce the risk of transmitting human tropic recombinant porcine endogenous
retroviruses. Xenotransplantation. 2007; 14:222–226. [PubMed: 17489862]

43. Archibald AL, Bolund L, Churcher C, et al. Pig genome sequence—analysis and publication
strategy. BMC Genomics. 2010; 11:438. [PubMed: 20642822]

44. Garkavenko O, Wynyard S, Nathu D, et al. Porcine endogenous retrovirus transmission
characteristics from a designated pathogen-free herd. Transplant Proc. 2008; 40:590–593.
[PubMed: 18374137]

45. Garkavenko O, Wynyard S, Nathu D, et al. Porcine endogenous retrovirus (PERV) and its
transmission characteristics: a study of the New Zealand designated pathogen-free herd. Cell
Transplant. 2008; 17:1381–1388. [PubMed: 19364075]

46. Sachs DH. Mixed chimerism as an approach to transplantation tolerance. Clin Immunol. 2000;
95:S63–S68. [PubMed: 10729238]

47. Issa NC, Wilkinson RA, Griesemer A, et al. Absence of replication of porcine endogenous
retrovirus and porcine lymphotropic herpesvirus type 1 with prolonged pig cell microchimerism
after pig-to-baboon xenotransplantation. J Virol. 2008; 82:12441–12448. [PubMed: 18829759]

48. Niebert M, Tonjes RR. Molecular cloning and functional characterization of infectious PERV and
development of diagnostic tests. Curr Top Microbiol Immunol. 2003; 278:217–237. [PubMed:
12934946]

49. Tacke SJ, Bodusch K, Berg A, Denner J. Sensitive and specific immunological detection methods
for porcine endogenous retroviruses applicable to experimental and clinical xenotransplantation.
Xenotransplantation. 2001; 8:125–135. [PubMed: 11328583]

50. Matthews AL, Brown J, Switzer W, Folks TM, Heneine W, Sandstrom PA. Development and
validation of a Western immunoblot assay for detection of antibodies to porcine endogenous
retrovirus. Transplantation. 1999; 67:939–943. [PubMed: 10221475]

51. Garkavenko O, Obriadina A, Meng J, et al. Detection and characterisation of swine hepatitis E
virus in New Zealand. J Med Virol. 2001; 65:525–529. [PubMed: 11596088]

Fishman et al. Page 12

Xenotransplantation. Author manuscript; available in PMC 2013 September 10.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Fishman et al. Page 13

Table 1

Categories of potential pathogens resulting from xenotransplantation (examples and availability of validated
microbiological assays)

Common Human Pathogens of Allotransplant Recipients (EBV, CMV, herpes simplex virus, varicella zoster virus, Apergillus species,
Listeria monocytogenes, mycobacterial species, Pneumocystis jirovecii)

    Specific microbiological assays are generally available

Traditional Zoonoses: well-characterized clinical syndromes of humans (Toxoplasma gondii)

    Specific microbiological assays are generally available

Species-specific agents: organisms generally thought to be incapable of causing infection outside the xenograft (e.g., porcine CMV)

    Some specific microbiological assays are available; few standardized assays available for use in humans

Potential pathogens: Organisms of broad “host range” which may spread beyond the xenograft (adenovirus)

    Some specific microbiological assays are available for use in humans, may not be standardized for porcine strains

Unknown pathogens: Organisms not known to be human pathogens, not known to be present in the source animals, or for which clinical
syndromes and microbiologic assays are poorly described or unknown

    New pathogenicity within the new host, while not known to be present or pathogenic (e.g., protozoa or retroviruses)

    Viral recombinants resulting from intentional genetic modification of donor diseases resulting from multiple simultaneous infections
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Table 2

Common microorganisms of swine to be considered among potential causes of infection in

immunocompromised swine and/or human xenograft recipients
a

Bacteria Viruses

Actinobacillus species (e.g., pleuropneumoniae) Adenovirus sp.

Bordetella bronchoseptica Encephalomyocarditis virus

Brucella suis Influenza virus (swine, avian, human)

Campylobacter species (e.g., coli, jejuni) Lymphocytic choriomeningitis virus (LCMV)

Chlamydia psittaci Nipah (Hendra-like)

Clostridium difficile Menangle virus

Corynebacterium species (i.e., pyogenes, suis) Porcine circovirus

Haemophilus species (i.e., parasuis, suis) Porcine cytomegalovirus (PCMV)

Klebsiella species (e.g., pneumoniae) Porcine endogenous retrovirus (PERV)

Legionella pneumophila Porcine hepatitis E virus

Leptospira species Porcine lymphotropic herpesvirus (PLHV)

Listeria monocytogenes Porcine parvovirus

Mycobacterium species (i.e., bovis, tuberculosis, non-tuberculous mycobacteria) Porcine Reproductive and Respiratory Syndrome virus

Mycoplasma hyopneumoniae (lung transplant) Pseudorabies virus

Nocardia species Rabies virus

Pasteurella species (i.e., haemolytica, multocida, pneumotropica) Rotavirus

Pseudomonas species (i.e., aeruginosa, pseudomallei) Torque teno virus

Salmonella species (i.e., typhi, typhimurium, cholerasuis) Fungi

Serpulina hyodysenteriae Aspergillus species

Shigella species Candida species

Staphylococcus species (i.e., aureus, hyicus) Cryptococcus species

Streptococcus species (e.g., pneumonia, suis) Histoplasma capsulatum

Strongyloides species (e.g., ransomi) Microsporum species

Yersinia species (i.e., enterocolitica, pseudotuberculosis) Trichophytum species

Parasites

Ascaris species

Cryptosporidium species (i.e., parvum)

Echinococcus

Isospora species

Neospora

Strongyloides stercoralis

Toxoplasma gondii

Trichinella spiralis

a
Many porcine organisms have not been associated with human infection or disease but are included as being similar to organisms associated with

human infection, infect human cells (e.g., PERV) in vitro, or are important causes of infection in immunocompromised swine or non-human
primate recipients of porcine xenografts.
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