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Abstract

:

Microchimerism is the presence of cells in an individual that have originated from a genetically distinct individual. The most common form of microchimerism is fetomaternal microchimerism, i.e., cells from a fetus pass through the placenta and establish cell lineages within the mother. Microchimerism was also described after the transplantation of human organs in human recipients. Consequently, microchimerism may also be expected in xenotransplantation using pig cells or organs. Indeed, microchimerism was described in patients after xenotransplantations as well as in non-human primates after the transplantation of pig organs. Here, for the first time, a comprehensive review of microchimerism in xenotransplantation is given. Since pig cells contain porcine endogenous retroviruses (PERVs) in their genome, the detection of proviral DNA in transplant recipients may be misinterpreted as an infection of the recipient with PERV. To prevent this, methods discriminating between infection and microchimerism are described. This knowledge will be important for the interpretation of screening results in forthcoming human xenotransplantations.
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1. Introduction


The recent transplantation of a pig heart into a patient in Baltimore provided evidence for the transmission of a pig virus to a human recipient. The virus shown to be transmitted to the patient (however, there is no evidence that the virus infected human cells) was the porcine cytomegalovirus (PCMV) [1]. The name is misleading; it is actually a porcine roseolovirus, and in order to underline this, the abbreviation PCMV/PRV is used. The official International Committee on Taxonomy of Viruses (ITCV) name is suid betaherpesvirus 2 (SuBHV2) [2]. The virus is, therefore, more closely related to the human herpesviruses HHV-6 and HHV-7, not to the human cytomegalovirus (HCMV, HHV-5) [3].



No detailed data are as of yet available concerning the transmission of porcine endogenous retroviruses (PERVs), which are present in the genome of all pigs, to the patient. The authors mention that they did not find a transmission of PERV; however, they did not describe the method and the sensitivity of the method used [1]. Since in nearly all allotransplantation and xenotransplantation transplanting organs, microchimerism was detected (see below), this may also be expected in the Baltimore patient. Possibly screening for PERV was only performed in cell-free sera, not in the cells. Alternatively, the detection method was not sensitive enough.



Screening for PERV in cells and tissues automatically also screens for microchimerism. PERV is approximately integrated into the genome of a pig cell 60 times [4], and therefore, screening for PERV should be 60 times more sensitive in detecting pig cells compared with screening using cellular genes [5]. However, in the case of a positive result, methods discriminating between infection of human cells and microchimerism should be used (see below).



There is agreement within the field that, at present, all possible experimental approaches to evaluate the risks posed by PERVs are already being exploited and that there is no way to definitively and reliably assess the risks posed by PERV with additional experiments [6]. Only a follow up with actual xenotransplant recipients will provide the answer. Therefore, the first clinical xenotransplantations are of great interest.




2. Fetomaternal Microchimerism


The most common form of microchimerism is fetomaternal microchimerism, i.e., cells from a fetus pass through the placenta and establish cell lineages within the mother. Fetal cells have been documented to persist and multiply in the mother for several decades [7,8]. Additionally, it was shown that HLA-disparate maternal cells can persist in immunocompetent offspring well into adult life [9]. Notably, fetal micromeric cells were reported to show progenitor cell and stem cell phenotypes (for a review, see [10]).




3. Microchimerism after Allotransplantation


Transplantation of human organs is also associated with microchimerism, i.e., the detection of donor cells in different organs of the recipient [11,12,13,14]. On one hand, these cells are thought to be the reason for autoimmune diseases [15,16]; on the other hand, it is thought that they may help to induce donor-specific hyporesponses, leading to a survival of the transplant with reduced pharmaceutical immunosuppression or even immunological tolerance [17].




4. Microchimerism after Clinical Trials of Xenotransplantation


Therefore, microchimerism may also be expected in xenotransplantation using the cells, tissues or organs of pigs. Indeed, microchimerism, i.e., the occurrence of pig cells, was observed in recipients of pig xenotransplants. For example, samples were taken from 23 Russian patients who had an extracorporeal splenic perfusion through spleens from healthy slaughterhouse pigs as immunotherapy for various indications [18]. The ex vivo perfusion of a pig organ (spleen, liver) also counts as xenotransplantation. The patients had 43.7 person-years (2 and 102 months) of cumulative exposure to pig cells. The long-term persistence of microchimerism in these patients was an unexpected finding, as none of the patients have been immunosuppressed since the procedure. The quantitative results obtained from an analysis of the patient samples suggested that the level of microchimerism was extremely low (less than one pig cell per 500,000 PBMCs in the majority of cases) [18]. Calculating the number of PERV copies and the number of cellular genes, the authors were able to show that the presence of PERV sequences in these patients was due to microchimerism, not due to infection [18].



In another clinical trial transplanting encapsulated pig islet cells into diabetic patients, no PERV transmission and no microchimerism were observed [15]. This was not surprising since the islet cells were encapsulated and their number was low in comparison with the number of cells of a whole organ. At different time points (up to 113 weeks), white blood cells (WBC) have been tested for PERV DNA, as well as WBC and plasma for PERV RNA by real-time RT-PCR. All tests were negative. In addition, using primers detecting the pig mitochondrial cytochrome oxidase (COX) gene, patients were screened for microchimerism using a cellular gene, which was also negative [19]. However, the absence of PERV DNA is proof in itself of the absence of pig cells. Since in pig cells, up to 60 PERV copies are integrated, the detection method for PERV sequences is usually up to 60 times more efficient in the detection of pig cells compared with PCR using cellular pig genes, as explained above [5]. In a second trial transplanting encapsulated pig islet cells into human patients, again, no microchimerism was observed [20], despite the fact that in a previous study analyzing the same patients using a multiplex high-resolution melting assay, microchimerism had been reported [21], indicating that porcine cells were transiently detectable in the blood stream of several transplant recipients at various time points post-transplantation. The detection of porcine sequences in the absence of PERV in this study was possible due to a multiplex high-resolution melting assay being used, detecting pig COX. Obviously this assay had superior analytical sensitivity for COX over that of PERV [18].




5. Microchimerism after Preclinical Trials of Xenotransplantation


In preclinical xenotransplantation trials, the aspect of microchimerism was also studied. In one trial, transplanting pig kidneys into rhesus macaques, PERV sequences were detected in the bladder of the animals [22]. Insertion experiments confirmed that PERVs originated from porcine donor cells rather than an integrated provirus in the monkey chromosome. The presence of pig cells in the monkey bladder after renal xenotransplantation was also demonstrated using specific-porcine mitochondrial DNA gene PCR [22]. By contrast, in monkey organs after cardiac xenotransplantation, PERV genes were not detected, indicating the absence of pig cells in the monkey, i.e., absence of microchimerism [22].



In a preclinical trial transplanting orthotopically pig hearts into baboons, cells expressing antigens of the porcine cytomegalovirus/porcine roseolovirus (PCMV/PRV) were detected in different organs of the baboon recipient by immunohistochemistry [23]. Since up until now, there has been no evidence that PCMV/PRV can infect human and non-human primate cells, it was assumed that these cells represent disseminated pig cells, e.g., microchimerism. Using a PCR detecting PERVs, positive signals were detected in the blood of eight baboons that received orthotopic heart transplants and that had survival times between 10 and 195 days [24]. All animals were negative for antibodies against PERV, indicating that they were not infected [24].



PERV DNA sequences and porcine mitochondrial DNA were detected in the peripheral blood mononuclear cells of 6 out of 14 (43%) animals with heterotopic pig heart and pig kidney transplants, indicating that the detection of PERV sequences was attributable to microchimerism [25]. These conclusions were also drawn in another study [26].




6. Conclusions and Implications for PERV Testing


To summarize, screening for PERV infections in human recipients will be difficult due to the expected microchimerism. Therefore, this analysis has to be performed responsibly. Insertion experiments should demonstrate that human cells are infected. As described, using the long-terminal repeat (LTR) region, the integration of PERV into the host genome has to be analyzed via inverse PCR using specific primers [22]. The inverse PCR-amplified genes have to be cloned, and insert sequences should be analyzed. Next-generation sequencing (NGS) of the neighbor genes of integrated PERV proviruses can also be used to discriminate between PERV integrated in pig cells or human cells. Only sensitive methods have to be used in order to obtain reliable results.
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