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To date, human leukocyte antigens (HLA) have been the major focus in the approach to acute and chronic antibody-mediated rejection (AMBR) in solid-organ transplantation. However, evidence from the clinic and published studies has shown that non-HLA antibodies, particularly anti-endothelial cell antibodies (AECAs), are found either in the context of AMBR or synergistically in the presence of donor-specific anti-HLA antibodies (DSA). Numerous studies have explored the influence of AECAs on clinical outcomes, yet the determination of the exact clinical relevance of non-HLA antibodies in organ transplantation is not fully established. This is due to highly heterogeneous study designs including differences in testing methods and outcome measures. Efforts to develop reliable and sensitive diagnostic non-HLA antibody tests are continuously made. This is essential considering the technical difficulties of non-HLA antibody assays and the large variation in reported incidences of antibodies. In addition, it is important to take donor specificity into account in order to draw clinically relevant conclusions from non-HLA antibody assays. Here, we provide an overview of non-HLA solid-phase and cell-based crossmatch assays for use in solid-organ transplantation that are currently available, either in a research setting or commercially.
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Introduction

Acute and chronic antibody-mediated rejection (ABMR) are highlighted in studies published in the last decade as an important contributor to organ allograft loss and the lack of long-term survival improvements for transplanted organs. In order to extend the outcomes of the transplanted allografts, a better understanding of the mechanisms of early and late ABMR and the development of protocols to combat and control these processes is needed (1–4). The interest in the role of donor-specific antibodies (DSA) with specificity for antigens other than human leukocyte antigen (HLA) in the contribution of the process of allograft rejection is growing (5). This has led to the identification of possible non-HLA target antigens and studies into the mechanisms of injury (6–14). However, the understanding of the effect and cause of non-HLA antibodies and the clinical importance of pre-transplant detection remains incomplete, given the fact that non-HLA immunization can both contribute to and arise from allograft injury (Figure 1) (15–20). Although several non-HLA antibody specificities have been identified using laboratory-developed assays, large cohort studies into the role of non-HLA antibodies have used commercially available assays (8, 21, 22). The most reported non-HLA antibodies are directed against angiotensin II type 1 receptor (AT1R), MHC class I chain-related antigen A (MICA), tubulin, vimentin, endothelin receptors, collagens, and anti-endothelial cell antibodies (AECAs), using either commercially available or laboratory-developed assays (6, 7, 23). However, despite a large number of published assays, screening for the presence of non-HLA antibodies has still not entered routine clinical practice in transplant medicine. Endothelial crossmatching assays have been used to detect non-HLA antibodies with flow cytometry (e.g., XM-ONE) (21, 24–27). In addition, enzyme-linked immunosorbent assay (ELISA), high-density protein arrays, indirect immunofluorescence, and serological analysis of recombinant cDNA expression libraries (SEREX) have also been described (28–30). Efforts to develop reliable and sensitive diagnostic non-HLA antibody tests capable of detecting new non-HLA antibodies are continuously made. This is essential considering the technical difficulties of non-HLA antibody assays and the large variation in reported incidences of antibodies. In addition, it is important to take donor specificity into account in order to draw conclusions from non-HLA antibody assays that have patient-related consequences.




Figure 1 | Non-HLA immunization can both contribute to and arise from allograft injury. (Non-HLA antibodies depicted in the illustration are examples, and no scientific evidence exists that it is this specific antibody that is present at this time point). Created with biorender.com.



In this review, we surveyed the current literature and provided an overview of the recently published non-HLA antibody detection and cell-based crossmatch assays developed for use in solid-organ transplantation, either in a research setting or commercially. The articles reviewed in this report were selected based on two criteria: 1) whether the aim of the study was to test a new technology for the detection of non-HLA antibodies and 2) whether the study also included a correlation between the identified non-HLA antibodies and rejection episodes (Tables 1–5).


Table 1a | XM-ONE studies in kidney transplantation.




Table 1b | Non-HLA antibody detection studies in kidney transplantation.




Table 2 | Non-HLA antibody detection studies in lung transplantation.




Table 3 | Non-HLA antibody detection studies in liver transplantation.




Table 4 | Non-HLA antibody detection studies in heart transplantation.




Table 5 | Non-HLA antibody detection studies in composite tissue transplantation.





Non-HLA Antibodies in Kidney Transplantation

Cell-based crossmatching assays were among the very first techniques used to detect possible non-HLA antibodies in the serum samples from renal transplant patients (21, 24, 27, 40, 49–51). In these assays, primary endothelial cells (ECs) are used as targets to be tested against the recipients’ sera. These in-vitro assays are considered to be relatively easy to perform, cost-efficient, and not labor intensive. In addition, it has been suggested that these assays could also detect antibodies against polymorphic antigens such as AT1R and MICA which might differ between donors, making their use in the clinical setting more justified.

In kidney transplantation, cell-based crossmatching assays have been used to screen for AECAs. In fact, the use of ECs as targets for crossmatches with fluorochromasia as the reporting technique has already existed since the late 1980s (49). An indirect immunofluorescence procedure was also described by Pontes and colleagues in 2001 where they showed that cultured human umbilical cord vein endothelial cells (HUVECs) could be potentially used to detect non-HLA antibody reactivity in kidney transplant recipients (KTRs). They tested the serum from a single patient who experienced rejection due to antibodies directed against endothelial antigens that were not expressed on platelets (i.e., non-HLA antigens). To ensure that the assay was specific for AECA, they used a platelet pool to remove all pre-existing HLA class I antibodies and screened for reactivity against HLA class I with a complement-dependent cytotoxicity (CDC) assay resulting in a negative CDC test (32).

Ming et al. made use of HUVECs for a retrospective crossmatching assay with flow cytometry (33). The assay was used to test whether the study patient that presented with acute ABMR, who had received kidney transplant without evidence of HLA-DSA, was in fact due to anti-MICA antibodies (33). High levels of antibodies against MICA were observed using a commercial MICA single antigen Luminex bead assay in both the pre- and post-transplant serum samples, and the donor specificity of these antibodies was confirmed with Sanger sequencing of both the donor and recipient MICA genotype. Finally, endothelial cell-based crossmatching with HUVECs was used to further confirm and characterize the MICA antibodies. The assay demonstrated binding and cytotoxic effects of MICA-DSA in the recipient serum on HUVECs, which indicated the expression of the antigens on the surface of the endothelium and provided evidence that the ABMR experienced by the patient after the first transplantation could have been attributed to MICA-DSA (33).

Crespo et al. recently published a paper in which they described a systematic exploration of pre-and post-kidney transplantation sera for HLA and non-HLA antibodies (34). One hundred and eighteen kidney transplant recipients were included, based on histological pathology scored as normal histology, interstitial fibrosis and tubular atrophy (IFTA), and ABMR based on Banff’15. The biopsies were either surveillance or clinically indicated biopsies taken after ABO-compatible kidney transplantation with a negative CDC crossmatch. HLA antibodies were detected using the Luminex HLA single antigen bead assay and MICA was also detected using Luminex technology. AT1R-Ab and ETAR-Ab were measured using commercially available ELISAs (34). They additionally performed EC crossmatch (ECXM) assays, using primary human aortic endothelial cells isolated from aortic rings of explanted donor hearts (45). They found that the combination of pre-transplant HLA-DSA and AT1R-Abs was strongly associated with ABMR histology. Both pre-transplant DSA and AT1R-Abs were significantly associated with the development of ABMR. However, none of the patients with HLA-DSA-negative ABMR had AT1R-Abs. In addition, the post-transplant combination of HLA-DSA and AT1R-Abs did not associate with the development of ABMR. Furthermore, neither pre-/post-transplant MICA- and ETAR-Abs nor a positive ECXM correlated with ABMR histology, with or without HLA-DSA. Positivity in the ECXM was found in all different patient groups and did not associate with any histological signs of endothelial damage, e.g., ABMR histology.

Although the previously mentioned studies made use of primary ECs as targets for the crossmatching test, these cells were not derived from the particular graft donor. An EC-based crossmatching assay with donor-derived ECs may provide a better risk assessment for the recipients. However, difficulties in obtaining cell cultures of organ-specific endothelial subsets have hampered molecular characterization, transcriptional profiling, and assay development with ECs. Nevertheless, isolation of ECs from donors is possible. Although the cell isolation can be time-consuming and expensive, it is a promising technique that will allow us to study donor-specific HLA and non-HLA antibody-dependent endothelial cytotoxicity (52). One of the earliest approaches that achieved donor-derived endothelial cell crossmatching test was introduced in 2002 by Vermehren and colleagues (50), which consequently resulted in the development of the commercially available flow cytometry-based assay XM-ONE® (24).

The proprietary XM-ONE assay is designed to screen for non-HLA antibodies in a crossmatching test that uses endothelial precursor cells (EPCs) as target cells selected by the expression of angiopoietin receptor (Tie-2+). The assay was validated in a multicenter trial by Breimer et al. that used EPCs isolated from donor peripheral blood mononuclear cells (PBMCs) to screen for AECAs in the pre-transplant serum samples of 147 patients (21). The trial identified AECAs in 35 of the 147 included patients (24%), among which a significant number (16 of 35; 46%) either experienced rejection (up to 3 months after transplantation) or were at a higher risk of impaired kidney function (as indicated by the increased serum creatinine levels) compared with those without AECAs (13 of 112; 12%) (21).

Several other studies utilized the XM-ONE setup to screen for the presence of non-HLA antibodies in living donor kidney transplant recipients. These studies describe contrasting results (26, 27). Soyöz et al. screened for EPC-reactive IgG and IgM in post-transplant serum from 13 living donor transplant recipients using the XM-ONE kit. In this population, AECAs were not detectable in the serum samples of all patients including the three patients who experienced ABMR (26). In addition, Zitzner et al. also investigated the presence of AECAs in the pre-transplant serum samples of 150 living donor kidney transplant recipients and reported a lack of association between the XM-ONE result and biopsy-proven rejection or vasculopathy at 1-year post-transplant (27).

The XM-ONE assay has several limitations. For instance, the properties of the circulating EPCs might not be reflective of the ECs in the transplanted allograft. It is essential to keep this in mind, especially since these precursor cells lack important general EC markers such as CD31 and CD34 (50). Additionally, Tie-2+ EPCs express HLA class I and class II antigens which can lead to false positivity in the presence of HLA-DSA and would require the depletion of HLA-DSA from the recipient’s serum prior to testing (50). Furthermore, Alheim and colleagues reported that a large fraction of the cells isolated with the XM-ONE kit were lymphocytes positive for the Tie-2 receptor (24). This would require further gating for CD3+ CD19+ lymphocytes to exclude the possibility of contamination and interference of Tie-2+ lymphocytes when performing the endothelial crossmatching test. Our group recently published a method of obtaining human renal ECs from machine-perfused donor kidneys. We demonstrated that these cells expressed common EC markers (CD31, CD34, von Willebrand factor, VEGFR-2, PV-1, and HLA-DR to a variable extent). As these ECs are derived from the site of the graft, they could potentially be better candidates as targets for an endothelial crossmatching assay (52). Delville et al. recently demonstrated that non-HLA antibodies that are associated with the histology of ABMR primarily bind in a very specific manner to glomerular endothelial cells (CiGEnCs) (53). However, the basal expression of HLA antigens limited the application of CiGEnCs for non-HLA antibody detection in patients without circulating anti-HLA antibodies. To tackle this obstacle, the group applied a CRISPR/Cas9 strategy to delete the B2M and CIITA genes, resulting in loss of function and undetectable HLA-ABC and HLA-DR expression (40). Using these cells, a non-HLA antibody detection immunoassay (NHADIA) was developed. The authors used an unselected cohort of kidney transplant recipients and showed that non-HLA antibodies were increased in patients who underwent previous kidney transplantation. The pre-transplantation NHADIA value correlated with microvascular inflammation (MVI) in the kidney allograft at 3 and 12 months post-transplantation and was correlated with the risk of the developing ABMR. Interestingly, no correlation between NHADIA results and AT1R levels was found, indicating that the antibodies detected in the NHADIA results are not AT1R antibodies. The results from these studies suggest that non-HLA antibodies associated with the histology of ABMR which bind to CiGEnCs might recognize a wide diversity of antigens. In addition, these results point directly toward the major limitation of using a single cell line for endothelial cell crossmatching assays, as a single cell line does not address the variability of expressed antigens between individuals, which may form the basis for non-HLA antibody formation.

The endothelium has different functions corresponding to the region of the body where it is situated (54). This results in different antigen expression patterns, and therefore, ECs may respond differently to activation (55, 56). The importance of using ECs derived from vessels of the appropriate location has been underlined by several studies. This includes work on AECAs in various small and large vessel diseases and responses of ECs from different organs to inflammation and sepsis (55–58). Moreover, it was shown that upon binding of HLA class I antibodies on human-aortic, umbilical, and dermal microvasculature ECs, the induction of P-selectin, involved in the recruitment of leukocytes, varied between EC types (59). Some studies use immortalized endothelial cell lines instead of primary cells for their assays. A comparison of HUVECs and EA.hy926 (a commonly used immortalized HUVEC cell line) revealed that EA.hy926 cells have a high similarity with primary ECs; however, they show differences in the expression levels of certain EC markers. They also express a large number of additional genes mainly related to the cell cycle and EC apoptosis (59). Circulating EPCs isolated from peripheral blood allow testing for donor-specific AECAs. However, it is not clear whether these cells reflect the properties of the endothelial cells present in the graft (59). Therefore, antibodies reactive against antigen targets on EPCs or HUVECs may not react against antigens expressed on renal microvascular endothelial cells. Li et al. underlined that non-HLA antibodies are not exclusively directed against targets on the endothelium, by testing pre- and post-transplant samples of pediatric renal transplant patients for reactivity against over 5,000 protein targets selected based on their appearance in the kidney using a ProtoArray. They reported a response to 61% of the targets on average with the highest reactivity against antigens expressed on pelvic epithelial cells and in the renal cortex (38). In addition, two separate studies by Leisman and Lammerts et al. recently showed that AT1R is possibly not expressed by renal endothelial cells, and Delville et al. did not find a correlation between AT1R and non-HLA anti-endothelial cell antibodies, measured with the NHADIA (52, 53, 60). Also, the study by Senev et al. reported that AT1R antibodies assessed using the multiplex Luminex assay could not explain the histology of ABMR in the absence of DSA (22).

In addition to cell-based crossmatching assay, antigen detection methods have also been used to screen for known specific non-HLA antibodies. ELISAs are universally used for convenient and rapid bulk screening of patient serum samples, which is further eased by the possibility of acquiring some of the kits commercially. For instance, currently, there are two commercially available ELISA kits that have been developed by CellTrend (Luckenwalde, Germany) supplied by One Lambda, for detecting anti-AT1R or anti-ETAR antibodies in kidney transplant patients (11, 12, 34, 35, 61, 62). Unlike conventional ELISAs whereby the proteins of interest are detected by antibodies from a purified or homogeneous denatured cell-lysate samples, the commercially available AT1R and ETAR ELISAs are produced by coating the plate with non-denatured extracts from cells overexpressing the target protein. This ensures that the detected targets (i.e., antibodies against AT1R and ETAR) are complementary to the receptors in their native, non-denatured form (62).

Several researchers utilized these commercial ELISAs to investigate the relationship between AT1R or ETAR and the clinical outcomes in renal transplant recipients (11, 12, 35). Philogene et al. investigated the presence of AT1R antibodies with a commercial ELISA in combination with XM-ONE (for AECAs) in the post-transplant sera of kidney transplant recipients who had low or negative HLA-DSA. They observed an association between the development of ABMR and the levels of AT1R antibodies especially when HLA-DSA were detected (12). The XM-ONE results revealed that patients whose post-transplant sera were positive for AECAs had increased AT1R titers compared with those with the negative crossmatching test. Interestingly, 8 out of the 11 patients with positive XM-ONE test developed rejection, 1 developed transplant glomerulopathy, and 2 had no rejections. Similarly, Pearl et al. also reported a strong association between AT1R and ETAR antibodies, microvascular injury, elevated levels of IL-8, and impaired kidney function upon investigation of AT1R and ETAR antibody levels in the post-transplant serum samples of kidney transplant recipients using commercial ELISAs (11).

More recently, Yu and colleagues used the anti-AT1R antibody ELISA to evaluate their role in predicting the transplant outcome in low-risk, living donor KTRs (31). The study included 94 transplant recipients who had negative pre-transplant serum HLA-DSA who underwent ABO-compatible, living donor kidney transplantation. In this study, anti-AT1R antibody titers were measured in 94 pre-transplant serum samples and 29 post-transplant serum samples in patients experiencing biopsy-proven rejection. A significant association was found between increased pre-transplant serum levels of anti-AT1R antibodies and the risk for developing acute rejection. Interestingly, the authors also investigated the presence of other AECAs in the pre-transplant sera with the XM-ONE assay. They reported that patients with a positive XM-ONE AECA test had poorer kidney function, starting 3 months after transplantation and continuing to decline up until 20 months (end of the study) (31).

Aside from ELISA, genome-wide analyses and protein microarrays have also been described for antigen identification (36–38). Using genome-wide analysis, Reindl-Schwaighofer and colleagues were able to show that genetic mismatches of non-HLA haplotypes coding for transmembrane or secreted proteins were associated with an increased risk of functional graft loss (36). They genotyped 477 KTRs receiving their first kidney transplant from a deceased donor, and genetic mismatches between the pairs were measured to identify incompatibilities in both transmembrane and secreted proteins. From this, they were able to identify 16 non-HLA donor-specific peptide mismatches which they then used to construct an array of peptides to screen another group of 25 patients with biopsy rejection for the presence of these mismatches. The study showed that mismatches of non-HLA were associated with worse clinical outcomes independent of HLA (36).

In protein microarrays, thousands of recombinant proteins are immobilized and arranged on a solid surface and are then probed with a fluorescent-labeled sample. Protein microarrays can be used for various applications, including antibody detection (63).

Jackson et al. employed ProtoArray® (a protein microarray technology), in combination with ELISAs, to identify target antigens for AECAs. The sera of 10 KTRs from a discovery cohort experiencing ABMR in the absence of HLA-DSA were used as samples for the protein array assay (37). The assay identified four antigenic targets, namely, endoglin, Fms-like tyrosine kinase-3 ligand (FLT3), EGF-like repeats and discoidin I-like domains 3 (EDIL3), and intercellular adhesion molecule 4, all of which have been shown (in vitro) to be capable of endothelial cell activation and induction of pro-inflammatory cytokines and chemokines. To further validate these findings, an additional 150 pre- and post-transplant serum samples from KTRs were tested for antibodies against these antigens with in-house-made ELISAs, and positive results were observed in 24% of the tested pre-transplant samples. The presence of antibodies against these antigens was associated with HLA-DSA sensitization, ABMR, and early transplant glomerulopathy (37).

Li et al. utilized the ProtoArray technology to specifically investigate the antibody response against HLA and MICA to determine whether the immunogenic response in the kidney tissue was restricted to certain compartments that express these antigens (38). Pre- and post-transplant serum samples from 18 pediatric kidney transplant recipients were examined for non-HLA antibody response. The protein microarray assay revealed an increase in the signal for de-novo antibodies by an average of 61% in all patients in the post-transplant serum compared with the pre-transplant. Of note, anti-MICA antibodies were detected in 72% of the patients post-transplant (38). The authors did not test for any correlation between the development of the anti-MICA antibodies and the risk of rejection in the recipients even though previous studies have reported the existence of such correlations (64, 65).

Moreover, a Luminex-based non-HLA antibody assay was developed covering 14 possible targets for non-HLA antibodies (39). Kamburova and colleagues constructed a multiplex Luminex assay with 31 different microspheres consisting of various proteins to screen the serum of kidney transplant recipients for 14 non-HLA antibodies. Various testing conditions were used in order to optimize and validate the highest specific median fluorescence intensity (MFI) levels that could distinguish between the positive and negative patient sera. The authors reported that anti-phospholipase A2 receptor (PLA2R) antibodies showed the highest level of distinction (in terms of MFI vs. background signal) followed by anti-vimentin antibodies. Although the assay did not investigate the presence of commonly described non-HLA targets such as AT1R and ETAR, the multiplex assay was used in a subsequent study to determine the non-HLA status in the pre-transplant serum samples of 4,770 patients in the PROCARE cohort (8). The analysis revealed that antibodies against rho GDP dissociation inhibitor beta (ARHGDIB) were more clinically relevant in patients receiving a deceased donor kidney transplant compared with those receiving a living donor kidney transplant. Additionally, this non-HLA antibody seemed to be associated with negative clinical outcome on the graft that was independent of the HLA-DSA status. These results were confirmed in a smaller cohort by Senev et al. (22) Interestingly, these results of a negative clinical outcome when non-HLA antibodies are present in the pre-transplant sera were similar to what has been published by other groups for other types of non-HLA antibodies [namely, the studies by Soyöz et al. and Zitzner et al. (26, 27)]. This especially holds true with regard to the presence and clinical relevance of non-HLA antibodies in living donor compared with deceased donor transplantation.

The bottom line is that we now possess several relevant cell-based assays (cytotoxic assays or flow cytometric crossmatch assays) and solid-phase assays (Luminex, enzyme-linked immunosorbent assays) that can detect or screen for potentially alloreactive antibodies (Figure 2). Several studies demonstrated that pre-transplant non-HLA antibodies have pathogenic effects on graft survival and may contribute to impaired kidney function post-transplant (8, 10, 21, 31, 36). Others showed that this only holds true when HLA antibodies were also present (9, 11, 34, 37, 38). Moreover, AT1R antibodies are the most studied non-HLA antibodies despite evidence suggesting that they are not expressed by the involvement of ECs in the kidney tissue (52, 60). Importantly, the large variety of non-HLA antibodies used as targets for investigation in the different studies makes it difficult to compare or predict the exact role of these antibodies. In addition, although the majority of studies use IgG as readout, many studies report non-HLA antibodies with variable readouts (IgG, IgM, C1q). In the future, it will be important that studies use a comparable and reproducible approach with well-defined study populations and endpoints and thoroughly validate their assays, addressing assay sensitivity and specificity, intra- and interassay variability, positive thresholds, and controls.




Figure 2 | Assays for alloreactive antibodies. Abs, antibodies; ELISA, enzyme-linked immunosorbent assay; HLA, human leukocyte antigen. * New/unknown non-HLA Abs. Created with biorender.com.





Non-HLA Antibodies in Lung Transplantation

While several research groups in the field of kidney transplantation have utilized cell-based crossmatching assays to screen for non-HLA targets, this technique is rarely described in lung transplantation research.

Margo and colleagues described an indirect immunofluorescence cell-based crossmatching assay to detect the presence of AECAs in the serum samples of lung transplant patients (28). Cytocentrifuged fixed preparations made from human pulmonary microvascular EC cultures were used as the target cells for testing. The study population was tested for panel-reactive antibodies (PRA) and was found to be negative before transplantation and at the time of rejection. The indirect immunofluorescence assay revealed a prominent granular nuclear and cytoplasmic staining pattern indicative of positive reactivity to endothelial cells in 18 of 19 patients (28). It is important to mention that this study was not explicitly designed to demonstrate the potential role of EC antigens as the antigenic targets; rather, the authors’ original goal was to present a report of a series of lung patients who had developed post-transplant septal capillary injury syndrome of humoral origin as a form of allograft rejection. Furthermore, indirect immunofluorescence is less sensitive compared with newer detection techniques such as flow cytometry which essentially limits the significance of these findings.

In addition to cell-based assays, antigen detection techniques such as ELISA (29) and SEREX (30) have also been described in the context of lung transplantation.

Reinsmoen et al. investigated the presence of antibodies to AT1R and ETAR in the pre- and post-transplant sera of 162 lung transplant recipients from three centers with a commercial sandwich ELISA kit (29). The serum samples were tested for binding to AT1R and ETAR at three levels: strong, intermediate, and negative. For AT1R, the frequencies of bindings were 46%, 37%, and 17%, respectively, while ETAR had 26%, 29%, and 45% binding frequencies. Stronger binding frequencies for both AT1R and ETAR were significantly correlated with increased potential to develop ABMR post-transplant. However, out of the 162 recipients tested, only 5 developed ABMR post-transplant, and these 5 patients were among those who developed de-novo DSA.

The SEREX technique is an antigen identification technique that uses cDNA libraries extracted from solid tissue screened against sera from patients to identify gene products [usually expressed by a bacterium such as Escherichia coli (E. coli) transfected with the genes of interest], which are then recognized by an IgG antibody (66). Although mainly used to identify tumor antigens, this technology was applied to lung transplantation to better understand the role of non-HLA antibodies in the pathogenesis of bronchiolitis obliterans syndrome (BOS) in a study by Otten and colleagues (30).

In this study, RNA from the airway epithelial cells was obtained from the tracheae of four donors and was used to construct a complementary DNA (cDNA) library which was then transfected to E. coli. Pre- and post-transplant serum samples from 11 lung recipients were tested for reactivity against the antigens expressed by the transfected bacteria, and the reactivity of the sera was visualized by a goat anti-human IgG. The assay identified six non-HLA targets that were only shared between four of the study patients confirming that the non-HLA profile differs among individuals, and therefore, a larger cDNA library might be needed to cover a wider range of specific non-HLA that might contribute to the development of BOS in the transplant population (30). The results of this study, despite the relatively smaller sample size, demonstrated that the SEREX technique was capable of identifying potential non-HLA targets present after lung transplantation, and the authors suggest a potential role of this technique to be implemented for clinical testing (30).

In conclusion, non-HLA antibodies may contribute to the pathogenesis of lung transplant rejection, but their specific targets have yet to be identified (Figure 2). Even with elaborate technologies utilizing cDNA libraries or validated solid-phase assays (i.e., AT1R and ETAR ELISAs), the exact contributions of non-HLA to graft dysfunction in lung transplantation is still unknown.



Non-HLA Antibodies in Liver Transplantation

Liver transplant recipients rarely experience ABMR even in the presence of antibodies directed against HLA (43). Although HLA antibodies have been gaining attention for their association with adverse transplantation outcomes, research into non-HLA antibodies in liver transplant patients is still relatively new and data are limited. In fact, most of the studies into the role of non-HLA antibodies focused primarily on the detection of AT1R and ETAR antibodies.

Ekong and colleagues evaluated the effects of several non-HLA antibodies including anti-nuclear antibodies, anti-smooth muscle antibodies, anti-liver kidney microsomal antibodies, and AT1R antibodies on the development of fibrosis in 42 pediatric liver transplant recipients using indirect fluorescence and a commercially available ELISA kit (41). The results of their analysis revealed that the presence of the aforementioned antibodies had no significant association with fibrosis. That said, the study mainly focused on evaluating whether HLA epitope mismatches were predictors of de-novo donor DSA risk and rejection and less on the role of non-HLA antibodies specifically (41). Moreover, most of the patients did not have pre-transplant serum samples available for testing for anti-AT1R antibodies, so the levels of this antibody were not clearly defined in these patients pre-transplant.

Ohe and colleagues also focused on evaluating the effects of anti-AT1R antibodies in a cohort of 81 pediatric living donor liver transplant recipients using a commercially available ELISA kit (42). The study concluded that all patients who had anti-AT1R antibodies in addition to HLA-DSA developed advanced fibrosis compared with those patients who only had one antibody or were double negative for both. Assessment of the AT1R status especially in patients with confirmed DSA could prove to be useful in predicting the risk for fibrosis. However, even though it was clear that the AT1R antibodies played an important role in fibrosis in liver transplant recipients, the results only suggested an association between these antibodies and the development of fibrosis and not a causation. Interestingly, these findings resemble those reported by Crespo in kidney transplantation as discussed above.

In a larger cohort of adult liver transplant patients, O’Leary et al. reported that AT1R or ETAR antibodies (either preformed or de novo) were associated with a higher risk of rejection (43). They analyzed pre- and post-transplant serum samples from 1,269 liver transplant recipients for AT1R or ETAR antibodies using commercially available sandwiched ELISA kits. The results showed that non-HLA antibodies alone did not influence the outcome of the transplant; however, when coupled with an HLA-DSA (particularly of the IgG3 subclass), the synergistic association between these antibodies increased the mortality risk significantly (hazard ratio, 1.66; P = 0.02). Additionally, they reported that post-transplant non-HLA antibodies were capable of activating the complement system as seen from the positive C4d staining pattern in the liver tissue.

In addition to AT1R and ETAR antibodies, the C-terminal laminin-like globular domain of perlecan (LG3) antibodies was also investigated in liver transplantation. Xu and colleagues recently published a study in which they tested the pre-transplant sera of 131 transplant recipients who received a second liver for 33 autoantibodies with a commercially available Luminex antibody panel (14). Among these 33 antibodies, 15 were significantly higher in 52% of the patients who lost their graft. Specifically, patients with antibodies against LG3 experienced worse secondary graft survival compared with those without this particular antibody (P = 0.02). Interestingly, patients with increased AT1R antibody levels in addition to LG3 were at a higher risk for rejection compared with those with either of these antibodies. A similar association was found between LG3 levels and HLA-DSA, which, once again, suggested a synergistic relationship. Therefore, screening for LG3 (in addition to AT1R and ETAR antibodies) might be important for liver transplant recipients with or without HLA-DSA as it may significantly help in identifying high-risk transplant patients.

In summary, while allograft rejection is relatively rare in liver transplantation due to the highly immunotolerant nature of the organ (43), research into the role of non-HLA antibodies, particularly anti-AT1R and ETAR antibodies in liver transplant patients, is gaining the attention of researchers. However, as it stands, research in this area is still relatively new and the reported data are limited (Figure 2).



Non-HLA Antibodies in Heart Transplantation

In heart transplantation, the detection of non-HLA antibodies still remains a major endeavor, especially when it was reported that 40% of patients experiencing biopsy-proven ABMR had no HLA-DSA in blood (45). Investigation into non-HLA antibodies in this field mainly focuses on the detection of the specific non-HLA, especially the antigens expressed on the endothelium, utilizing approaches such as ELISAs and Luminex.

Hiemann and colleagues utilized both AT1R and ETAR ELISAs to investigate the impact of anti-AT1R and anti-ETAR antibodies on the development of ABMR in heart transplant recipients (44). They prospectively assessed the pre- and post-transplant serum samples from 30 patients for the presence of both anti-AT1R and anti-ETAR antibodies with commercially available sandwiched ELISA kits. The results showed elevated levels of anti-AT1R and anti-ETAR antibodies present in patients experiencing both cellular and ABMR compared with patients with no rejection. Furthermore, increased pre-transplant titers of these antibodies were associated with a higher risk for an early onset of microvasculopathy, implying negative effects post-transplant (44).

In addition to using ELISAs for AT1R and ETAR, Jurcevic et al. developed an ELISA for detection of anti-vimentin antibodies (13). Pre- and post-transplant serum samples from 109 cardiac transplant recipients were tested for anti-vimentin antibodies up to 5 years after transplantation, and the antibody titers were correlated to the development of transplant-associated coronary artery disease. The mean titers of anti-vimentin antibodies calculated in the period between 1 and 5 years post-transplant were significantly increased in patients who had developed transplant-associated coronary artery disease compared with those free from the disease. Additionally, the assay also helped establish a predictive test for the development of this disease with 63% sensitivity and 76% specificity based on the mean titer of the antibodies detected in the first 2 years after the transplant. Therefore, by utilizing this ELISA, anti-vimentin antibodies could potentially be used as biomarkers for identifying patients who have a higher risk for developing transplant-associated coronary artery disease (13).

Luminex technology for the screening of non-HLA antibodies in heart transplantation has also been described. In their study, Zhang and colleagues employed a multiplex bead panel to profile non-HLA antibodies in heart transplant recipients with treated ABMR (67). Post-transplant serum samples from 13 patients with treated ABMR and/or ventricular dysfunction and without HLA-DSA were screened for 32 non-HLA antibodies with a commercially available panel. They were able to show that each tested patient had at least one non-HLA antibody identified, with anti-vimentin antibodies being the most frequent in the patient group with treated ABMR with undetectable HLA-DSA. Additionally, they also examined pre-transplant serum samples for anti-vimentin antibodies, and the analysis revealed that 11 out of the 13 study patients were negative for vimentin pre-transplant; however, in 7 of these patients, anti-vimentin antibodies were detected at the time of ABMR, suggesting a de-novo development of these antibodies post-transplant (67).

Butler et al. also utilized a commercialized Luminex-based multiplex bead panel for the discovery of non-HLA antigens associated with heart transplant rejection (46). First, a protein microarray was constructed to identify 366 non-HLA targets from a discovery cohort consisting of 12 heart transplant recipients who had positive endothelial cell crossmatch but no evidence of HLA-DSA at the time of biopsy-proven rejection. A commercial multiplex bead array that included 67 non-HLA targets was then used to screen 546 serum samples from 115 heart transplant recipients for non-HLA antibodies. The array identified 18 non-HLA antibodies associated with rejection, among which 4 antibodies were not previously described as non-HLA targets. Moreover, the analysis showed that of the 18 identified non-HLA antibodies, 5 predicted rejection and 4 showed a synergistic effect with HLA-DSA. That said, this study did not include pre-transplant serum testing for these non-HLA antibodies, so the absence of these pre-transplant samples makes it difficult to interpret the relation between rejection and the non-HLA antibodies.

Based on the studies discussed above, a clear direction can be observed with regard to the investigation of non-HLA antibodies in heart transplantation. Research currently focuses on utilizing solid-phase assays (i.e., ELISAs and Luminex) for antibody detection, and while these techniques are practical and allow for bulk sample processing with high throughput, they fail to consider donor and organ specificities (Figure 2). To our knowledge, only one study described the use of donor-specific human aortic ECs as target cells for a flow cytometry crossmatching assay (68). However, it was unclear whether all of the recipients included in the study were paired with their organ donors for the crossmatching test based on the description of the assay in the methodology section. Moreover, reactivity to IgM AECAs was used as the readout which does not allow for comparisons with other crossmatching tests that report IgG. Therefore, to properly appreciate the role of non-HLA in heart transplantation, more organ- and donor-specific assays are needed.



Non-HLA Antibodies in Composite Tissue Transplantation

Most hand transplant recipients rarely experience ABMR; however, a few reports have emerged attributing vascular rejection to the presence of anti-AT1R and other non-HLA antibodies (47, 48, 69). Banasik et al. investigated the presence of non-HLA antibodies in the post-transplant serum samples of five hand transplant patients (47). The sera were assayed for non-HLA antibodies including AECAs, anti-AT1R, and anti-ETAR antibodies. AECAs were detected using the TITERPLANE technique whereby slides coated with HUVECs were incubated with the patient serum, and the reaction of the antigen to IgG, IgA, or IgG was visualized with IIF. Antibodies against AT1R and ETAR were detected with commercial ELISAs. Pre-transplant serum samples were also analyzed for the HLA status in all patients using the Luminex technique. Anti-HLA antibodies of class I or II were detected in two patients, albeit these antibodies were not DSA. AECAs were present with moderate activity in only one patient, and both anti-AT1R and anti-ETAR were found with strong reactivity in another patient who had a bilateral transplant and developed six acute rejection episodes. Notably, no association was reported between non-HLA antibodies and HLA, and the repeated acute rejection episodes experienced by the patient with the bilateral transplantation were attributed to the presence of anti-AT1R and anti-ETAR antibodies (47).

Very recently, Sikorska et al. investigated the role of non-HLA antibodies in hand transplant rejection (48). The post-transplant serum samples from six hand transplant recipients were assayed for antibodies against AT1R, ETAR, protease-activated receptor 1 (PAR-1), and vascular endothelial growth factor A (VECGF-A) using commercial ELISAs. Additionally, the levels of pro-inflammatory cytokines IL-1, IL-6, and IFNγ were also investigated to evaluate the humoral response post-transplant. The authors reported that repeated episodes of rejection were associated with high levels of anti-AT1R and ETAR antibodies as well as increased levels of EC activation markers represented by higher titers of anti-VEGF-A and PAR-1 antibodies in one out of the six included patients. Interestingly, this patient did not develop anti-HLA antibodies. With regard to the pro-inflammatory markers, no elevations were observed for all the three tested cytokines (IL-1, IL-6, IFNγ). Although these findings are promising, it is difficult to highlight the importance of non-HLA in composite tissue transplantation making it difficult to draw firm conclusions at this stage, especially since both of the abovementioned studies base their conclusions on the observation from one single patient.



Discussion

The relevance and importance of non-HLA antibodies in transplantation in addition to HLA-antibodies is increasingly being acknowledged (Figure 3). In the past decade, several non-HLA detection and screening assays have been developed, resulting in the identification of multiple non-HLA antibodies. Non-HLA antibodies are associated with a wide range of autoimmune diseases but can also be produced as antibodies after transplantation, possibly due to increased antigen exposure in the context of tissue damage (20, 70–72). It has also been shown that the process of allosensitization to minor histocompatibility non-HLA antigens after previous kidney transplantation affects long-term graft outcomes (36, 73). Most of the potential non-HLA target antigens are ubiquitously expressed throughout the body, resulting in the possible involvement of non-HLA antibodies in all organ transplantations. However, non-HLA antibodies have most extensively been studied in kidney transplantation. Within this line of research, the focus was mostly on the presence of anti-AT1R antibodies in the serum of transplant patients and the effect of several non-HLA antibodies on the allogenic endothelium (70, 74). It has been proposed that anti-AT1R and anti-HLA antibodies have a synergistic role in mediating kidney allograft rejection through the induction of overexpression of HLA molecules after binding to the ECs (19). AECAs can be detected with flow cytometry, ELISA, indirect immunofluorescence, and high-density protein array as described in this review, and most assays use either EPCs isolated from peripheral blood or HUVECs as an antigen substrate (25, 37, 75, 76). A commercial kit for EC crossmatching is available, and it uses magnetic coated beads against angiopoietin receptor Tie-2 to isolate EPCs (XM-ONE). However, as discussed in the section describing EC-based assays, the current detection methods have several significant limitations. Many of the assays discussed in this review have reported non-HLA antibodies with variable readouts (IgG, IgM, C1q) which might, in turn, make it difficult to compare and correlate the results obtained from different assays and studies. The lack of uniform readouts, cutoffs, and the potential confounders by the presence of HLA antibodies (or other non-HLA antibodies) results in studies describing conflicting relations between non-HLA and rejection and/or graft survival, as described in this review. Moreover, it is yet to be resolved whether non-HLA antibodies mediate graft injury themselves or whether they are produced due to processes following tissue damage. Up until now, it seems that non-HLA mainly have detrimental effects in combination with HLA-DSA. Finally, an ideal antigen identification technique requires a considerable degree of sensitivity and specificity. It must be easily reproducible and can be used to screen samples in bulk (i.e., high throughput). Although the techniques discussed in this report fulfil some of these requirements, an ideal antigen detection technique is yet to be developed.




Figure 3 | Summary points.



All in all, the identification of new non-HLA antibodies on endothelial cells and other cell types involved in the transplanted organ and their relevance in transplantation require a rigorous step-by-step scientific process, combining relevant experimental models with clinical investigations in adequately phenotyped, preferably prospective cohorts. The data on the involvement of non-HLA in other solid-organ transplantations than the kidney are scarce and might need more attention. The use of organ donor-derived cells allows for the detection of specific antibody responses against polymorphic proteins that are mismatched between the donor and the recipient. The development of a library of organ-specific endothelial cell lines that are devoid of endogenous HLA expression would be necessary. This organ-specific non-HLA endothelial cell crossmatch assay could eventually help identify different non-HLA risk profiles for rejection and impaired graft survival and should be applied in a systematic fashion in all types of solid-organ transplantations.

In conclusion, several in-vitro non-HLA assays have been developed for the screening of non-HLA antibodies pre- and/or post-allograft transplantation, mainly in kidney transplantation. Although some of the published studies have common characteristics between the studied cohorts, there is considerable clinical variability among the patient groups. There are currently barely any laboratory guidelines for the investigation of patients with non-HLA antibodies, resulting in a considerable variability on the accuracy of investigation and heterogeneous study populations that are compared with each other. Additionally, the reported clinical significance for organ transplantation of the non-HLA antibody is variable and is very much dependent on tissue expression of its target antigen, its relationship with HLA-DSA, and the inflammatory context in which it developed. Therefore, not all non-HLA antibodies have pathological relevance. To be able to fully elucidate the clinical relevance of non-HLA antibodies, harmonization and validation of existing non-HLA assays is necessary, in addition to a rigorous step-by-step scientific process to identify and test for new and relevant non-HLA antibodies.
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Summary points

- The significance of non-HLA antibodies in organ transplantation is not fully understood yet

- High heterogeneity between study designs results in considerable variability in the reported
findings regarding the role of non-HLA antibodies in transplant outcomes

- The clinical relevance of non-HLA antibodies is dependent on the tissue expression of the
target antigens that might differ between organs

- As it stands, non-HLA mainly have detrimental effects on transplant outcomes in
combination with HLA-DSA

- Donor specific target cells derived from the particular graft site may provide a better risk
assessment on the transplant outcome

- Laboratory guidelines to harmonize and validate non-HLA antibody investigation are
required
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Reference Organ Overall conclusion Sample details® Type of assay® Key limitations
Pontes etal., Kidney Cultured ECs can be used to detect A single serum sample ECXM assay using HUVECs as One post-transplant serum
2001 (32) non-HLA Abs with IIF obtained from a KTR after two  the target cells. EC antigens were  sample from a single patient; non-
rejected grafts and visualized using IIF with mouse donor-derived ECs for ECXM
undetectable HLA at baseline  anti-human Ig-TRITC assay; lIF has lower sensitivity
Ming et al., Kidney MICA-DSAs in the serum were A single serum sample ECXM assay using HUVECs as One post-transplant serum
2015 (33) cytotoxic to ECs expressing MICA-G1  positive for MICA-DSAs the target cells. Mouse anti- sample from a single patient; non-
group antigens obtained from a KTR after a human IgG was used to visualize  donor-derived ECs for ECXM
previously rejected graft with  the results by flow cytometry assay; flow cytometry assays
no HLA mismatch suffer from gating bias
Crespo et al.,, Kidney The combination of pre-transplant 19 KTRs with normal MICA-Abs were detected using  Broad heterogeneity in the
2021 (34) HLA-DSA and AT;R-Abs was strongly  histology, 52 KTRs with commercial Luminex technology.  inclusion timing and clinical
associated with the histology of ABMR histology, and 47 Sandwich ELISAs were used to course of the patients. ECXM was
ABMR, and the post-transplant KTRs with IFTA were detect AT;R- and ETAR-Abs. not performed with renal ECs.
combination did not. Neither pre- nor  screened for anti-MICA-Abs,  ECXM assay using primary aortic ~ Purification of primary EC isolation
post-transplant MICA-Abs, ETAR-Abs,  anti-AT;R-Abs, and anti- endothelial cells as the target and gating strategy is not
or ECXM correlated with ABMR ETAR-Abs, and an ECXM was  cells. EC-reactive IgG was described resulting in a possible
histology, with or without HLA-DSA performed in pre- and post-  detected by flow cytometry contamination with other cell
transplant sera types
Pearl et al., Kidney The presence of ETAR-Abs was The relationship between Commercial ELISAs were used to  Pre-transplant serum samples
2020 (11) significantly associated with AT;R-Abs. ETAR-Abs and AT;R-Abs was measure AT;R-Abs and ETAR- were not assessed; no ECXMs
These Abs were found to not be investigated with regard to Abs in the post-transplant serum  were performed to assess for
associated with ABMR or HLA-DSA biopsy findings, pro- samples. A custom magnetic other potential AECASs; the use of
development; however, they were inflammatory cytokine bead kit was used to measure ATG increased the risk of AT,R-
significantly associated with production, and HLA-DSA in  the cytokine levels and visualized ~ Abs development
microvascular injury, elevated levels of  a cohort of 67 pediatric KTRs ~ with Luminex
IL-8, and impaired renal function post-transplant
Sorohan Kidney No relationship was found between Pre- and post-transplant ATR-Abs were measured using  Lack of HLA-DSA in the study
et al., 2021 post-transplant AT;R-Abs and biopsy-  serum samples from 56 KTRs  a commercial quantitative ELISA  population made it difficult to
(35) proven rejection were screened for AT;R-Abs assess the relationship between
AT R-Abs and HLA-DSA;
biopsies were only taken by
indication leading to a lack of
cases with biopsy-proven
rejection
Reindl- Kidney Genetic mismatches of non-HLA 25 KTRs with biopsy-proven  Genetic mismatches between The implementation of this
Schwaighofer haplotypes coding for transmembrane  rejection were screened for 477 pairs of deceased donors technique as a bulk lab screening
etal., 2019 or secreted proteins were associated  the presence of non-HLA and first kidney transplant method is difficult as it is
(36) with an increased risk of functional mismatches recipients were measured using a  expensive and time-consuming to
graft loss genome-wide analysis conduct a genome-wide analysis
on a routine basis
Jackson Kidney ProtoArray identified four targets, Sera from 10 KTRs from a ProtoArray technology was used ~ Many of the patients experiencing
etal., 2015 namely, endoglin, FLT3, EDIL3, and discovery cohort experiencing  to identify antigenic targets for rejection post-transplant were
(37) intercellular adhesion molecule 4 ABMR in the absence of HLA- AECAs. The presence of Abs also positive for HLA-DSA as
which, upon further assessment in DSA were used to construct  against the detected targets was  indicated by biopsy; therefore, the
vitro, were associated with HLA-DSA  the ProtoArray. Additional investigated in pre- and post- association of ABMR to AECAs in
sensitization, ABMR, and early sera from 150 KTRs were transplant serum samples with these patients was confounded
transplant glomerulopathy used to validate the ELISAs
ProtoArray results
Lietal., 2009 Kidney An increase was detected in the signal  Pre- and post-transplant ProtoArray technology was used ~ No correlation between the
(38) for de-novo Abs by an average of serum samples from 18 to identify antigenic targets for development of the MICA-Abs
61% in all patients in the post- pediatric KTRs were AECAs. The preferential and the risk of rejection in the
transplant serum compared with the examined for non-HLA expression of a particular recipients was tested
pre-transplant. MICA-Abs were antibody response antibody in the kidney tissue was
detected in 72% of the patients post- investigated in 7 microdissected
transplant kidney compartments
Clotet-Freixas Kidney Autoantibodies against Ro/SS-A (52 Serum samples from 80 KTRs  Protein microarray platform The study did not report the
etal.,, 2021 kDa), CENP-B, and La/SS-B were were diagnosed with ABMR,  against 134 IgG and IgM non- impact of these autoantibodies in
(10) significantly elevated in KTRs with ACR, mixed rejection, or HLA targets was used patients with no HLA-DSA
ABMR and mixed rejection compared  acute tubular necrosis
to ACR analyzed for non-HLA targets
Sanchez- Kidney Preformed MICA-Abs were able to fix ~ Serum samples from 52 KTRs  Both MICA-Abs and C1q binding  The study did not define whether
Zapardiel and activate the complement system,  were tested for MICA-Abs were analyzed with a Luminex these anti-MICA antibodies were
therefore mediating cell death. Patients and C1q binding platform donor specific
et al., 2016 with MICA-Abs along with HLA-DSA
© had the worst outcomes
Kamburova Kidney Antibodies against ARHGDIB were Pre-transplant serum samples A Luminex assay with 31 different The multiplex assay did not
etal.,, 2018- more clinically relevant in deceased of 4,770 KTRs were screened microspheres consisting of investigate the presence of
2019 (8, 39) donor KTRs compared to living donor  for 14 non-HLA antibodies various proteins was constructed  commonly described non-HLA
KTRs to screen for 14 non-HLA targets such as AT;R and ETAR
antibodies
Lamarthée Kidney Non-HLA Abs were increased in Pre-transplant serum samples  Non-HLA Ab detection ECs from a single donor and from
et al., 2021 patients who underwent a previous from an unselected cohort of  immunoassay (NHADIA) using a single vascular structure. The
(40) kidney transplantation 389 KTRs CRISPR/Cas9 deleted B2M and  study did not measure solid-

CITTA using CiGEnCs

phase non-HLA Abs

ABMR, antibody-mediated rejection; ACR, acute cellular rejection; AECAs, anti-endothelial cell antibodies; ARHGDIB, rho GDP dissociation inhibitor beta; AT;R, angiotensin type 1
receptor; ATG, anti-thymocyte globulin; CIGEnCs, conditionally immortalized glomerular endothelial cells; ECs, endothelial cells; ECXM, endothelial cells crossmatching; ETAR, endothelin
type A receptor; IFTA, interstitial fibrosis and tubular atrophy; Ig-TRITC, immunoglobulin-tetramethyirhodamine; IIF, indirect immunofluorescence; IL-8, interleukin 8; KTR, kidney transplant
recipient; MICA-DSA, major histocompatibility complex class I chain-related A donor-specific antibody; non-HLA Abs, non-human leukocyte antigen antibodiies.

aSample details as well as the type of assay pertain only to the non-HLA detection method described in the article and not the entire methodology section.
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Reference Organ Overall conclusion
Margo Lung  IIF revealed an increase in the
et al., 2002 granular nuclear and

(28) cytoplasmic staining pattern
indicative of positive reactivity
to ECs in 18 of 19 patients

Reinsmoen Lung  In LTRs with pre-transplant

etal, 2017 HLA-DSA, higher frequencies

(29) for either AT;R-Abs or ETAR-
Abs correlated with increased

potential to develop de-novo
DSA

Ottenetal, Lung The SEREX technique

2006 (30) identified six potential non-
HLA targets that were shared

between four study patients

Sample details®

Post-transplant
sera from 19
LTRs were
screened for
AECAs

The pre- and
post-transplant
sera of 162 LTRs
were tested for
anti-AT;R and
ETAR-Abs

Pre- and post-
transplant serum
samples from 11
LTRs were
tested for non-
HLA

Type of assay®

An ECXM assay was employed to

assess for AECAs using fixed
preparation made from human

pulmonary microvascular ECs. The
results were visualized with IIF with

goat anti-human IgG Abs

Commercially available sandwich
ELISAs were used to detect anti-

AT4R and ETAR-Abs

SEREX technique was used to test for
reactivity against the cDNA library-
encoded antigens expressed by the

transfected bacteria, and this

reactivity was visualized by a goat

anti-human IgG

Key limitations

IIF is a less specific approach compared with other
detection methods such as flow cytometry; only one
pre-transplant serum sample was assessed for
AECASs; biopsy data showed evidence of prior
microbial infections that may have enhanced the
alloantigenic response

ECXMs were not performed to assess the impact of
other AECASs; relatively short follow-up time (3-6
months post-transplant samples were tested)

Small sample size; the assay failed to detect gene
products in the pre-transplant samples; the assay
only detected antigenic targets, but their specific role
in rejection was not established

AECAs, anti-endothelial cell antibodies; AT,R, angiotensin type 1 receptor; cDNA, complementary DNA; ECs, endothelial cells; ETAR, endothelin type A receptor; ECXM, endothelial cells
crossmatching; IIF, indirect immunofiuorescence; LTR, lung transplant recipient; SEREX, serological analysis of recombinant cDNA expression libraries.
aSample details as well as the type of assay pertain only to the non-HLA detection method described in the article and not the entire methodology section.
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Hiemann Heart  Increased levels of anti-AT;R and ETAR-Abs  Pre- and post-transplant ~ Commercially available ~ Small sample size; a large number of
etal., 2012 were present in patients experiencing both serum samples from 30 ELISAs were used to patients in this study were on assist device
(44) ACR and ABMR compared with patients patients were assessed for measure anti-AT{R and  support which represents a high-risk group
with no rejection. Increased pre-transplant the presence of both anti-  ETAR-Abs levels for sensitization events; no associations
titers of these Abs were associated with a AT4R and ETAR-Abs were established with regard to pre-
higher risk for an early onset of transplant HLA-DSA
microvasculopathy
Jurcevic Heart  Using the in-house ELISA, a predictive test ~ Pre- and post-transplant  An in-house developed  The majority of the post-transplant serum
etal., 2001 for the development of CAD was established serum samples from 109 ELISA kit was used to samples were collected 2 years after
(13) with 63% sensitivity and 76% specificity patients were assessed for measure anti-vimentin  transplantation even though the patients
based on the mean titer of the vimentin-Abs  vimentin-Abs IgM levels in the serum  were followed for 5 years; therefore, the
detected in the first 2 years after the data from the first 2 years only were
transplant analyzed with regard to the titers of
vimentin-Abs and CAD
Zhang Heart The assay showed that each tested patient ~ Post-transplant serum The non-HLA Abs were  The small sample size made it difficult to
etal, 2011 had at least one non-HLA Ab identified, with ~ samples from 13 patients ~ detected using a establish associations between vimentin-
(45) vimentin-Abs being the most frequent in this  with treated ABMR and/or commercial Luminex kit Abs and ABMR in the pre-transplant sera;
patient group ventricular dysfunction and  with fluorescence- variations in time between the non-HLA
without HLA-DSA were labeled secondary anti-  testing and the time the biopsies were
screened for 32 non-HLA  human IgG taken due to follow-up of patients from
Abs another center
Butler Heart 18 non-HLA Abs associated with rejection 546 serum samples from A commercial multiplex  No pre-transplant serum samples were
etal,, 2020 were identified, among which, 4 Abs were 115 heart transplant bead array that included  tested; important non-HLA antibodies such
(46) not previously described as non-HLA recipients were screened 67 non-HLA targets as AT4R could not be included in the

targets. Within the 18 identified non-HLA
Abs, 5 of them predicted rejection, and 4 of
showed a synergistic effect with HLA-DSA

for non-HLA antibodies

was used. Antibody
binding was reported as
the MFI of IgG with
Luminex

Luminex panel

ABMR, antibody-mediated rejection; ACR, acute cellular rejection; AT;R, angiotensin type 1 receptor; CAD, transplant-associated coronary artery disease; ETAR, endothelin type A
receptor; MFI, median fluorescence intensity; non-HLA Abs, non-human leukocyte antigen antibodies.
aSample details as well as the type of assay pertain only to the non-HLA detection method described in the article and not the entire methodology section.
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Ekong Liver
etal,, 2019

(41)

Oheet al.,
2014 (42)

Liver

O’Leary Liver
etal, 2017

(43)

Xuetal, Liver

2021 (14)

Overall conclusion

With regard to non-HLA Abs, no
significant association was found
between anti-nuclear Abs, anti-
smooth muscle Abs, anti-liver
kidney microsomal Abs, and AT{R
Abs on the development of fibrosis

All patients with increased levels for
both HLA-DSA and AT, R-Abs were
found to have advanced fibrosis
compared with the other groups
positive for either Ab or negative for
both

Preformed non-HLA Abs alone did
not impact the clinical outcomes;
however, the synergistic
association between these
preformed Abs and HLA-DSA
increased the mortality risk
significantly

Among all tested autoantibodies,
patients with Abs against LG3
experienced worse secondary graft
survival compared with those
without. The combination of LG3
with AT4R or HLA-DSA showed a
higher rejection risk

Sample details®

Serum samples
from 42 recipients
were assessed for
AT{R-Abs and
several other non-
HLA Abs

Post-transplant
sera from 81
patients were
screened for AT{R-
Abs

Pre- and post-
transplant serum
samples from
1,269 liver
transplant
recipients were
analyzed for anti-
AT1R or ETAR-Abs
Pre-transplant sera
of 131 transplant
recipients who
received a second
liver were tested for
33 autoantibodies

Type of assay”®

Antinuclear Abs were measured by IIF
using an IgG-specific conjugate; anti-
smooth muscle and anti-liver kidney
microsome Abs were measured using
a semiquantitative ELISA; and ATR-
Abs were measured using commercial
ELISA

AT;R-Abs were detected in the sera
using a commercially available ELISA
kit

Commercially available sandwiched
ELISA kits were used to measure the
levels of anti-AT4R or ETAR-Abs

A commercially available Luminex
antibody panel was used to screen for
the presence of non-HLA Abs

Key limitations

Non-HLA Abs data were missing for a
number of patients pre-transplant; exclusion
of some patients due to lack of HLA-DSA
measurement post-transplant reduced the
sample size of the study; the study mostly
focused on HLA-DSA and little attention was
given to non-HLA Abs

Only patients withdrawn from
immunosuppression treatment were included;
no assessment of Abs after the reintroduction
of the immunosuppression medication; due to
limited post-transplant serum samples, the
status of preformed or de-novo Abs was not
established

This study was retrospective and single
centered; only the association between non-
HLA Abs and HLA-DSA and the development
of fibrosis could be established

No post-transplant serum samples were
assessed for the changes in the levels of the
preformed Abs after transplantation and the
development of de-novo Abs

AT,R, angiotensin type 1 receptor; ETAR, endothelin type A receptor; IIF, indirect immunofiuorescence; LG3, C-terminal laminin-like globular domain of perfecan; non-HLA Abs, non-
human leukocyte antigen antibodies.
aSample details as well as the type of assay pertain only to the non-HLA detection method described in the article and not the entire methodology section.
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conclusion

Breimer Kidney Patients with pre-transplant sera Pre-transplant serum The XM-ONE assay was XM-ONE uses EPCs as target cells which
et al., 2009 positive for AECAs had a higher samples of 147 patients used to screen for AECAs. lack EC markers such as CD31 and CD34;
21) risk for rejection or impaired kidney were screened for AECAs EPC-reactive IgG and IgM no target antigens were identified

function post-transplant were detected by flow

cytometry

Soybz etal., Kidney AECAs were not detected in the Post-transplant serum The XM-ONE assay was The kidney donors in this study were first-
2020 (26) serum of all patients including the  samples from 13 living used to screen for AECAs.  degree relatives which might have improved

three patients who experienced donor KTRs were screened  EPC-reactive IgG and IgM the compliance to AECAs leading to the

biopsy-confirmed rejection for AECAs were detected by flow negative XM-ONE results

cytometry

Zitzner et al.,  Kidney No association was found Pre-transplant serum The XM-ONE assay was A different immunosuppressive protocol
2013 (27) between the XM-ONE result and samples from 150 living used to screen for AECAs. (alemtuzumab induction) was used in

the biopsy-proven rejection or donor KTRs were tested for EPC-reactive IgG and IgM comparison to other studies

vasculopathy at 1-year post- AECAs were detected by flow

transplant cytometry
Yuetal., Kidney The presence of AT;R-Abs and Levels of AT;R-Abs and ATR-Abs levels were In most of the patients (65/94), only pre-
2020 (31) AECAs may contribute AECAs were determined in  assessed with AT{R ELISA.  transplant sera were tested for non-HLA

independently to a worse post- 94 pre-transplant and 29 The presence of AECAs was ~ Abs; therefore, the post-transplant impact of

transplant outcome in low-risk, post-transplant serum detected with XM-ONE AT,R-Abs and AECAs was not reported

living donor KTRs samples in living donor assay

KTRs with biopsy-proven
rejection

Philogene Kidney The presence of and AT;R-Abs Post-transplant AT{R-Abs Commercial ELISA was used Pre-transplant serum samples were
etal, 2017 may contribute to the levels were measured in 70 to measure AT1R-Abs, and  unavailable for testing; the study included
(12) microvascular injury observed in KTRs, and AECA levels an XM-ONE assay was used hypertensive patients who underwent ARB

ABMR especially in the presence

of HLA-DSA

were measured in 35 KTRs
who had low to negative
HLA-DSA

for the AECAs

treatment at the time of graft dysfunction

ABMR, Antibody-mediated rejection; AECAs, anti-endothelial cell antibodies; ARB, angiotensin receptor blocker; AT1R, angiotensin type 1 receptor; EPCs, endothelial precursor cells;
KTR, kidney transplant recipient.
aSample details as well as the type of assay pertain only to the non-HLA detection method described in the article and not the entire methodology section.
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Reference Organ Overall conclusion

Sample details®

Type of assay®

Key limitations

Banasik Hand  The repeated occurrence of rejection

etal, 2014 episodes was associated with high

(47) levels of anti-AT{R and ETAR-Abs in
one patient with bilateral hand
transplantation

Sikorska  Hand  Repeated episodes of rejection were

etal., 2022 associated with high levels of anti-

(48) ATR and ETAR Abs, as well as

increased levels of EC activation in one
out of the six included patients. No
elevations in pro-inflammatory
cytokines (IL-1, IL-6, IFNy) were
observed

Post-transplant serum samples
from six patients were assayed for
AECAs and anti-AT{R and ETAR-
Abs

Post-transplant sera from six hand
transplant recipients were assayed
for anti-AT;R, ETAR, PAR-1, and
VECGF-A Abs. Proinflammatory
cytokines (IL-1, IL-6, IFNy) were
also assayed to evaluate the
humoral response post-transplant

AECAs were detected with the
TITERPLANE technique using
HUVECs, and the reaction of the
antigen to IgG, IgA, or IgG was
visualized with IIF. Antibodies
against AT4R and ETAR were
detected with the commercial
ELISAs

Anti-AT4R, ETAR, PAR-1, and
VECGF-A Abs using commercial

ELISAs. Proinflammatory cytokines

(IL-1, IL-6, IFNY) were also
assayed with ELISAs

The study only included five
patients; only post-transplant
serum samples were
assessed for non-HLA Abs

A small sample size of six
patients; no pre-transplant
samples were analyzed;
unclear how the ELISA
protocols were conducted or
whether the kits were made
in-house or acquired
commercially

AECAs, anti-endothelial cells antibodies; AT;R, angiotensin type 1 receptor; ECs, endothelial cells; ETAR, endothelin type A receptor; IIF, indirect immunofiuorescence; IFNy, interferon
gamma; IL-1, interleukin 1; IL-6, interleukin 6; non-HLA Abs, non-human leukocyte antigen antibodies; PAR-1, protease-activated receptor 1; VECGF-A, vascular endothelial growth factor A.
aSample details as well as the type of assay pertain only to the non-HLA detection method described in the article and not the entire methodology section.





