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Abstract

:

The monospecific dense fine speckled (DFS) immunofluorescence assay (IFA) pattern is considered a potential marker to aid in exclusion of antinuclear antibody (ANA)-associated rheumatic diseases (AARD). This pattern is typically produced by autoantibodies against transcription co-activator DFS70/LEDGFp75, which are frequently found in healthy individuals and patients with miscellaneous inflammatory conditions. In AARD patients, these antibodies usually co-exist with disease-associated ANAs. Previous studies reported the occurrence of monospecific autoantibodies that generate a DFS-like or pseudo-DFS IFA pattern but do not react with DFS70/LEDGFp75. We characterized this pattern using confocal microscopy and immunoblotting. The target antigen associated with this pattern partially co-localized with DFS70/LEDGFp75 and its interacting partners H3K36me2, an active chromatin marker, and MLL, a transcription factor, in HEp-2 cells, suggesting a role in transcription. Immunoblotting did not reveal a common protein band immunoreactive with antibodies producing the pseudo-DFS pattern, suggesting they may recognize diverse proteins or conformational epitopes. Given the subjectivity of the HEp-2 IFA test, the awareness of pseudo-DFS autoantibodies reinforces recommendations for confirmatory testing when reporting patient antibodies producing a putative DFS pattern in a clinical setting. Future studies should focus on defining the potential diagnostic utility of the pseudo-DFS pattern and its associated antigen(s).
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1. Introduction


Antinuclear antibody (ANA)-associated rheumatic diseases (AARD), such as systemic lupus erythematosus (SLE), Sjögren’s syndrome, systemic sclerosis (SSc), and idiopathic inflammatory myopathies (IIM), are characterized by the presence of circulating autoantibodies to a large spectrum of nuclear and cytoplasmic antigens [1,2]. ANAs have been found to target hundreds of antigens, including double-stranded DNA (dsDNA), ribosomal P proteins (Ribo-P), RNA-associated proteins (Sm, SSA/Ro, SSB/La, U1RNP, RNA Pol III), centromere proteins (CENP-A,-B,-C, and -F), nucleolar proteins (fibrillarin, Th/To), DNA topoisomerase I (Topo-I/Scl-70), and histidyl tRNA synthetase (Jo-1). Many of these autoantibodies are key tools in precision medicine due to their clinical utility as probes for differential diagnosis of AARD [1,2]. The gold standard screening method for detection of ANAs is human epithelial HEp-2-cell-based immunofluorescence assay (IFA) [3]. Individual IFA patterns associated with most known ANAs have been catalogued by the International Consensus on Antinuclear Antibody Patterns (ICAP) (www.anapatterns.org, accessed on 2 September 2022) with the purpose of promoting harmonization in the way ANA test results are communicated by diagnostic laboratories to clinicians and helping with critical clinical decisions [3,4]. ICAP has identified 29 distinct ANA patterns, designated anti-cell (AC) patterns 1 to 29, with AC-1, for instance, corresponding to “nuclear homogeneous”, characteristic of antibodies to dsDNA, nucleosomes, or histones, and AC-29 being characteristic of antibodies to Topo-I/Scl-70 [3,4,5].



The AC-2 pattern, characterized by nuclear dense fine speckles (DFS) with strong metaphase chromatin staining, is produced by autoantibodies to a chromatin-associated protein of 70 kD designated DFS70 [6,7,8]. This protein is also known as lens epithelium derived growth factor p75 (LEDGF/p75), transcription co-activator p75 (TCP75), and PC4 and SRSF1 interacting protein 1 (PSIP1) [9,10]. DFS70/LEDGFp75 has recently emerged as a multi-functional, stress-survival, transcription-associated protein with relevance not only to autoimmunity but also to cancer, acquired immunodeficiency syndrome (AIDS), and eye diseases [9,10,11,12,13,14]. Acting as a hub for protein–protein interactions in the nucleus, DFS70/LEDGFp75 facilitates tethering of transcription factors, chromatin remodelers, and other regulators to RNA polymerase II (RNAPII) transcription complexes in active chromatin sites [15,16]. This function enhances expression of stress survival and cancer-related genes, regulates mRNA splicing, promotes DNA repair via homologous recombination, and facilitates integration of human immunodeficiency one (HIV-1) virus into the chromatin of host cells [15,16,17,18,19,20,21]. DFS70/LEDGFp75 is upregulated in response to environmental stressors associated with increased oxidative stress, including chemotherapeutic drugs, nutrient deprivation, radiation, human papilloma virus (HPV) infections, and inflammatory cytokines [9,10,22]. It is unclear, however, if these stressors, particularly a pro-inflammatory tissue microenvironment, contribute to elicitation of anti-DFS70/LEDGFp75 antibodies.



Anti-DFS70/LEDGFp75 antibodies have been the subject of intense investigation in recent years due to their unusually low correlation with an AARD diagnosis or systemic autoimmunity in general. They have been detected at high titers in healthy individuals (HI) and in patients with miscellaneous inflammatory conditions, including patients with atopic disorders and undifferentiated connective tissue disease (UCTD), but at relatively low titers and frequencies in patients with AARD [23,24,25,26,27,28,29,30,31]. Typically, when present in patients with AARD, these antibodies occur together with other disease-associated ANAs, which prevents clear visualization of the DFS pattern; however, in HI and patients with non-AARD conditions, these antibodies are commonly found as monospecific or isolated (i.e., only detectable serum ANA by HEp-2 IFA) [24,25,29,31,32,33]. This has led to the hypothesis that monospecific anti-DFS70/LEDGFp75 antibodies could be used as biomarkers to aid in exclusion of AARD diagnosis in persistently ANA-positive individuals [34,35,36]. Algorithms have been proposed to use these antibodies in this capacity in clinical settings [37,38,39].



The AC-2 nuclear DFS IFA pattern, often confused with the AC-1 and AC-29 patterns, is described by ICAP as a “speckled pattern distributed throughout the interphase nucleus with characteristic heterogeneity in the size, brightness and distribution of the speckles. Throughout the interphase nucleus, there are some denser and looser areas of speckles (very characteristic feature). The metaphase plate depicts strong speckled pattern with some coarse speckles standing out.” Although this description is highly accurate and sufficiently descriptive, detection of the AC-2 pattern can still be very challenging in the clinical laboratory, particularly if the IFA technologist is not well-familiarized with the peculiarities of this pattern, automated IFA detection systems are used, or the pattern is analyzed from clinical-lab-generated microscopy images [40,41,42,43,44,45,46,47,48]. Bentow et al. [48] conducted a survey of 230 IFA technologists and reported that the AC-2 pattern was very difficult to identify when it occurred together with other ANA patterns in the same serum, and that the monospecific AC-2 pattern was often confused with the AC-1 pattern or other nuclear speckled patterns. This confusion could be influenced by the source of HEp-2 substrate used, level of expertise in ANA detection, and the resolution of the microscope. Another potential source of confusion, pointed out by Bizzaro et al. [42], is the possibility that other ANAs may be responsible for producing DFS IFA patterns resembling AC-2. This is plausible considering that DFS70/LEDGFp75 closely interacts with many chromatin-associated proteins, some with similar molecular weight and nuclear localization patterns (e.g., MeCP2), which could be targets of autoantibodies producing the DFS pattern [15,16,17,18,49,50].



Given the subtle differences between the classic or genuine DFS IFA pattern reactive with DFS70/LEDGFp75 and the “DFS-like” patterns produced by other autoantibodies, we recently proposed inclusion in ANA IFA pattern classification of a “pseudo-DFS” pattern [36,46,51,52]. Autoantibodies producing this DFS-like or pseudo-DFS pattern typically react negatively with DFS70/LEDGFp75 by chemiluminescence immunoassay (CLIA) and immunoblotting and produce by conventional fluorescence microscopy weaker metaphase staining and less heterogeneous fine speckles [36,52]. While this pattern could be considered similar to other previously described DFS-like patterns, such as the “quasi-homogenous” pattern [33], distinguishing it from the DFS70/LEDGFp75 pattern can be difficult. The pseudo-DFS pattern has not been fully characterized at high resolution microscopy and in the context of DFS70/LEDGFp75 biology.



In this study, we used confocal microscopy and immunoblotting to characterize ANAs producing a pseudo-DFS IFA pattern with no evidence of reactivity against DFS70/LEDGFp75. We also explored if this pseudo-DFS IFA pattern could be produced by autoantibodies to known interacting partners of DFS70/LEDGFp75. Our results indicate that not all ANAs producing the monospecific DFS IFA pattern react exclusively with DFS70/LEDGFp75. This raises the possibility that, while DFS70/LEDGFp75 is preferentially associated with the AC-2 pattern [49], other members of its protein interactome or the RNAPII transcription machinery could also be targeted by autoantibodies generating either this pattern or the pseudo-DFS pattern.




2. Materials and Methods


2.1. Cell Lines


Prostate cancer cell line PC3 was acquired from the American Type Culture Collection (ATCC, Manassas, VA, USA, Cat# ATCC-CRL-1435) and cultured in RPMI-1640 medium (Genesee Scientific, San Diego, CA, USA, Cat# 25-506), supplemented with 10% (v/v) fetal bovine serum (Genesee Scientific, San Diego, CA, USA, Cat# 25-514), penicillin/streptomycin (Fisher Scientific, Pittsburgh, PA, USA, Cat# 30-002-CI), and normocin 1G (Fisher Scientific, Cat# NC9390718). Cells were grown under 5% CO2 at 37 °C. A docetaxel-resistant PC3 cell line (PC3-DR) was developed as indicated previously [50] and maintained in the presence of 10 nM docetaxel (LC Laboratories, Woburn, MA, USA, Cat# D-1000). This PC3-DR cell line was recently shown by our group to upregulate DFS70/LEDGFp75 and members of its protein interactome and is an excellent model for evaluating the immunoreactivity of antibodies to these proteins [50]. Short tandem repeat (STR) service provided by ATCC (Cat# ATCC-135-XV) was used to authenticate the PC3 and PC3-DR cell lines. Mycoplasma testing was conducted at least twice a year using the MycoAlertTM Mycoplasma Detection Kit (Lonza, Walkersville, MD, USA, Cat# LT07-218). Cells that were found contaminated were discarded. Cell lines were grown until approximately 20 passages.




2.2. Antibodies


De-identified human serum samples containing ANA displaying the characteristic monospecific DFS IFA pattern were from serum banks in San Diego, CA, USA (M. Mahler), Sao Paulo, Brazil (L.E.C. Andrade), and Tolmezzo, Italy (N. Bizzaro). We also used in this study commercially available rabbit antibodies to DFS70/LEDGFp75 (Bethyl Laboratories/ Fortis Life Sciences, Montgomery, TX, USA, Cat# A300-848A), Menin (Bethyl Laboratories/Fortis Life Sciences, Cat# A300-105A), JPO2 (Bethyl Laboratories/Fortis Life Sciences, Cat# A300-846A), HRP2 (Bethyl Laboratories/Fortis Life Sciences, Cat# A304-314A), IWS1 (Cell Signaling Technology, Danvers, MA, USA, Cat#5681), c-MYC (Cell Signaling Technology, Cat# 18583), PogZ (Aviva Systems Biology, San Diego, CA, USA Cat# RP39173-P050), H3K36me2 (Cell Signaling Technology, Cat# 2901T), and MLL (Bethyl Laboratories/Fortis Life Sciences, Cat# A300-086A). In addition, we used the following secondary antibodies for IFA: goat anti-human IgG (H + L) FITC (ThermoFisher Scientific, Waltham, MA, USA, Cat# 62-711), goat anti-rabbit IgG (H + L) Rhodamine (Millipore Sigma, St. Louis, MO, USA, Cat# AP 124R), and goat anti-Rabbit IgG (H + L) Alexa Fluor 488 (ThermoFisher Scientific, Cat# A-11008).




2.3. Screening of Human Sera for Antibodies Producing the DFS IFA Pattern


Serum samples were examined by the HEp-2 IFA test using the NOVA Lite HEp-2-ANA kit/substrate slides (Inova Diagnostics, San Diego, CA, USA) following the manufacturer’s protocol and as previously described [49]. Sera were also evaluated for the presence of anti-DFS70/LEDGFp75 antibodies using the QUANTA Flash DFS70 chemiluminescence assay (CLIA, Inova Diagnostics) as previously described [49]. The HEp-2 DFS IFA patterns displayed by selected CLIA anti-DFS70-positive and CLIA anti-DFS70-negative sera were evaluated by conventional immunofluorescence microscopy using a Keyence BZ9000 Biorevo microscope or by confocal microscopy using a Zeiss LSM-710-NLO microscope with a 63X oil immersion objective with corresponding filters. ImageJ software was used to analyze IFA images. In some experiments, selected CLIA anti-DFS70-positive and CLIA anti-DFS70-negative sera presenting the DFS IFA pattern were immunoadsorbed with a recombinant peptide corresponding to the entire DFS70/LEDGFp75 autoepitope region, which is encompassed by the C-terminal integrase binding domain (IBD, residues 349–435) of this protein [53], as previously described [49,50]. Briefly, sera were diluted at 1:80 in PBS and incubated for 2–4 h in the presence and absence of the IBD peptide. Immunostaining in HEp-2 slides was then performed to determine if the DFS IFA pattern was abolished as expected for monospecific DFS70/LEDGFp75 sera [49,50]. In other experiments, the IFA patterns generated by commercial antibodies recognizing DFS70/LEDGFp75 or selected interacting protein partners were examined in HEp-2 cells alone or co-incubated with selected CLIA anti-DFS70-positive and CLIA anti-DFS70-negative sera. Both human and rabbit antibodies were used at 1:80 dilutions. FITC or rhodamine-conjugated secondary antibodies were used at 1:100 dilutions.




2.4. Immunoblotting


Total protein extracts from PC3-DR cells were separated by SDS-PAGE (NuPAGE 4–12%, ThermoFisher Scientific) followed by transfer to iBlot Gel Transfer Stacks PVDF (Invitrogen Cat# IB24002) in the Invitrogen iBlot 2 transfer system. Membranes were blocked overnight with 5% dry milk in TBS-T buffer (20 mM Tris–HCl, pH 7.6, 140 mM NaCl, 0.2% Tween 20) and then probed with individual human sera or commercial antibodies for 2 h. Membranes were washed at least three times with TBS-T and then incubated for 2 h with the respective horseradish peroxidase (HRP)-conjugated secondary antibodies (goat anti-human, Invitrogen, Cat# A18847; goat anti-rabbit, Cell Signaling Technology, Cat# 7074S). After several washes with TBS-T, detection of antibodies bound to proteins was achieved by enhanced chemiluminescence (Fisher Scientific, Cat# PI34580). Protein bands were captured in X-ray films, and images of Western blots were generated by scanning the films in an Epson WF2830 scanner.





3. Results


3.1. Selected CLIA Anti-DFS70-Negative Sera Produce a Pseudo-DFS IFA Pattern Resembling That of Anti-DFS70/LEDGFp75 Autoantibodies


Our first cohort of human sera with antibodies producing the DFS IFA pattern in HEp-2 cells included 96 sera (from Andrade and Mahler, Sao Paulo and San Diego, respectively). Of these, 56 were positive for DFS70/LEDGFp75 by CLIA (cut off value of 20), with an average value of 188.99 CU. There were 40 sera with negative CLIA values (average 3.99 CU) that presented a suspected DFS-like pattern or pseudo-DFS pattern. From these two groups, we selected for further analysis five CLIA anti-DFS70-positive sera and five CLIA anti-DFS70-negative sera that presented a nuclear pattern classified as DFS (AC-2) or pseudo-DFS, with no additional pattern in the HEp-2 IFA test (Figure 1). The selected CLIA anti-DFS70-positive sera (PL11, PL22, PL48, PL61, and PL83) clearly showed, by confocal microscopy analysis, classical DFS70/LEDGFp75 antibody immunostaining characterized by DFS nuclear staining excluding the nucleoli and bright metaphase chromatin staining (Figure 1A). This was more evident for PL48, a high-titer DFS70/LEDGFp75 serum we used in our previous study to co-precipitate the IBD interacting partners of this autoantigen [50]. The selected CLIA anti-DFS70-negative sera (PL24, PL30, PL72, PL85, and PL95) presented what we considered a pseudo-DFS pattern, with serum PL72 showing increased bright speckles in the nucleus surrounding the nucleoli and PL95 showing relatively weak metaphase staining compared to interphase nuclei (Figure 1B). Sera PL24, PL30, and PL85 produced DFS patterns that were very similar, but not identical, to those of DFS70/LEDGFp75 sera (Figure 1B).



To rule out the possibility that sera producing the pseudo-DFS pattern could still be reacting with DFS70/LEDGFp75 despite negative results in the CLIA test, we pre-absorbed selected sera with an autoepitope peptide corresponding to the entire C-terminal IBD (HIV integrase binding domain) region of this autoantigen. The IBD is a hub of protein–protein interactions and serves as the binding site for the HIV-1 integrase and many transcription factors linked to cell survival signaling and oncogenesis [15,16,18,50]. Ogawa et al. [53] previously showed that anti-DFS70/LEDGFp75 antibodies react with multiple linear and conformational epitopes within the IBD, which encompasses an alpha-helical structure spanning approximately 86 amino acids (residues 349-435). As expected, immunoadsorption of selected CLIA anti-DFS70-positive sera abolished (PL11, PL48) or reduced (PL61) their DFS IFA pattern in HEp-2 cells (Figure 2A). However, this was not the case for CLIA anti-DFS70-negative sera PL24, PL72, and PL95, suggesting that their antibodies, associated with the pseudo-DFS pattern, were not targeting DFS70/LEDGFp75 (Figure 2B).



To ascertain if the classic DFS pattern produced by anti-DFS70/LEDGFp75 antibodies co-localized with the pseudo-DFS pattern, we co-incubated the CLIA anti-DFS70-negative sera PL24 and PL95 (green) with a commercial monospecific rabbit antibody to DFS70/LEDGFp75 (red) using the standard HEp-2 test and performed confocal microscopy. As a control, we evaluated the co-localization of the CLIA anti-DFS70-positive sera PL11 and PL61 with the rabbit anti-DFS70/LEDGFp75 antibody (Figure 3). As expected, the DFS pattern produced by the CLIA anti-DFS70-positive sera PL11 and PL61 showed substantial nuclear and metaphase chromosome co-localization with the anti-DFS70/LEDGFp75 rabbit antibody (yellow/orange fluorescence in the merged image, Figure 3A). In contrast, the pseudo-DFS pattern produced by CLIA anti-DFS70-negative sera PL24 and PL95 also showed areas of co-localization, but these appeared to be less extensive, as evidenced by the increased separation of the red and green fluorescence in the merged image (Figure 3B). For a more detailed visualization of this separation, we enlarged the fields corresponding to the PL61 and PL24 merged images (Figure 4). The enlarged image clearly shows substantial co-localization of the patterns (yellow color) produced by serum PL61 and the anti-DFS70/LEDGFp75 rabbit antibody (Figure 4A). However, there is less co-localization of the patterns produced by serum PL24 and the anti-DFS70/LEDGFp75 rabbit antibody given the more extensive separation of the red and green fluorescence (Figure 4B).



Interestingly, we observed that the CLIA anti-DFS70-negative PL85 serum (shown in Figure 1B) showed almost complete co-localization of its pseudo-DFS target antigen with DFS70/LEDGFp75 targeted by the rabbit serum, as evidenced by the extensive yellow fluorescence in the merged image, with very little green or red fluorescence (Figure 5A). Intriguingly, immunoadsorption of PL85 serum with the IBD peptide abolished the metaphase chromosome staining (yellow arrows), which would be expected for a CLIA anti-DFS70-positive serum but not for a CLIA anti-DFS70-negative serum (Figure 5B). However, the interphase nuclear DFS staining was not abolished. To explore the possibility that serum PL85 may have a mix of antibodies, including anti-DFS70/LEDGFp75 antibodies, despite a CLIA negative result, we performed immunoblotting analysis using total proteins from the docetaxel-resistant prostate cancer cell line PC3-DR, which we previously demonstrated to overexpress DFS70/LEDGFp75 [50]. The immunoblots revealed that, while the CLIA anti-DFS70-positive serum PL61 immunoreacted strongly with the 75 kD protein band corresponding to DFS70/LEDGFp75, serum PL85 showed no visible reactivity against any protein bands (Figure 5C).




3.2. The Nuclear Localization Pattern of Selected Protein Interacting Partners of DFS70/LEDGFp75 Resembles the Classic DFS IFA Pattern


Our previous studies indicated that commercial antibodies to interacting partners of DFS70/LEDGFp75 produce a DFS-like or pseudo-DFS pattern that shows extensive nuclear co-localization with this autoantigen [49,50]. To explore the possibility that human sera producing the pseudo-DFS pattern may target interacting partners of DFS70/LEDGFp75, we selected a panel of commercial antibodies to individual partners of this protein that bind to its IBD region (MLL, Menin, POGZ, JPO2, c-MYC, IWS1) or PWWP domain (H3K36me2), as well as to HRP2 (also known as hepatoma-derived growth factor 2, HDGF2), a DFS70/LEDGFp75 paralog that also contains both PWWP and IBD domains [20,50]. In our recent study, we showed that all these interacting partners are also upregulated in docetaxel-resistant PCa cells [50]. Therefore, we used total protein extract from PC3-DR cells for detection of these proteins by immunoblotting and immunofluorescence using commercial antibodies. The reactivity of these antibodies with distinct protein bands in immunoblots is shown in Figure 6. Except for Menin (68 kD), none of the selected interacting partners of DFS70/LEDGFp75 migrated around the 70 kD region. Next, we evaluated the immunoreactivity of these antibodies in HEp-2 slides to determine if they produce a pseudo-DFS pattern resembling that of DFS70/LEDGFp75 antibodies (Figure 7).



While most of the interacting partners of DFS70/LEDGFp75 showed a DFS nuclear staining pattern, metaphase chromosomes were not stained (yellow arrows) in the case of Menin, POGZ, JPO2, c-MYC, and IWS1, indicating that these proteins do not interact with DFS70/LEDGFp75 in HEp-2 mitotic chromosomes (Figure 7A). The immunostaining pattern of antibodies to HRP2 was unexpected since it showed mitotic spindle staining (yellow arrows) with no DFS nuclear staining (Figure 7A). This is in contrast with our previous observation in PC3-DR cells showing strong nuclear co-localization between HRP2 and DFS70/LEDGFp75 [50]. We noticed that MLL, an IBD interacting partner of DFS70/LEDGFp75 [18], did show a pseudo-DFS pattern in interphase and mitosis (Figure 7A). H3K36me2, a methylated histone marker of active chromatin that interacts with the N-terminal PWWP domain of DFS70/LEDGFp75 and co-localizes with this protein [20,50], also produced a pseudo-DFS pattern with mitotic chromosome staining (yellow arrows) (Figure 7A). Considering that several of the commercial rabbit sera recognized interacting partners of the DFS70/LEDGFp75 IBD region, we needed to rule out the possibility that these sera also contained antibodies that could be cross-reacting with epitopes in this region. This is, however, unlikely as pre-adsorption with the IBD peptide did not abolish their IFA immunoreactivity (Figure 7B).



Given that the IFA patterns of MLL and H3K36me2 rabbit antibodies strongly resembled that of DFS70/LEDGFp75, we co-incubated these antibodies with selected CLIA anti-DFS70-positive and -negative sera. Co-incubation of anti-MLL and anti-H3K36me2 antibodies with the CLIA anti-DFS70-positive serum PL61 produced a high degree of co-localization between the target antigens, as evidenced by the extensive yellow/orange fluorescence in the merged images (Figure 8A). Similarly, there was strong co-localization between the antigen targeted by the CLIA anti-DFS70-negative pseudo-DFS serum PL24 and the antigens recognized by the anti-MLL and H3K36me2 antibodies, although the degree of co-localization appeared to be less extensive compared to the CLIA anti-DFS70-positive serum (Figure 8B).




3.3. CLIA Anti-DFS70-Negative Sera Presenting the Pseudo-DFS IFA Pattern Do Not Recognize Common Protein Bands in Immunoblots


The results presented above showed that commercial antibodies to specific DFS70/LEDGFp75 interacting partners (e.g., MLL and H3K36me2) produce a pseudo-DFS IFA pattern in HEp-2 slides. This led to the question of whether these two proteins are targeted by the CLIA anti-DFS70-negative autoantibodies producing the pseudo-DFS IFA pattern. To explore this possibility, we evaluated the immunoreactivity of selected CLIA anti-DFS70-positive and CLIA anti-DFS70-negative sera against total protein extract from PC3-DR cells in immunoblots (Figure 9).



The CLIA anti-DFS70-positive sera clearly reacted with the 75 kD band corresponding to DFS70/LEDGFp75. However, the CLIA anti-DFS70-negative pseudo-DFS sera reacted with diverse bands or did not react at all. These sera did not show strong reactivity to a common and clearly defined band in the two independent immunoblots shown in Figure 9. Of note, there was no common immunoreactivity by these sera in the 16–20 kD and 160–180 kD regions, where reactivity against H3K36me2 and MLL, respectively, would be expected (Figure 9A,B). The large, dark immunoreactive regions at the very top and bottom of the blot shown in Figure 9A are considered artifacts of our multi-blot system since we often observe these regardless of the serum cohort used. Notice the absence of these dark regions in the blot shown in Figure 9B.



To confirm these results, we used a separate cohort of fifteen DFS and pseudo-DFS sera (from N. Bizzaro, Italy) with available CLIA data. The selected CLIA anti-DFS70-positive and anti-DFS70-negative sera from this cohort also produced nuclear speckled IFA patterns (Figure 10A). However, consistent with the results shown in Figure 9, only the CLIA anti-DFS70-positive sera reacted with the 75 kD band corresponding to DFS70/LEDGFp75, while the CLIA anti-DFS70-negative sera did not show strong reactivity to any common or well-defined protein band (Figure 10B). The CLIA anti-DFS70-negative sera B7 and B8 reacted with weakly diffuse bands around 100 kD that could potentially correspond to Topo-I/Scl-70 (AC-29 pattern). Supporting this possibility, the well-defined fluorescent ring around the nucleoli typically associated with anti-Topo-I/Scl-70 antibody staining [5] was visible for sera B7 and B8 using confocal microscopy. It is, therefore, possible that serum B9 is a true pseudo-DFS serum, while sera B7 and B8 could be anti-Topo-I/Scl-70 sera. These results underscore the subtleties of distinguishing the genuine DFS pattern (AC-2) from the pseudo-DFS pattern and the Topo-I/Scl-70 pattern (AC-29).





4. Discussion


Accurate identification of the AC-2 IFA pattern produced by autoantibodies to DFS70/LEDGFp75 is crucial for their clinical use as potential biomarkers to aid in the exclusion of AARD. While the presence of DFS70/LEDGFp75 autoantibodies per se does not rule out an AARD diagnosis, sufficient evidence has accumulated over the past decade indicating that monospecific anti-DFS70/LEDGFp75 reactivity is seldom observed in AARD [22,23,24,25,26,27,28,29,30,31,32,33,34]. As indicated by Bentow et al. [48], the documented confusion of the AC-2 pattern with other nuclear IFA patterns, such as those produced by antibodies against dsDNA (AC-1, homogeneous), SSA/Ro (AC-4, nuclear fine speckled), Sm and other ribonucleoproteins (AC-5, nuclear large/coarse speckles), and Scl-70/Topo-I (AC-29), could lead to costly and excessive diagnostic testing, potentially delaying a positive or negative diagnosis of AARD. This may also produce unnecessary anxiety in patients and their families who are not familiar with the diagnostic implications of a positive DFS ANA pattern. Because of this caveat and other challenges associated with accurate detection of monospecific DFS70/LEDGFp75 autoantibody reactivity as judged by the HEp-2 IFA test, members of our team and others have emphasized that definite identification of these antibodies may not rely solely on this test and should involve confirmatory tests, such as CLIA, ELISA, immunoblotting, and line immunoassays as additional and necessary detection tools in the clinical setting [41,42,43,44,45,49,54,55,56,57]. This was proven to be a critical step when applying use of the monospecific DFS70/LEDGFp75 autoantibody to a precision medicine approach involving individualized immunodiagnostics [58].



In previous studies, Bizzaro et al. [41,42] reported that not all serum samples displaying the presumptive DFS IFA pattern in HEp-2 cells could be confirmed to be anti-DFS70/LEDGFp75 with CLIA or other immunoassays. These differences could be attributed to misinterpretation of other IFA patterns, particularly AC-1 and AC-29, use of different immunoassay platforms, or the very nature of the DFS70/LEDGFp75 antigen (truncated versus full-length, denatured versus native) used in the different immunoassays. These investigators did not rule out the possibility that certain sera producing the DFS IFA pattern may contain antibodies to proteins that form complexes with DFS70/LEDGFp75 in the nucleus [42]. We previously explored this possibility by examining whether MeCP2, a 70 kD chromatin-associated protein that interacts with the N-terminal PWWP domain of DFS70/LEDGFp75, could also be a target of autoantibodies producing the DFS pattern [48]. However, despite identical migration of MeCP2 and DFS70/LEDGFp75 in immunoblots and their extensive nuclear co-localization, human sera producing the monospecific DFS pattern reacted preferentially with DFS70/LEDGFp75, with excellent correlation between the HEp-2 IFA test, CLIA, immunoblotting, and ELISA [23,25,28,49].



Despite these results, the possibility that the monospecific DFS pattern may not be exclusively associated with antibodies to DFS70/LEDGFp75 is conceivable given the emerging evidence from our group and others that this protein is engaged in protein–protein interactions, both through its N-terminal PWWP and C-terminal IBD domains, with multiple proteins associated with regulation and execution of a wide variety of cellular functions, including RNAPII transcription, cellular antioxidant and stress survival, malignant transformation, mRNA splicing, DNA repair, and chromatin remodeling [15,16,17,18,19,20,21,50]. In a recent study, we showed that some of these interacting partners, particularly those associated with the IBD domain, are co-upregulated and form complexes in the nucleus of PCa cells that have transitioned to docetaxel resistance [50]. These DFS70/LEDGFp75 protein complexes appear to be functionally critical since their disruption by gene depletion leads to decreased survival, clonogenicity, and tumorsphere formation of the docetaxel-resistant cells [50]. Therefore, it could not be ruled out that immune recognition of DFS70/LEDGFp75 leading to generation of autoantibodies may also spread to other proteins that are structurally and functionally associated with this autoantigen. Yet, evidence for this notion remains elusive.



In the present study, we used confocal microscopy to compare at higher resolution the genuine DFS pattern produced by anti-DFS70/LEDGFp75 sera in HEp-2 cells with the pseudo-DFS pattern produced by sera that present a CLIA anti-DFS70-negative result. Our study was designed to investigate three aims: (1) determine the degree of resemblance of the DFS IFA pattern produced by anti-DFS70/LEDGFp75 sera with the pseudo-DFS pattern produced by CLIA anti-DFS70-negative sera; (2) determine if known interacting partners of DFS70/LEDGFp75 also produce the DFS pattern in the HEp-2 IFA test; and (3) assess if these partners or other antigens are common targets of CLIA anti-DFS70-negative sera presenting the pseudo-DFS pattern.



Our results confirmed the presence of serum autoantibodies that, despite testing negative by CLIA, produce a pseudo-DFS IFA pattern that resembles that of human anti-DFS70/LEDGFp75 autoantibodies. These pseudo-DFS autoantibodies do not appear to target the IBD region of DFS70/LEDGFp75 since immunoadsorption experiments with the IBD autoepitope peptide failed to abolish their immunoreactivity. An exception was serum PL85, which, despite testing negative by CLIA and immunoblotting, showed extensive co-localization with DFS70/LEDGFp75 and lost mitotic chromosome staining, but not nuclear DFS staining, in the presence of the IBD peptide. It is possible that this serum contains antibodies to a conformational epitope within the DFS70/LEDGFp75 IBD that is detectable in mitotic HEp-2 cells but not detectable by CLIA or immunoblotting. This would be consistent with the report by Ogawa et al. [53] showing that anti-DFS70/LEDGFp75 antibodies react with a predominantly conformational epitope that encompasses the entire 86-residue IBD region (residues 349–435).



Our confocal microscopy analysis revealed that while DFS70/LEDGFp75 targeted by human autoantibodies presents a high degree of co-localization with DFS70/LEDGFp75 targeted by commercially available rabbit antibodies, the pseudo-DFS autoantibody pattern only showed partial co-localization with this protein. In our recent study, we showed that while DFS70/LEDGFp75 co-immunoprecipitated with the interacting partners examined in Figure 9, their co-localization was partial, most likely restricted to areas of transcriptionally active chromatin containing RNAPII complexes [50]. This raised the possibility that the antibodies producing the pseudo-DFS pattern may recognize interacting partners of DFS70/LEDGFp75 present in these complexes. Our analysis of the immunoreactivity of rabbit antibodies to selected DFS70/LEDGFp75 interacting partners revealed that, while most of these antibodies do not stain metaphase chromosomes, the antibodies to MLL and H3K36me2 produced a DFS-like pattern that partially co-localized with both the genuine anti-DFS70/LEDGFp75 and the pseudo-DFS pattern (Figure 8). However, immunoblotting analysis of sera producing the pseudo-DFS pattern did not reveal a clearly defined immunoreactive protein band (Figure 9), consistent with a similar observation made by Mariz et al. [33] during characterization of autoantibodies producing the nuclear fine speckled pattern. We cannot rule out that sera producing the pseudo-DFS pattern react with MLL given the high molecular weight of this protein (>300 kD), which is beyond the detection range of our immunoblotting system. The commercial rabbit antibody to MLL used in our study recognized a protein band near the 150–200 kD region (Figure 6), which may correspond to a degradation product of this protein. This antibody was used in our previous study to demonstrate the co-localization and co-immunoprecipitation of MLL with DFS70/LEDGFp75 in docetaxel-resistant PCa cells [50]. However, while one CLIA-negative serum, PL13, reacted with a protein band around 150 kD (Figure 9A), this band was not common to the other pseudo-DFS sera. Future studies could explore if knocking down MLL abolishes this reactivity.



The absence of a clearly defined common protein band recognized by sera producing the pseudo-DFS pattern also suggested the possibility that these sera may not recognize a single specific protein but several heterogenous proteins that could be associated with transcriptionally active chromatin and RNAPII complexes. We should note, however, that, except for the active chromatin marker H3K36me2, we limited our analysis of interacting partners of DFS70/LEDGFp75 to selected proteins that bind to the autoepitope IBD region. The N-terminal PWWP domain of DFS70/LEDGFp75 also interacts with several proteins involved in regulation of mRNA splicing and DNA repair [9,10,17,19,49]. These proteins co-localize in the nucleus with DFS70/LEDGFp75 and could potentially be targets of antibodies producing the pseudo-DFS pattern.



An intriguing observation in our analysis of the staining pattern of interacting partners of DFS70/LEDGFp75 in HEp-2 cells was the mitotic spindle pattern produced by antibodies to HRP2. In our previous study, we showed, using the same antibodies used in the present study, that DFS70/LEDGFp75 and HRP2 co-immunoprecipitated and co-localized in the nucleus of docetaxel-resistant PCa cells [50]. While there is no evidence that these two proteins physically interact, they are considered paralog proteins with similar, albeit most likely redundant, roles in transcription and HIV integration [59,60,61]. DFS70/LEDGFp75 and HRP2 are the only known cellular proteins that have both N-terminal PWWP and C-terminal IBD domains [60]. Thus, we expected HRP2 (~100–120 kD) to be the most likely candidate to be recognized by sera producing the pseudo-DFS pattern, and even by some anti-DFS70/LEDGFp75 sera, given that its IBD region could be cross-targeted by anti-DFS70/LEDGFp75 autoantibodies. Only two CLIA anti-DFS70-negative sera, PL24 and PL28, reacted with a band around 100 kD in one of the blots we performed (Figure 9A). However, this band was not common to other CLIA anti-DFS70-negative sera. It would be of interest in future studies to determine if knockdown of HRP2 abolishes this band. Intriguingly, our immunoblotting analysis also revealed that several CLIA anti-DFS70-positive sera (PL61 and PL63) also reacted with a clearly defined band in the ~100–120 kD vicinity (Figure 9A). Future knockdown studies could also reveal if this band corresponds to HRP2. In addition, the observed lack of mitotic chromatin staining by the anti-HRP2 antibodies in the HEp-2 cells is consistent with exclusion of this protein from mitotic chromatin and its localization to areas around the separating chromosomes in other cell types [62]. Further studies are warranted to determine if human anti-DFS70/LEDGFp75 autoantibodies cross-react with the IBD region of HRP2.



A limitation of this study is that the clinical significance of the pseudo-DFS autoantibodies, similar to that of the DFS70/LEDGFp75 autoantibodies, is still unclear. A preliminary assessment of clinical disorders that were present in patients producing the pseudo-DFS antibodies revealed miscellaneous inflammatory conditions, including celiac disease, rheumatoid arthritis, osteoarthrosis, and endometriosis. Future studies should include an exhaustive analysis of clinical conditions associated with the pseudo-DFS pattern in large patient cohorts.




5. Conclusions


The present study was designed to characterize in more detail the pseudo-DFS or DFS-like IFA pattern, which has been reported as a common occurrence in studies related to anti-DFS70/LEDGFp75 antibodies [33,36,40,41,42,44,46,51,52]. Our results showed that the nuclear autoantigen associated with the pseudo-DFS pattern co-localizes partially with DFS70/LEDGFp75 and its interacting partners MLL and H3K36me2, suggesting that this antigen may play a role in the biological process that occurs within active chromatin (e.g., transcription, mRNA splicing, chromatin remodeling, DNA damage repair). Other selected interacting partners of DFS70/LEDGFp75 were excluded from the mitotic chromatin in HEp-2 cells and most likely are not targets of autoantibodies producing the pseudo-DFS pattern. We were not able to identify by immunoblotting a clearly defined common immunoreactive protein band targeted by these autoantibodies, suggesting that they may react with a diverse group of proteins of various molecular weights, including very large or small proteins that are beyond the detection limits of our immunoblotting system, or recognize conformational epitopes not detectable by immunoblotting. Occurrence of serum autoantibodies that produce the pseudo-DFS pattern but are not reactive against DFS70/LEDGFp75 must be carefully considered in studies focused on prevalence of antibodies producing the DFS pattern in different populations. It should also serve as a strong justification for mandatory confirmatory tests (e.g., CLIA, ELISA, line immunoassays, or immunoblotting) when the presence of anti-DFS70/LEDGFp75 autoantibodies is reported in a clinical laboratory setting. This would be particularly relevant when patient antibodies producing the DFS pattern are used in a precision medicine approach involving individualized immunodiagnostics testing to assist in exclusion of AARD. Finally, future multicenter studies with large patient cohorts should focus on more exhaustive identification of target antigen(s) recognized by antibodies producing the pseudo-DFS pattern and their clinical significance. This will be crucial for considering inclusion of the pseudo-IFA pattern within the ICAP ANA pattern classification system.







Author Contributions


Conceptualization, E.S.S.-H., G.L.O.-H. and C.A.C.; investigation, E.S.S.-H., G.L.O.-H., P.T.O. and M.R.; resources, M.M., L.E.C.A., N.B. and C.A.C.; validation, E.S.S.-H., G.L.O.-H. and P.T.O.; data curation, E.S.S.-H. and G.L.O.-H.; formal analysis, E.S.S.-H., G.L.O.-H. and C.A.C.; writing—original draft preparation, E.S.S.-H. and C.A.C.; writing—review and editing, E.S.S.-H., G.L.O.-H., P.T.O., M.M., L.E.C.A., N.B. and C.A.C.; visualization, E.S.S.-H., G.L.O.-H., P.T.O. and C.A.C.; supervision, C.A.C.; project administration, C.A.C.; funding acquisition, C.A.C. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported in part by NIH grants 1R21CA226654-01A1 (C.A.C.) and 1R21CA226654-01A1S1 (C.A.C. and E.S.S.H.), P20MD006988-Project 1 (C.A.C.), R25GM060507 (this training grant supported G.L.O.-H., E.S.S.H. and P.T.O). L.E.C.A. was supported by grant PQ-1D 310334/2019-5 from the Brazilian National Council for Research (CNPq). This study was also supported by intramural funding from the Loma Linda University Center for Health Disparities and Molecular Medicine. Imaging was performed in the Advanced Imaging and Microscopy Core, supported by NSF Grant MRI-DBI 0923559 and Loma Linda University School of Medicine.




Institutional Review Board Statement


The study was conducted in accordance with the Declaration of Helsinki and approved by the institutional review boards or ethics committees of Loma Linda University, Federal University of Sao Paulo, Fleury Medicine and Health Laboratory of Sao Paulo, Azienda Sanitaria Universitaria Integrata of Udine, and Laboratorio di Patologia Clinica, Ospedade San Antonio, Tolmezzo.




Informed Consent Statement


Informed consent was obtained from all patients according to the Declaration of Helsinki and Italian legislation (Authorization of the Guarantor #9, 12/12/2013), Federal University of Sao Paulo (CEP #0672/08), and Loma Linda University (Protocol #5110343, 01/17/22).




Data Availability Statement


The data presented here are available on request from the corresponding author.




Acknowledgments


We thank the members of the Loma Linda University Center for Health Disparities and Molecular Medicine and the Casiano laboratory, and the numerous colleagues in the autoimmunity and DFS70/LEDGFp75 fields who contributed to this work by providing valuable insights and technical advice and engaging in constructive discussions. We thank Sean W. Wilson and Rucha Juarez for providing training and technical expertise for the confocal microscopy studies. We also thank members and staff of the laboratories of Andrade, Bizzaro, and Mahler for their contribution to the collection of sera and initial CLIA analysis.




Conflicts of Interest


M.M. is employed by Werfen, San Diego, CA, USA, a company that produces assays and platforms for detection of anti-DFS70/LEDGFp75 antibodies and other ANAs. C.A.C. has received speaker fees from Inova Diagnostics/Werfen. N.B. has received speaker fees from Werfen and Thermo Fisher Diagnostics. Other co-authors declare no conflict of interest.




References


	



Tan, E.M. Autoantibodies and autoimmunity: A three-decade perspective. A tribute to Henry G. Kunkel. Ann. N. Y. Acad. Sci. 1997, 815, 1–14. [Google Scholar] [CrossRef]

	



Bossuyt, X.; De Langhe, E.; Borghi, M.O.; Meroni, P.L. Understanding and interpreting antinuclear antibody tests in systemic rheumatic diseases. Nat. Rev. Rheumatol. 2020, 16, 715–726. [Google Scholar] [CrossRef] [PubMed]

	



Damoiseaux, J.; Andrade, L.E.C.; Carballo, O.G.; Conrad, K.; Francescantonio, P.L.C.; Fritzler, M.J.; Garcia de la Torre, I.; Herold, M.; Klotz, W.; Cruvinel, W.M.; et al. Clinical relevance of HEp-2 indirect immunofluorescent patterns: The International Consensus on ANA patterns (ICAP) perspective. Ann. Rheum. Dis. 2019, 78, 879–889. [Google Scholar] [CrossRef]

	



von Mühlen, C.A.; Garcia-De La Torre, I.; Infantino, M.; Damoiseaux, J.; Andrade, L.E.C.; Carballo, O.G.; Conrad, K.; Francescantonio, P.L.C.; Fritzler, M.J.; Herold, M.; et al. How to report the antinuclear antibodies (anti-cell antibodies) test on HEp-2 cells: Guidelines from the ICAP initiative. Immunol. Res. 2021, 69, 594–608. [Google Scholar] [CrossRef] [PubMed]

	



Andrade, L.E.C.; Klotz, W.; Herold, M.; Conrad, K.; Rönnelid, J.; Fritzler, M.J.; von Mühlen, C.A.; Satoh, M.; Damoiseaux, J.; de Melo Cruvinel, W.; et al. Executive Committee of ICAP. International consensus on antinuclear antibody patterns: Definition of the AC-29 pattern associated with antibodies to DNA topoisomerase I. Clin. Chem. Lab. Med. 2018, 56, 1783–1788. [Google Scholar] [CrossRef] [PubMed]

	



Ochs, R.L.; Stein, T.W., Jr.; Peebles, C.L.; Gittes, R.F.; Tan, E.M. Autoantibodies in interstitial cystitis. J. Urol. 1994, 151, 587–592. [Google Scholar] [CrossRef]

	



Ochs, R.L.; Muro, Y.; Si, Y.; Ge, H.; Chan, E.K.; Tan, E.M. Autoantibodies to DFS 70 kd/transcription coactivator p75 in atopic dermatitis and other conditions. J. Allergy Clin. Immunol. 2000, 105, 1211–1220. [Google Scholar] [CrossRef] [PubMed]

	



Mahler, M.; Hanly, J.G.; Fritzler, M.J. Importance of the dense fine speckled pattern on HEp-2 cells and anti-DFS70 antibodies for the diagnosis of systemic autoimmune diseases. Autoimmun. Rev. 2012, 11, 642–645. [Google Scholar] [CrossRef] [PubMed]

	



Ortiz-Hernandez, G.L.; Sanchez-Hernandez, E.S.; Casiano, C.A. Twenty years of research on the DFS70/LEDGF autoanti-body-autoantigen system: Many lessons learned but still many questions. Autoimmun. Highlights 2020, 11, 3. [Google Scholar] [CrossRef]

	



Ochs, R.L.; Mahler, M.; Basu, A.; Rios-Colon, L.; Sanchez, T.W.; Andrade, L.E.; Fritzler, M.J.; Casiano, C.A. The significance of autoantibodies to DFS70/LEDGFp75 in health and disease: Integrating basic science with clinical understanding. Clin. Exp. Med. 2016, 6, 273–293. [Google Scholar] [CrossRef]

	



Basu, A.; Sanchez, T.W.; Casiano, C.A. DFS70/LEDGFp75: An Enigmatic Autoantigen at the Interface between Autoimmunity, AIDS, and Cancer. Front. Immunol. 2015, 6, 116. [Google Scholar] [CrossRef]

	



Shinohara, T.; Singh, D.P.; Fatma, N. LEDGF, a survival factor, activates stress-related genes. Prog. Retin. Eye Res. 2002, 21, 341–358. [Google Scholar] [CrossRef]

	



Debyser, Z.; Christ, F.; De Rijck, J.; Gijsbers, R. Host factors for retroviral integration site selection. Trends Biochem. Sci. 2015, 40, 108–116. [Google Scholar] [CrossRef]

	



Engelman, A.N.; Singh, P.K. Cellular and molecular mechanisms of HIV-1 integration targeting. Cell. Mol. Life Sci. 2018, 75, 2491–2507. [Google Scholar] [CrossRef] [PubMed]

	



Blokken, J.; De Rijck, J.; Christ, F.; Debyser, Z. Protein–protein and protein–chromatin interactions of LEDGF/p75 as novel drug targets. Drug Discov. Today Technol. 2017, 24, 25–31. [Google Scholar] [CrossRef]

	



Tesina, P.; Čermáková, K.; Hořejší, M.; Procházková, K.; Fábry, M.; Sharma, S.; Christ, F.; Demeulemeester, J.; Debyser, Z.; De Rijck, J.; et al. Multiple cellular proteins interact with LEDGF/p75 through a conserved unstructured consensus motif. Nat. Commun. 2015, 6, 7968. [Google Scholar] [CrossRef]

	



Leoh, L.S.; Van Heertum, B.; De Rijck, J.; Filippova, M.; Rios-Colon, L.; Basu, A.; Martinez, S.; Tungteakkhun, S.S.; Filippov, V.; Christ, F.; et al. The stress oncoprotein LEDGF/p75 interacts with the methyl CpG binding Protein MeCP2 and influences its transcriptional activity. Mol. Cancer Res. 2012, 10, 378–391. [Google Scholar] [CrossRef]

	



Yokoyama, A.; Cleary, M.L. Menin critically links MLL proteins with LEDGF on cancer-associated target genes. Cancer Cell 2008, 14, 36–46. [Google Scholar] [CrossRef] [PubMed]

	



Liedtke, V.; Schröder, C.; Roggenbuck, D.; Weiss, R.; Stohwasser, R.; Schierack, P.; Rödiger, S.; Schenk, L. LEDGF/p75 is required for an efficient DNA damage response. Int. J. Mol. Sci. 2021, 22, 5866. [Google Scholar] [CrossRef] [PubMed]

	



Canella, A.; Van Belle, S.; Brouns, T.; Nigita, G.; Carlon, M.S.; Christ, F.; Debyser, Z. LEDGF/p75-mediated chemoresistance of mixed-lineage leukemia involves cell survival pathways and super enhancer activators. Cancer Gene Ther. 2022, 29, 133–140. [Google Scholar] [CrossRef]

	



Singh, P.K.; Plumb, M.R.; Ferris, A.L.; Iben, J.R.; Wu, X.; Fadel, H.J.; Luke, B.T.; Esnault, C.; Poeschla, E.M.; Hughes, S.H.; et al. LEDGF/p75 interacts with mRNA splicing factors and targets HIV-1 integration to highly spliced genes. Genes Dev. 2015, 29, 2287–2297. [Google Scholar] [CrossRef] [PubMed]

	



Lundgren, M.C.; Sapkota, S.; Peterson, D.J.; Crosson, J.T. The antinuclear antibody dense fine speckled pattern and possible clinical associations: An indication of a proinflammatory microenvironment. J. Immunol. Methods 2021, 488, 112904. [Google Scholar] [CrossRef] [PubMed]

	



Watanabe, A.; Kodera, M.; Sugiura, K.; Usuda, T.; Tan, E.M.; Takasaki, Y.; Tomita, Y.; Muro, Y. Anti-DFS70 antibodies in 597 healthy hospital workers. Arthritis Rheum. 2004, 50, 892–900. [Google Scholar] [CrossRef]

	



Dellavance, A.; Viana, V.S.; Leon, E.P.; Bonfa, E.S.; Andrade, L.E.; Leser, P.G. The clinical spectrum of antinuclear antibodies associated with the nuclear dense fine speckled immunofluorescence pattern. J. Rheumatol. 2005, 32, 2144–2149. [Google Scholar]

	



Mahler, M.; Parker, T.; Peebles, C.L.; Andrade, L.E.; Swart, A.; Carbone, Y.; Ferguson, D.J.; Villalta, D.; Bizzaro, N.; Hanly, J.G.; et al. Anti-DFS70/LEDGF antibodies are more prevalent in healthy individuals compared to patients with systemic autoimmune rheumatic diseases. J. Rheumatol. 2012, 39, 2104–2110. [Google Scholar] [CrossRef]

	



Muro, Y.; Sugiura, K.; Nakashima, R.; Mimori, T.; Akiyama, M. Low prevalence of anti-DFS70/LEDGF antibodies in patients with dermatomyositis and other systemic autoimmune rheumatic diseases. J. Rheumatol. 2013, 40, 92–93. [Google Scholar] [CrossRef]

	



Bonroy, C.; Schouwers, S.; Berth, M.; Stubbe, M.; Piette, Y.; Hoffman, I.; Devreese, K.; Van Hoovels, L. The importance of detecting anti-DFS70 in routine clinical practice: Comparison of different care settings. Clin. Chem. Lab. Med. 2018, 56, 1090–1099. [Google Scholar] [CrossRef] [PubMed]

	



Miyara, M.; Albesa, R.; Charuel, J.L. Clinical phenotypes of patients with anti-DFS70/LEDGF antibodies in a routine ANA referral cohort. Clin. Dev. Immunol. 2013, 2013, 703759. [Google Scholar] [CrossRef]

	



Fitch-Rogalsky, C.; Steber, W.; Mahler, M.; Lupton, T.; Martin, L.; Barr, S.G.; Mosher, D.P.; Wick, J.; Fritzler, M.J. Clinical and serological features of patients referred through a rheumatology triage system because of positive antinuclear antibodies. PLoS ONE 2014, 9, e93812. [Google Scholar] [CrossRef]

	



Conrad, K.; Röber, N.; Andrade, L.E.; Mahler, M. The Clinical Relevance of Anti-DFS70 Autoantibodies. Clin. Rev. Allergy Immunol. 2017, 52, 202–216. [Google Scholar] [CrossRef] [PubMed]

	



Shovman, O.; Gilburd, B.; Chayat, C.; Amital, H.; Langevitz, P.; Watad, A.; Guy, A.; Perez, D.; Azoulay, D.; Blank, M.; et al. Prevalence of anti-DFS70 antibodies in patients with and without systemic autoimmune rheumatic diseases. Clin. Exp. Rheumatol. 2018, 36, 121–126. [Google Scholar] [PubMed]

	



Infantino, M.; Pregnolato, F.; Bentow, C.; Mahler, M.; Benucci, M.; Li Gobbi, F.; Damiani, A.; Grossi, V.; Franceschini, F.; Bodio, C.; et al. Only monospecific anti-DFS70 antibodies aid in the exclusion of antinuclear antibody associated rheumatic diseases: An Italian experience. Clin. Chem. Lab. Med. 2019, 57, 1764–1769. [Google Scholar] [CrossRef]

	



Mariz, H.A.; Sato, E.I.; Barbosa, S.H.; Rodrigues, S.H.; Dellavance, A.; Andrade, L.E. Pattern on the antinuclear antibody-HEp-2 test is a critical parameter for discriminating antinuclear antibody-positive healthy individuals and patients with autoimmune rheumatic diseases. Arthritis Rheum. 2011, 63, 191–200. [Google Scholar] [CrossRef] [PubMed]

	



Seelig, C.A.; Bauer, O.; Seelig, H.P. Autoantibodies Against DFS70/LEDGF Exclusion Markers for Systemic Autoimmune Rheumatic Diseases (SARD). Clin. Lab. 2016, 62, 499–517. [Google Scholar] [CrossRef]

	



Cheng, C.F.; Shih, M.C.; Lan, T.Y.; Li, K.J. Anti-DFS70 Antibodies for Differentiating Systemic Autoimmune Rheumatic Disease in Patients with Positive ANA Tests: A Systematic Review and Meta-Analysis. Diagnostics 2021, 11, 1592. [Google Scholar] [CrossRef]

	



Mahler, M.; Andrade, L.E.; Casiano, C.A.; Malyavantham, K.; Fritzler, M.J. Anti-DFS70 antibodies: An update on our current understanding and their clinical usefulness. Expert Rev. Clin. Immunol. 2019, 15, 241–250. [Google Scholar] [CrossRef]

	



Mahler, M.; Fritzler, M.J. The clinical significance of the dense fine speckled immunofluorescence pattern on HEp-2 cells for the diagnosis of systemic autoimmune diseases. Clin. Dev. Immunol. 2012, 2012, 494356. [Google Scholar] [CrossRef] [PubMed]

	



Gundín, S.; Irure-Ventura, J.; Asensio, E.; Ramos, D.; Mahler, M.; Martínez-Taboada, V.; López-Hoyos, M. Measurement of anti-DFS70 antibodies in patients with ANA-associated autoimmune rheumatic diseases suspicion is cost-effective. Autoimmun. Highlights 2016, 7, 10. [Google Scholar] [CrossRef]

	



Moroni, L.; Restovic, G.; Cervera, R.; Espinosa, G.; Viñas, O.; García, M.; Sampietro-Colom, L. Economic Impact Analysis of the Use of Anti-DFS70 Antibody Test in Patients with Undifferentiated Systemic Autoimmune Disease Symptoms. J. Rheumatol. 2020, 47, 1275–1284. [Google Scholar] [CrossRef]

	



Bizzaro, N.; Tonutti, E.; Villalta, D. Recognizing the dense fine speckled/lens epithelium-derived growth factor/p75 pattern on HEP-2 cells: Not an easy task! Comment on the article by Mariz et al. Arthritis Rheum. 2011, 63, 4036–4037. [Google Scholar] [CrossRef]

	



Bizzaro, N.; Tonutti, E.; Tampoia, M.; Infantino, M.; Cucchiaro, F.; Pesente, F.; Morozzi, G.; Fabris, M.; Villalta, D. Specific chemoluminescence and immunoasdorption tests for anti-DFS70 antibodies avoid false positive results by indirect immunofluorescence. Clin. Chim. Acta 2015, 451, 271–277. [Google Scholar] [CrossRef] [PubMed]

	



Bizzaro, N.; Pesente, F.; Cucchiaro, F.; Infantino, M.; Tampoia, M.; Villalta, D.; Fabris, M.; Tonutti, E. Anti-DFS70 antibodies detected by immunoblot methods: A reliable tool to confirm the dense fine speckles ANA pattern. J. Immunol. Methods 2016, 436, 50–53. [Google Scholar] [CrossRef] [PubMed]

	



Mahler, M.; Meroni, P.L.; Andrade, L.E.; Khamashta, M.; Bizzaro, N.; Casiano, C.A.; Fritzler, M.J. Towards a better understanding of the clinical association of anti-DFS70 autoantibodies. Autoimmun. Rev. 2016, 15, 198–201. [Google Scholar] [CrossRef] [PubMed]

	



Infantino, M.; Shovman, O.; Pérez, D.; Grossi, V.; Manfredi, M.; Benucci, M.; Damiani, A.; Gilburd, B.; Azoulay, D.; Serrano, A.; et al. A better definition of the anti-DFS70 antibody screening by IIF methods. J. Immunol. Methods 2018, 461, 110–116. [Google Scholar] [CrossRef] [PubMed]

	



Infantino, M.; Shovman, O.; Gilburd, B.; Manfredi, M.; Grossi, V.; Benucci, M.; Damiani, A.; Chimenti, D.; Malyavantham, K.; Shoenfeld, Y. Improved accuracy in DFS pattern interpretation using a novel HEp-2 ELITE system. Clin. Rheumatol 2019, 38, 1293–1299. [Google Scholar] [CrossRef] [PubMed]

	



Infantino, M.; Carbone, T.; Manfredi, M.; Grossi, V.; Benucci, M.; Casiano, C.A.; Bizzaro, N. Dense fine speckled (DFS) immunofluorescence pattern and anti-DFS70 antibodies: Cleaning up the current concepts. Clin. Chim. Acta 2020, 510, 157–159. [Google Scholar] [CrossRef]

	



Zheng, B.; Wang, Z.; Mora, R.A.; Liu, A.; Li, C.; Liu, D.; Zhai, F.; Liu, H.; Gong, H.; Zhou, J.; et al. Anti-DFS70 Antibodies Among Patient and Healthy Population Cohorts in China: Results From a Multicenter Training Program Showing Spontaneous Abortion and Pediatric Systemic Autoimmune Rheumatic Diseases Are Common in Anti-DFS70 Positive Patients. Front. Immunol. 2020, 11, 562138. [Google Scholar] [CrossRef]

	



Bentow, C.; Fritzler, M.J.; Mummert, E.; Mahler, M. Recognition of the dense fine speckled (DFS) pattern remains challenging: Results from an international internet-based survey. Autoimmun. Highlights 2016, 7, 8. [Google Scholar] [CrossRef]

	



Basu, A.; Woods-Burnham, L.; Ortiz, G.; Rios-Colon, L.; Figueroa, J.; Albesa, R.; Andrade, L.E.; Mahler, M.; Casiano, C.A. Specificity of Antinuclear Autoantibodies Recognizing the Dense Fine Speckled Nuclear Pattern: Preferential Targeting of DFS70/LEDGF Over its Interacting Partner MeCP2. Clin. Immunol. 2015, 161, 241–250. [Google Scholar] [CrossRef]

	



Ortiz-Hernandez, G.L.; Sanchez-Hernandez, E.S.; Ochoa, P.T.; Elix, C.C.; Alkashgari, H.R.; McMullen, J.R.W.; Soto, U.; Martinez, S.R.; Diaz Osterman, C.J.; Mahler, M.; et al. The LEDGF/p75 Integrase Binding Domain Interactome Contributes to the Survival, Clonogenicity, and Tumorsphere Formation of Docetaxel-Resistant Prostate Cancer Cells. Cells 2021, 10, 2723. [Google Scholar] [CrossRef] [PubMed]

	



Infantino, M.; Bizzaro, N.; Grossi, V.; Manfredi, M. The long-awaited ‘pseudo-DFS pattern’. Expert Rev. Clin. Immunol. 2019, 15, 445. [Google Scholar] [CrossRef] [PubMed]

	



Mahler, M.; Andrade, L.E.; Casiano, C.A.; Malyavantham, K.; Fritzler, M.J. Implications for redefining the dense fine speckled and related indirect immunofluorescence patterns. Expert Rev. Clin. Immunol. 2019, 15, 447–448. [Google Scholar] [CrossRef]

	



Ogawa, Y.; Sugiura, K.; Watanabe, A.; Kunimatsu, M.; Mishima, M.; Tomita, Y.; Muro, Y. Autoantigenicity of DFS70 is restricted to the conformational epitope of C-terminal alpha-helical domain. J. Autoimmun. 2004, 23, 221–231. [Google Scholar] [CrossRef]

	



Wei, X.; Chen, R.; Yang, C.; Nguyen, K.; Wakefield, D. Improved performance of confirmatory assays for detecting dense fine speckled (DFS) 70 antibodies. Pathology 2022, 54, 904–909. [Google Scholar] [CrossRef] [PubMed]

	



Malyavantham, K.; Suresh, L. Analysis of DFS70 pattern and impact on ANA screening using a novel HEp-2 ELITE/DFS70 knockout substrate. Autoimmun. Highlights 2017, 8, 3. [Google Scholar] [CrossRef] [PubMed]

	



Vázquez-Del Mercado, M.; Gómez-Bañuelos, E.; Navarro-Hernández, R.E.; Pizano-Martinez, O.; Saldaña-Millán, A.; Chavarria-Avila, E.; Gonzalez-Rosas, L.; Andrade-Ortega, L.; Saavedra, M.A.; Vera-Lastra, O.L.; et al. Detection of autoantibodies to DSF70/LEDGFp75 in Mexican Hispanics using multiple complementary assay platforms. Autoimmun. Highlights 2017, 8, 1. [Google Scholar] [CrossRef]

	



Bizzaro, N.; Pesce, G.; Trevisan, M.T.; Marchiano, M.; Cinquanta, L.; Infantino, M.; Paura, G.; Tampoia, M.; Alessio, M.G.; Previtali, G.; et al. Anti-DFS70 antibodies detected by specific methods in patients with thrombosis or recurrent pregnancy loss: No evidence of an association. Sci. Rep. 2020, 10, 7748. [Google Scholar] [CrossRef]

	



Fabris, M.; Zago, S.; Tosolini, R.; Melli, P.; Bizzaro, N.; Tonutti, E. Anti-DFS70 antibodies: A useful biomarker in a pediatric case with suspected autoimmune disease. Pediatrics 2014, 134, e1706–e1708. [Google Scholar] [CrossRef] [PubMed]

	



Wang, H.; Jurado, K.A.; Wu, X.; Shun, M.-C.; Li, X.; Ferris, A.L.; Smith, S.J.; Patel, P.A.; Fuchs, J.R.; Cherepanov, P.; et al. HRP2 determines the efficiency and specificity of HIV-1 integration in LEDGF/p75 knockout cells but does not contribute to the antiviral activity of a potent LEDGF/p75-binding site integrase inhibitor. Nucleic Acids Res. 2012, 40, 11518–11530. [Google Scholar] [CrossRef] [PubMed]

	



Van Belle, S.; El Ashkar, S.; Čermáková, K.; Matthijssens, F.; Goossens, S.; Canella, A.; Hodges, C.H.; Christ, F.; De Rijck, J.; Van Vlierberghe, P.; et al. Unlike its paralog LEDGF/p75, HRP-2 is dispensable for MLL-R leukemogenesis but important for leukemic cell survival. Cells 2021, 10, 192. [Google Scholar] [CrossRef]

	



LeRoy, G.; Oksuz, O.; Descostes, N.; Aoi, Y.; Ganai, R.A.; Kara, H.O.; Yu, J.-R.; Lee, C.-H.; Stafford, J.; Shilatifard, A.; et al. LEDGF and HDGF2 relieve the nucleosome-induced barrier to transcription in differentiated cells. Sci. Adv. 2019, 5, eaay3068. [Google Scholar] [CrossRef] [PubMed]

	



Thakar, K.; Votteler, I.; Kelkar, D.; Shidore, T.; Gupta, S.; Kelm, S.; Dietz, F. Interaction of HRP-2 isoforms with HDGF: Chromatin binding of a specific heteromer. FEBS J. 2012, 279, 737–751. [Google Scholar] [CrossRef] [PubMed]








[image: Diagnostics 13 00222 g001 550] 





Figure 1. Indirect immunofluorescence images of human sera presenting the monospecific nuclear dense fine speckled (DFS) pattern. (A) Selected sera positive by QUANTA Flash DFS70 chemiluminescence assay (CLIA) show the DFS IFA pattern corresponding to DFS70/LEDGFp75 antibodies in HEp-2 cells. (B) Selected CLIA anti-DFS70-negative sera showing a pseudo-DFS IFA pattern in HEp-2 cells. Images were obtained by confocal microscopy. Chromatin staining with DAPI is presented in black and white for better visualization. 
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Figure 2. Immunoadsorption of sera with the DFS70/LEDGFp75 integrase binding domain (IBD) autoepitope peptide. (A) Pre-absorption of CLIA anti-DFS70-positive sera with the IBD peptide abolished their DFS IFA staining in HEp-2 cells. (B) Pre-absorption of CLIA anti-DFS70-negative sera with the IBD peptide failed to abolish their pseudo-DFS IFA staining. Images were obtained by confocal microscopy. Chromatin staining with DAPI is presented in black and white for better visualization. 
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Figure 3. Co-localization of IFA patterns of monospecific CLIA anti-DFS70-positive and CLIA anti-DFS70-negative human antibodies with the DFS pattern produced by anti-DFS70/LEDGFp75 rabbit antibodies. (A) CLIA anti-DFS70-positive sera PL11 and PL61 (green) producing the classical DFS IFA pattern were co-incubated with a rabbit antibody to DFS70/LEDGFp75 (red) in the standard HEp-2 test. Extensive co-localization between the DFS70/LEDGFp75 proteins recognized by the human autoantibodies and the rabbit antibody can be observed, as evidenced by the yellow/orange fluorescence in the merged images. (B) Monospecific CLIA anti-DFS70-negative sera PL24 and PL95 (green) were co-incubated with a rabbit antibody to DFS70/LEDGFp75 (red). While areas of co-localization between the human pseudo-DFS antibodies and the rabbit anti-DFS70/LEDGFp75 antibody can be detected (yellow/orange fluorescence), this co-localization is not as extensive as that obtained with CLIA anti-DFS70-positive sera (shown in panel (A)) given the increased separation of red and green fluorescence in the merged images. Images were obtained by confocal microscopy. Chromatin staining with DAPI is presented in black and white for better visualization. 
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Figure 4. Enlarged fields showing the co-localization of the IFA patterns produced by the monospecific CLIA anti-DFS70-positive serum PL61 and CLIA anti-DFS70-negative serum PL24 with the DFS pattern produced by anti-DFS70/LEDGFp75 rabbit antibodies. (A) Merged image of serum PL61 (green) co-incubated with anti-DFS70/LEDGFp75 rabbit antibody (red) in the standard HEp-2 test. Extensive co-localization can be observed, as evidenced by the yellow/orange fluorescence. (B) Merged image of serum PL24 (green) co-incubated with anti-DFS70/LEDGFp75 rabbit antibody (red). The co-localization was less extensive, as evidenced by the increased separation of the red and green fluorescence. Images were obtained by confocal microscopy. 
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Figure 5. Analysis of CLIA anti-DFS70-negative serum PL85. (A) The monospecific pseudo-DFS IFA pattern from serum PL85 (green) shows extensive co-localization with the IFA pattern produced by the DFS70/LEDGFp75 rabbit antibody (red) in HEp-2 cells as revealed by the widespread yellow fluorescence in the merged images. (B) Pre-adsorption of serum PL85 with IBD peptide abolished the metaphase chromosome staining (yellow arrows) but not the interphase nuclear DFS staining. Fluorescent images were obtained by confocal microscopy. Chromatin staining with DAPI is presented in black and white for better visualization. (C) Immunoblotting analysis (total PC3-DR proteins) of PL85 serum antibodiesfailed to reveal any defined reactivity against protein bands as compared to the distinct reactivity of CLIA anti-DFS70-positive serum PL61 with DFS70/LEDGFp75. 
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Figure 6. Immunoblots of selected DFS70/LEDGFp75 interacting partners. Total proteins from PC3-DR prostate cancer cells were used as substrates. Individual protein strips were incubated with commercially available rabbit antibodies against selected interacting partners of DFS70/LEDGFp75. Human anti-DFS70/LEDGFp75 serum PL48 was used as a positive control. Red arrows point to bands corresponding to the target proteins. Antibodies to Menin, MLL, and HRP2 reacted with additional bands considered non-specific or degradation products. 
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Figure 7. Immunofluorescence antibody patterns of selected DFS70/LEDGFp75 interacting partners in HEp-2 cells. (A) The IFA patterns of rabbit antibodies to the DFS70/LEDGFp75 interacting partners Menin, POGZ, JOP2, c-MYC, and IWS1 show nuclear dense fine speckles without strong and well-defined mitotic chromatin staining. HRP2 showed mitotic spindle staining without nuclear dense fine speckles. MLL and H3K36me2 showed both nuclear dense fine speckles and intense mitotic chromatin staining.Yellow arrows point to mitotic cells. (B) Pre-adsorption of the rabbit antibodies to DFS70/LEDGFp75 interacting partners with the IBD autoepitope peptide did not abolish their immunoreactivity, ruling out the possibility that these antibodies may be cross-reacting with the DFS70/LEDGFp75 IBD region. Fluorescent images were obtained using a Keyence Biorevo microscope. Chromatin staining with DAPI is presented in black and white for better visualization. 
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Figure 8. Co-localization of monospecific CLIA anti-DFS70-positive and anti-DFS70-negative autoantibodies with anti-MLL and anti-H3K36me2 antibodies. (A) CLIA anti-DFS70-positive anti-DFS70/LEDGFp75 serum PL61 (green) was co-incubated with rabbit antibodies to MLL or H3K36me2 (red) in the HEp-2 IFA test. Co-localization between DFS70/LEDGFp75 and its known interacting partners MLL (IBD region) and H3K36me2 (PWWP domain) is observed, as evidenced by the extensive yellow/orange fluorescence of the merged images. (B) CLIA anti-DFS70-negative serum PL24 was also co-incubated with rabbit antibodies to MLL or H3K36me2. Areas of strong co-localization between the pseudo-DFS pattern produced by serum PL24 and the patterns produced by the anti-MLL and H3K36me2 rabbit antibodies can be detected (yellow/orange fluorescence in merged images). However, the co-localization is not as extensive as that shown in panel A given the increased separation of red and green fluorescence in the merged images. Images were obtained by confocal microscopy. Chromatin staining with DAPI is presented in black and white for better visualization. 
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Figure 9. Immunoblotting analysis of selected CLIA anti-DFS70-positive and CLIA anti-DFS70-negative sera. Total proteins from PC3-DR prostate cancer cells were used as substrates in immunoblotting experiments. (A,B) show representative blots from two independent experiments. While CLIA anti-DFS70-positive sera reacted with the 75 kD band corresponding to DFS70/LEDGFp75, a common pattern of immunoreactivity could not be detected for the CLIA anti-DFS70-negative sera. Black arrows point to the DFS70/LEDGFp75 band. 
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Figure 10. Analysis of a different cohort of CLIA anti-DFS70-positive and anti-DFS70-negative producing a speckled nuclear pattern. (A) The top panels show the classic DFS IFA patterns corresponding to anti-DFS70/LEDGFp75 antibodies produced by selected CLIA anti-DFS70-positive sera. The bottom panels show the pseudo-DFS IFA patterns produced by selected CLIA anti-DFS70-negative sera. Fluorescence images were obtained by confocal microscopy. Chromatin staining with DAPI is presented in black and white for better visualization. (B) Immunoblots of total proteins from PC3-DR prostate cancer cells were probed with selected CLIA anti-DFS70-positive and -negative sera. CLIA anti-DFS70-positive sera, but not CLIA anti-DFS70-negative sera, reacted with the 75 kD band corresponding to DFS70/LEDGFp75. 
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