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Invasive candidiasis (IC) is often a cause of severe concern for the hospitalized patients, particularly those who are critically sick. However management of this disease is challenging due to a lack of effective laboratory diagnostic techniques. Hence, we have developed a one-step double antibody sandwich enzyme-linked immunosorbent assay (DAS-ELISA) using a pair of specific monoclonal antibodies (mAbs) for the quantitative detection of Candida albicans enolase1 (CaEno1), which is considered as an important diagnostic biomarker for IC. The diagnostic efficiency of the DAS-ELISA was evaluated by using a rabbit model of systemic candidiasis and compared with other assays. The method validation results demonstrated that the developed method was sensitive, reliable, and feasible. The findings of the rabbit model plasma analysis indicated that the diagnostic efficiency of the CaEno1 detection assay was better in comparison to the (1,3)-β-D-glucan detection and blood culture. CaEno1 is present in the blood of infected rabbits for a brief period and at relatively low levels and thus the combination of CaEno1 antigen and IgG antibodies detection could aid to increase diagnostic efficiency. However, to improve the clinical application of CaEno1 detection in the future, efforts should be made to increase the detection limit of the test by promoting technical developments and by optimizing the protocol for the clinical serial determinations.
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Introduction

Over the last few decades, the prevalence of nosocomial fungal infections, including invasive candidiasis (IC), has increased significantly. For critically ill patients, IC is frequently associated with high mortality rates and high medical costs (Antinori et al., 2016; Pappas et al., 2018). Epidemiological studies have revealed that five distinct species can cause over 90% of Candida invasive infections: Candida albicans, Nakaseomyces (Candida) glabrata, Candida tropicalis, Candida parapsilosis, and Candida krusei (Pichia kudriavzevii). Candida albicans is the most common cause of bloodstream infections, though infections caused by the non-albicans species are becoming more common (Kullberg and Arendrup, 2015).

Early diagnosis and prompt antifungal therapy are critical for markedly improving the outcome of patients with IC (Pappas et al., 2016). However, the lack of robust diagnostic assays remains a major challenge in facilitating an accurate diagnosis of IC. Currently, Candida detection techniques used in the clinical laboratories have various fundamental methodological flaws. For example, the microbial cultures suffer from limited sensitivity and long sample turnaround times; (1,3)-β-D-glucan tests have limitations in that they cannot effectively discriminate between the fungal species and are prone to give false positives (Ito et al., 2018; Tschopp et al., 2022).

Nucleic acid detection assays have been found to be more sensitive than the traditional microbial culture and could be used as a complementary diagnostic technique to diagnose IC (Ramos et al., 2017). Although several commercial Candida molecular detection systems are available, their clinical utility is largely limited due to a lack of assay standardization and low nucleic acid extraction efficiency (Fuchs et al., 2019; Hayette et al., 2019). T2Candida is a United States Food and Drug Administration (FDA)-approved nanodiagnostic panel that can detect the five most commonly isolated Candida species directly from the whole blood in about 5 h (Hamula et al., 2016; Lamoth et al., 2020; Zurl et al., 2020). This robust test has been available for years and is still being refined; yet is often inaccessible to the routine laboratories and the patient populations they serve due to a lack of widespread availability.

Another important strategy for IC diagnosis is the rapid detection of Candida antigenic proteins or their antibodies, providing a simple, time-saving, and efficient option. A number of proteins have been identified as the potential diagnostic markers, including the C. albicans enolase1 (CaEno1; Li et al., 2013; He et al., 2015, 2016; Pitarch et al., 2018). As early as in 1991, Walsh et al. reported Candida enolase antigenemia in cancer patients with IC (Walsh et al., 1991). Despite significant advances in immunological techniques for the laboratory diagnosis in recent years, a mature and stable method for the detection of CaEno1 has yet to be reported. In a previous study, we have generated two CaEno1-specific monoclonal antibodies (mAbs): 9H8 and 10H8, and their specificities were validated using the liquid chromatography with tandem mass spectrometry (LC–MS/MS) and Western blotting (He et al., 2022). Here, we have further developed and tested a one-step double antibody sandwich enzyme-linked immunosorbent assay (DAS-ELISA) for the quantitative detection of CaEno1 antigen using the two mAbs. Furthermore, the diagnostic efficiency of the DAS-ELISA was evaluated by employing a rabbit model of systemic candidiasis and compared with other assays.



Materials and methods


Organism and growth conditions

In this study, C. albicans strain SC5314 was used (He et al., 2015). C. tropicalis ATCC1369, N. glabrata ATCC15126, C. parapsilosis ATCC22019, and C. krusei (P. kudriavzevii) ATCC6258 were obtained from the American Type Culture Collection (ATCC). The cells were subcultured on sabouraud dextrose agar (SDA) and incubated for 24 h at 35°C for all experiments. An inoculum from SDA plates was resuspended in the yeast extract peptone dextrose medium (YPD, 1% yeast extract, 2% peptone, and 2% dextrose) and incubated at 35°C for 48 h. The yeast cells were centrifuged, washed twice with the phosphate buffered saline (PBS; pH7.4, 0.01 M), and densities were determined by plate counting or measuring optical density values at 600 nm (OD600).



Whole cell ELISA

Whole cell ELISA was used to determine the specificity of mAbs 9H8 and 10H8 across different clinically important pathogens. The production of 9H8 and 10H8 mAbs has been described previously (He et al., 2022).

Candida albicans cells were adjusted to an OD600 of 0.5 in a 0.05 M carbonate buffer solution (CBS) that contained 15 mM Na2CO3 and 35 mM NaHCO3 at pH9.6. The prepared suspensions were then used to coat the ELISA plates (100 μl/well) overnight at 4°C. As the negative controls, a panel of clinically relevant organisms including Escherichia coli, Klebsiella pneumoniae, Pseudomonas aeruginosa, Acinetobacter baumannii, Enterococcus faecium, Enterococcus faecalis, Streptococcus pneumoniae, Staphylococcus aureus, Staphylococcus epidermis, Cryptococcus neoformans, C. tropicalis, N. glabrata, C. parapsilosis, C. krusei (P. kudriavzevii), Saccharomyces cerevisiae, and Candida dublinensis were used. These strains were grown, resuspended in CBS (OD600 = 0.5) and then coated onto ELISA plates. The plates were washed three times with PBS containing 0.05% Tween 20 (PBST), blocked with 100 μl of PBST plus 3% (w/v) bovine serum albumin (BSA), and incubated for 2 h at 37°C. The plates were treated for 1 h at 37°C with 10H8 or 9H8 that were diluted to 1 μg/ml by PBST plus 1% (w/v) BSA, followed by addition of 1:5,000 diluted horseradish peroxidase conjugated (HRP) goat anti-mouse IgG (Solarbio, Beijing China). After washing, 100 μl of the 3,3′,5,5′-tetramethylbenzedine (TMB) solution (Beyotime, Shanghai, China) was added to each well and incubated at 37°C for 10 min. The reaction was stopped with 50 μl of 2 N H2SO4, and the OD450 values were finally measured with the VersaMax plate reader (Molecular Devices, CA, United States).



The one-step DAS-ELISA

The recombinant CaEno1 was used as a standard (He et al., 2015). The ELISA assay uses the Sandwich-ELISA principle and checker-board analyses were performed to determine the optimal concentrations of both the capture and detection antibodies.

Figure 1 depicts the protocol scheme for the DAS-ELISA. Briefly, mAb 9H8 (3 μg/ml in CBS, pH 9.6, 100 μl) was coated overnight at 4°C in each well of a 96-well microplate. After washing trice with PBST, the wells were blocked with 100 μl of PBST plus 3% (w/v) BSA, and incubated for 30 min at 37°C. The plasma samples (or diluted standards, 50 μl/well) and 50 μl of an optimized dilution (1:2,000) of HRP-10H8 were thereafter added to the wells and incubated at 37°C for 45 min. After washing, TMB substrate was applied to each well and incubated for 15 min at room temperature. The reaction was terminated, and the OD450 values were measured. The results were analyzed by using the software of ELISACalc V0.2.
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FIGURE 1
 Schematic representation of the one-step double monoclonal antibody sandwich ELISA assay.


The calibration curves were generated by calculating the ratios between the OD450 values and the corresponding standard concentration. The linearity was determined by serial dilution of a mock plasma sample with high CaEno1 concentration. The limitation of detection (LOD) was calculated by signal blank ± 3SD (Dixit et al., 2011). The recovery tests were conducted to evaluate the accuracy of the DAS-ELISA (Shen et al., 2020).



Rabbit model of systemic candidiasis

Three female New Zealand white rabbits weighing approximately 2.5 kg were procured from Hebei Medical University’s Experimental Animal Center (Shijiazhuang, China). The Bethune International Peace Hospital’s Ethics Committee authorized the animal care and use methods (No.2019-KY-23), and all the applicable institutional and governmental standards regulating the ethical use of animals were followed.

Each rabbit was inoculated with 1.5 × 106 CFU of C. albicans SC5314 blastospores suspended in PBS intravenously through the marginal ear vein to cause the systemic candidiasis. Both the body temperature and weight of the rabbits were measured before the inoculation and on the 1st, 2nd, 4th, 7th, 10th, 15th, 20th, and 27th days post inoculation. Approximately 3.0 ml of anticoagulant blood was obtained from the model rabbits at each time point for different tests. Among them, 100 μl of whole blood was used for the blood hematology that was carried out with Sysmex 2100 (Sysmex Corporation, Kobe, Japan). The platelet rich plasma was obtained from 400 μl of blood and used to analyze the (1,3)-β-D-glucan concentration with a commercial kit by using the kinetic turbidimetry method (Xiamen Bioendo Technology Co., Ltd., Xiamen, China). The remaining 2.5 ml of blood was thereafter centrifuged to separate the plasma and blood cells. The plasma was utilized for biochemical analysis, as well as the detection of CaEno1 antigen and antibodies. Blood biochemistry analysis was performed by an Olympus AU5400 system (Olympus, Shinjuku, Japan). Six biochemical tests were used to assess the liver, kidney, and heart function of the rabbits: total protein (TP), alanine aminotransferase (ALT), aspartate aminotransferase (AST), plasma blood urea nitrogen (BUN), and phosphocreatine kinase (CK). The residual blood cells were resuspended in the normal saline to 2.5 ml and injected into the children’s blood culture bottles, where they were cultivated by using the BacT/ALERT 3D automated system (bioM é rieux, Craponne, France). The positive samples were subcultured on the standard media by using the routine microbiological techniques.



CaEno IgG antibody detection

Candida albicans enolase1 IgG antibody in rabbit plasma was measured by indirect ELISA, as previously described (He et al., 2015). Recombinant CaEno1 was then coated onto each well of blank ELISA plates for overnight at 4°C after being diluted to 1 μg/ml in CBS. After washing trice with PBST, the plates were then blocked with PBST plus 3% (w/v) BSA solution, and incubated for 2 h at 37°C. After washing, rabbit plasma samples with a 1:500 dilution by PBST plus 1% (w/v) BSA were added and incubated at 37°C for 1 h. After three washes with PBST, 1:5,000 diluted HRP-conjugated goat anti-mouse IgG (Solarbio, Beijing, China) was added and incubated for 1 h at 37°C. After another round of washing, 100 μl of TMB substrate solution was applied to each well and incubated for 10 min at 37°C. Thereafter, the reaction was terminated and the OD450 values were determined.




Results


Specificity of the mAbs and DAS-ELISA

We have previously demonstrated that 9H8 and 10H8 can specifically recognize CaEno1 in total lysate from C. albicans. We have also developed whole-cell ELISA assays to determine the response specificity of the 9H8, 10H8 mAbs against the different clinically important pathogens including a panel of Candida spp. and non-Candida organisms. The specificity of the DAS-ELISA was determined by detecting CaEno1 in the supernatant of various Candida spp. and grown for 48 h in YPD medium. The other negative control organisms were grown in enrichment broth and the supernatant was applied to the DAS-ELISA test as well. Table 1 depicts that 9H8 mAb can react specifically with C. albicans, with no cross interaction with other organisms that were evaluated. Remarkably, 10H8 mAb exhibited distinct response characteristics and could cross-react with all the Candida spp. and S. cerevisiae. The two mAbs’ DAS-ELISA could specifically react with the C. albicans culture supernatant.



TABLE 1 Reaction specificity of 9H8, 10H8 mAbs, and the DAS-ELISA.
[image: Table1]



Performance of the DAS-ELISA

Figure 2A depicts a standard curve generated with the recombinant CaEno1 as the standard. Normal rabbit plasma serial dilution of the recombinant CaEno1 was used as mock clinical samples, and the result indicated good linearity of DAS-ELISA across the range that we have investigated (top limit was close to 50 ng/ml, bottom limit was about 1 ng/ml, Figure 2B). The LOD of CaEno1 detection by this method was 0.33 ng/ml. The recovery test was conducted by addition of a high value standard sample into a low value matrix sample, with the volume ratio of 1:9. The recovery rate was determined by using the following formula: Recovery (in %) = [(amount detected − amount sample)/amount standard spiked] × 100. The recovery experiment was repeated trice, with an average recovery rate of 103.26% (95% CI = 85–115%).

[image: Figure 2]

FIGURE 2
 Standard curve (A) and linear range (B) of the one-step DAS-ELISA assay for the quantitative detection of CaEno1 in rabbit plasma.




Rabbit model of the systemic candidiasis

All the rabbits displayed infection symptoms after being inoculated with C. albicans SC5314, such as loss of appetite and reduced activity. The body weight decreased significantly after infection (Figure 3A), and the body temperature increased dramatically on the first day, then gradually recovered to normal (Figure 3B). The number of peripheral white blood cells (WBC) rose steadily beginning on the first day after the injection and peaked on the seventh day. The dynamics of the neutrophil lymphocyte ratio (NLR) were remarkably comparable to the dynamics of the body temperature. It increased rapidly on the first day and then was gradually restored to the normal value (Figure 3C). The biochemical tests showed that once rabbits were infected with C. albicans, the heart, liver, and kidney functions were impaired. The peak of ALT emerged on the second day after Candida inoculation, the peak of AST level was reached on the seventh day, whereas the peaks of both CK and BUN level appeared on the fourth day (Figures 3D,E).

[image: Figure 3]

FIGURE 3
 Dynamic changes in both the physiological and biochemical indicators after Candida albicans SC5314 inoculation in rabbits. (A) Body weight; (B) Body temperature; (C) White blood cell (WBC) count and neutrophil lymphocyte ratio (NLR); (D) Plasma alanine aminotransferase (ALT) and aspartate aminotransferase (AST); (E) Plasma blood urea nitrogen (BUN), and phosphocreatine kinase (CK).




Diagnostic efficiency of CaEno1 detection was better in comparison to the other tests

Candida albicans enolase1 and (1,3)-β-D-glucan were analyzed in rabbit plasma samples, and their dynamics have been depicted in Figure 4A. CaEno1 and (1,3)-β-D-glucan were found in the peripheral blood of rabbit following fungal inoculation. Both the levels in the blood steadily declined over time. On the seventh day after inoculation, (1,3)-β-D-glucan could not be detected in the rabbit model’s blood, and only one rabbit assessed positive for CaEno1. The blood culture findings revealed that all the rabbits had positive results after fungal inoculation. One rabbit remained positive for 24 h, whereas the two others remained positive for 48 h. In addition, upon microscopic analysis, blastospores and hyphal Candida could be observed in all blood positive cultures that were recognized as C. albicans by CHROMagar.

[image: Figure 4]

FIGURE 4
 Dynamics of CaEno1 and its diagnostic efficiency in comparison to the G-test and blood culture. (A) Dynamics of CaEno1 and (1,3)-β-D-glucan (cut-off, 10 pg./ml) in rabbit blood after Candida albicans inoculation; (B) Diagnostic efficiency of CaEno1 detection, G-test, and the blood culture.


We next compared the diagnostic efficiency CaEno1, G-test, and blood culture. Each rabbit was assigned a value of 1 for each positive result and a value of 0 for each negative result, yielding the heat map as displayed in Figure 4B. On the first day after inoculation, all the tests performed identically to diagnose IC; on the second day, the CaEno1 detection and the G-test still diagnosed all rabbits, and better than the blood cultures; on the fourth and seventh days, CaEno1 detection diagnostic efficiency was slightly better than the G-test, while the blood culture diagnostic efficiency was 0.



Combined CaEno1 antigen antibody detection improved the diagnostic efficiency

All rabbits generated anti-CaEno1 IgG after being inoculated with C. albicans. The antibodies began to appear around day 7 after inoculation and steadily rose subsequently, and continued to grow until the experiment ended on day 27 (Figure 5A).
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FIGURE 5
 Combined CaEno1 antigen–antibody detection enhanced diagnostic efficiency in rabbits inoculated with C.albicans. (A) Anti-CaEno1 IgG dynamics in rabbit plasma; (B) Diagnostic efficiency of anti-CaEno1 IgG, CaEno1 detection, and their combined application.


Indirect ELISA exhibited a significant background when detecting anti-CaEno1 IgG antibodies in rabbit plasma samples. We used rabbit plasma before inoculation as a control and tested it 20 times, with the OD450 > mean OD450control + 2SDcontrol set as the threshold for determining positive samples. The heat map in Figure 5B was produced by assigning a value of one to each positive result and a value of zero to each negative result for each rabbit. The results demonstrated that the CaEno1 antigen and antibody test exhibited high complementarily for the diagnosis of Candida infection. The positive antigen findings were mostly found in the initial stages, whereas the positive antibody results were mostly observed in the late stages of infection. The combined antigen–antibody tests resulted in the successful diagnosis in all rabbits from days 1 to 4 and 20 to 27 after Candida inoculation, as well as in a portion of rabbits from days 4 to 15.




Discussion

Since IC is subtle and indistinguishable from the bacterial infections, it presents a major challenge in clinical diagnosis. However, in recent years, researchers have investigated a combination of various culture and non-culture techniques, as well as tested the combined use of different non-culture techniques, for enhancing the diagnostic efficiency (Posteraro et al., 2011; Barantsevich and Barantsevich, 2022; Fisher et al., 2022). At the same time, novel diagnostic technologies are constantly being developed and clinically tested. Here, we have developed a one-step double antibody sandwich ELISA for CaEno1 detection by using a pair of previously generated mAbs (He et al., 2022), lowering the detection time to less than 2 h. Conversely, it takes 2–5 days for the culture procedure to achieve conclusive results (Pitarch et al., 2018). The long sample turnaround time of the culture frequently postpones the optimal time for IC management. Furthermore, the ELISA test is easy to perform in the routine labs. Since few extremely sensitive diagnostic techniques, such as T2Candida, are not widely available, the IC diagnostic technique based on ELISA could be used as a complement to them.

Antigen testing is a powerful technique for screening and diagnosing the different infectious diseases, and it has been found to play a crucial role in the management and control of the infectious diseases such as the COVID-19 epidemic (Charton et al., 2020; Ciotti et al., 2021; Peeling et al., 2021). When compared to other commonly employed techniques such as culture and nucleic acid testing, antigen testing is faster and less expensive, thus allowing for larger-scale screening and dynamic surveillance. Despite the fact that a variety of Candida proteins, such as Eno1 (Walsh et al., 1991), Sap1/2(Shukla et al., 2021), and Mp65 (Gomez et al., 2000), have been identified as potential biomarkers for the diagnosis of IC, commercial diagnostic kits for the detection of Candida antigens are scarce. CAND-TEC™ is an approved kit for the latex agglutination detection of unknown heat-stable Candida proteins; nevertheless, the test has a limited diagnostic sensitivity for IC (Held et al., 2013). CaEno1 is a highly conserved protein that C. albicans actively secretes or releases exclusively during the process of invasive infections (Sundstrom and Aliaga, 1992). Since commercial kits for CaEno1 detection have been seldom reported, development of innovative one-step DAS-ELISA that can detect CaEno1 at concentrations over 0.33 ng/ml has the potential to be converted into a commercial kit once the detection technology has been enhanced and optimized.

A rabbit model of systemic candidiasis was established to assess the ability of DAS-ELISA to detect CaEno1 and diagnose IC. The plasma samples obtained from infected rabbit models were analyzed using the one-step DAS-ELISA, and the concentrations of CaEno1 and (1,3)-β-D-glucan decreased as the infection time was increased. The fundamental explanation, we believe, could be attributed to the fact that immunocompetent rabbits have a high resistance to Candida infection, and the injected C. albicans is rapidly cleared from the bloodstream. In the clinical circumstances, however, especially in the critically sick patients with compromised immune systems, the host-Candida pathogen conflict may be prolonged. For example, the findings from an epidemiological study in the neonatal ward has indicated that the median duration of candidaemia in neonates was 6 days and that 52% of neonates with Candida bloodstream infections suffered from persistent candidaemia (Levy et al., 2006). Therefore, it is clinically possible that the CaEno1 antigen in immune-compromise IC patients could continue to remain at an elevated level, thereby rending the detection of CaEno1 more convenient and valuable.

The detection of CaEno1 has distinct advantages over the other diagnostic techniques. It can specifically confirm C. albicans infection in comparison to the G-test and is simpler, faster, and more sensitive when compared to the blood cultures. In addition, various prior studies have confirmed that CaEno1 IgG antibody detection can play a significant role in IC diagnosis (Philip et al., 2005; Laín et al., 2007; Clancy et al., 2008; Li et al., 2013; Pitarch et al., 2014; He et al., 2015, 2016). Antigen–antibody combination testing has also been shown to increase the diagnostic efficiency in infections caused by several organisms (Mikulska et al., 2010; Fry et al., 2011; Bloch et al., 2018; Veyrenche et al., 2021). Furthermore, analyses of the various physiological and biochemical markers revealed that the inflammatory response cycle in the rabbit infection model lasted around 7 days, with detectable CaEno1 in the plasma lasting 4–7 days and anti-CaEno1 IgG antibodies appearing substantially on day 7. In the rabbit Candida infection model, CaEno1 antigen and antibody detection can provide complementary advantages and successfully boost the diagnostic efficiency. It is important to point out that the disadvantages associated with indirect ELISA detection of CaEno1 IgG antibodies include presence of high background and the necessity to dilute the samples, both of which need to be addressed in the future.

The study’s conclusions should be viewed considering some limitations. First, we have used preclinical model to illustrate the importance of CaEno1 antigen detection in the diagnosis of IC, and the full application of these findings in humans will need to be validated in future research. Second, this study only includes the data obtained from a small number of animals. Although we have objectively demonstrated the dynamic changes in the physiological and biochemical markers, CaEno1 and (1,3)-β-D-glucan in model animals, the small number of animals preclude the use of robust statistical analysis in this work.

The one-step DAS-ELISA assay was able to trace amounts of CaEno1 (ng level) in the plasma of the rabbit model, which was only slightly above the LOD of the method, thus suggesting that the sensitivity of this method needs further improvement. Furthermore, CaEno1 detection might be impeded, as with the other protein antigens, by rapid clearance from the bloodstream, the formation of immunological complexes with the associated antibodies, and existence of low amount in circulation (Ellepola and Morrison, 2005). In the future, robust technical advancements will allow us to solve some of these limitations by improving the LOD of the test technique and optimizing the protocol for the clinical serial determinations.



Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics statement

The animal study was reviewed and approved by The Bethune International Peace Hospital’s Ethics Committee.



Author contributions

JP: conceptualization, methodology, formal analysis, and writing—original draft. NL: data curation and writing—original draft. LZ: funding acquisition and resources. HM and QS: validation and writing—review and editing. ZH: conceptualization, funding acquisition, resources, supervision, and writing—review and editing. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by grants C2021505001 from the Natural Science Foundation of Hebei province, China, grants 20200242 from the Medical Science Research Project of Hebei Province, China, and grants 201200623 from the Science and Technology Research and Development Plan of Shijiazhuang, China.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

 Antinori, S., Milazzo, L., Sollima, S., Galli, M., and Corbellino, M. (2016). Candidemia and invasive candidiasis in adults: a narrative review. Eur. J. Intern. Med. 34, 21–28. doi: 10.1016/j.ejim.2016.06.029 

 Barantsevich, N., and Barantsevich, E. (2022). Diagnosis and treatment of invasive candidiasis. Antibiotics (Basel) 11:718. doi: 10.3390/antibiotics11060718

 Bloch, K. C., Myint, T., Raymond-Guillen, L., Hage, C. A., Davis, T. E., Wright, P. W., et al. (2018). Improvement in diagnosis of Histoplasma meningitis by combined testing for Histoplasma antigen and immunoglobulin G and immunoglobulin M anti-Histoplasma antibody in cerebrospinal fluid. Clin. Infect. Dis. 66, 89–94. doi: 10.1093/cid/cix706 

 Charton, F., Conan, P. L., Le Floch, H., Bylicki, O., Gaspard, W., Soler, C., et al. (2020). Evaluation of pneumococcal urinary antigen testing for respiratory tract infection investigations. Med. Mal. Infect. 50, 57–62. doi: 10.1016/j.medmal.2019.06.009 

 Ciotti, M., Maurici, M., Pieri, M., Andreoni, M., and Bernardini, S. (2021). Performance of a rapid antigen test in the diagnosis of SARS-CoV-2 infection. J. Med. Virol. 93, 2988–2991. doi: 10.1002/jmv.26830 

 Clancy, C. J., Nguyen, M. L., Cheng, S., Huang, H., Fan, G., Jaber, R. A., et al. (2008). Immunoglobulin G responses to a panel of Candida albicans antigens as accurate and early markers for the presence of systemic candidiasis. J. Clin. Microbiol. 46, 1647–1654. doi: 10.1128/JCM.02018-07 

 Dixit, C. K., Vashist, S. K., MacCraith, B. D., and O'Kennedy, R. (2011). Multisubstrate-compatible ELISA procedures for rapid and high-sensitivity immunoassays. Nat. Protoc. 6, 439–445. doi: 10.1038/nprot.2011.304 

 Ellepola, A. N., and Morrison, C. J. (2005). Laboratory diagnosis of invasive candidiasis. J. Microbiol. 43, 65–84.

 Fisher, B. T., Boge, C. L. K., Xiao, R., Shuster, S., Chin-Quee, D., Allen, J., et al. (2022). Multicenter prospective study of biomarkers for diagnosis of invasive candidiasis in children and adolescents. Clin. Infect. Dis. 75, 248–259. doi: 10.1093/cid/ciab928 

 Fry, S. R., Meyer, M., Semple, M. G., Simmons, C. P., Sekaran, S. D., Huang, J. X., et al. (2011). The diagnostic sensitivity of dengue rapid test assays is significantly enhanced by using a combined antigen and antibody testing approach. PLoS Negl. Trop. Dis. 5:e1199. doi: 10.1371/journal.pntd.0001199 

 Fuchs, S., Lass-Flörl, C., and Posch, W. (2019). Diagnostic performance of a novel multiplex PCR assay for Candidemia among ICU patients. J. Fungi (Basel) 5:86. doi: 10.3390/jof5030086

 Gomez, M. J., Maras, B., Barca, A., La Valle, R., Barra, D., and Cassone, A. (2000). Biochemical and immunological characterization of MP65, a major mannoprotein antigen of the opportunistic human pathogen Candida albicans. Infect. Immun. 68, 694–701. doi: 10.1128/IAI.68.2.694-701.2000 

 Hamula, C. L., Hughes, K., Fisher, B. T., Zaoutis, T. E., Singh, I. R., and Velegraki, A. (2016). T2Candida provides rapid and accurate species identification in Pediatric cases of Candidemia. Am. J. Clin. Pathol. 145, 858–861. doi: 10.1093/ajcp/aqw063 

 Hayette, M. P., Seidel, L., Adjetey, C., Darfouf, R., Wéry, M., Boreux, R., et al. (2019). Clinical evaluation of the DermaGenius® nail real-time PCR assay for the detection of dermatophytes and Candida albicans in nails. Med. Mycol. 57, 277–283. doi: 10.1093/mmy/myy020 

 He, Z. X., Chen, J., Li, W., Cheng, Y., Zhang, H. P., Zhang, L. N., et al. (2015). Serological response and diagnostic value of recombinant candida cell wall protein enolase, phosphoglycerate kinase, and β-glucosidase. Front. Microbiol. 6:920. doi: 10.3389/fmicb.2015.00920

 He, Z., Piao, J., Qiu, Y., Lei, D., Yang, Y., Shi, L., et al. (2022). Investigation of the location and secretion features of Candida albicans enolase with monoclonal antibodies. Ann. Microbiol. 72:25. doi: 10.1186/s13213-022-01682-8

 He, Z. X., Shi, L. C., Ran, X. Y., Li, W., Wang, X. L., and Wang, F. K. (2016). Development of a lateral flow immunoassay for the rapid diagnosis of invasive candidiasis. Front. Microbiol. 7:1451. doi: 10.3389/fmicb.2016.01451

 Held, J., Kohlberger, I., Rappold, E., Busse Grawitz, A., and Häcker, G. (2013). Comparison of (1->3)-β-D-glucan, mannan/anti-mannan antibodies, and Cand-Tec Candida antigen as serum biomarkers for candidemia. J. Clin. Microbiol. 51, 1158–1164. doi: 10.1128/JCM.02473-12 

 Ito, S., Ashizawa, M., Sasaki, R., Ikeda, T., Toda, Y., Mashima, K., et al. (2018). False-positive elevation of 1,3-beta-D-glucan caused by continuous administration of penicillin G. J. Infect. Chemother. 24, 812–814. doi: 10.1016/j.jiac.2018.06.008 

 Kullberg, B. J., and Arendrup, M. C. (2015). Invasive Candidiasis. N. Engl. J. Med. 373, 1445–1456. doi: 10.1056/NEJMra1315399

 Laín, A., Moragues, M. D., Ruiz, J. C., Mendoza, J., Camacho, A., Del Palacio, A., et al. (2007). Evaluation of a novel enzyme-linked immunosorbent assay to detect immunoglobulin G antibody to enolase for serodiagnosis of invasive candidiasis. Clin. Vaccine Immunol. 14, 318–319. doi: 10.1128/CVI.00396-06 

 Lamoth, F., Clancy, C. J., Tissot, F., Squires, K., Eggimann, P., Flückiger, U., et al. (2020). Performance of the T2Candida panel for the diagnosis of intra-abdominal candidiasis. Open forum. Infect. Dis. Ther. 7:ofaa075. doi: 10.1093/ofid/ofaa075 

 Levy, I., Shalit, I., Askenazi, S., Klinger, G., Sirota, L., and Linder, N. (2006). Duration and outcome of persistent candidaemia in newborn infants. Mycoses 49, 197–201. doi: 10.1111/j.1439-0507.2006.01231.x 

 Li, F. Q., Ma, C. F., Shi, L. N., Lu, J. F., Wang, Y., Huang, M., et al. (2013). Diagnostic value of immunoglobulin G antibodies against Candida enolase and fructose-bisphosphate aldolase for candidemia. BMC Infect. Dis. 13:253. doi: 10.1186/1471-2334-13-253 

 Mikulska, M., Calandra, T., Sanguinetti, M., Poulain, D., and Viscoli, C. (2010). The use of mannan antigen and anti-mannan antibodies in the diagnosis of invasive candidiasis: recommendations from the third European conference on infections in Leukemia. Crit. Care 14:R222. doi: 10.1186/cc9365 

 Pappas, P. G., Kauffman, C. A., Andes, D. R., Clancy, C. J., Marr, K. A., Ostrosky-Zeichner, L., et al. (2016). Update by the Infectious Diseases Society of America. Clin. Infect. Dis. 62, e1–e50. doi: 10.1093/cid/civ933 

 Pappas, P. G., Lionakis, M. S., Arendrup, M. C., Ostrosky-Zeichner, L., and Kullberg, B. J. (2018). Invasive candidiasis. Nat. Rev. Dis. Primers 4:18026. doi: 10.1038/nrdp.2018.26

 Peeling, R. W., Olliaro, P. L., Boeras, D. I., and Fongwen, N. (2021). Scaling up COVID-19 rapid antigen tests: promises and challenges. Lancet Infect. Dis. 21, e290–e295. doi: 10.1016/S1473-3099(21)00048-7 

 Philip, A., Odabasi, Z., Matiuzzi, G., Paetznick, V. L., Tan, S. W., Warmington, J., et al. (2005). Syscan3, a kit for detection of anti-Candida antibodies for diagnosis of invasive candidiasis. J. Clin. Microbiol. 43, 4834–4835. doi: 10.1128/JCM.43.9.4834-4835.2005 

 Pitarch, A., Nombela, C., and Gil, C. (2014). Serum antibody signature directed against Candida albicans Hsp90 and enolase detects invasive candidiasis in non-neutropenic patients. J. Proteome Res. 13, 5165–5184. doi: 10.1021/pr500681x 

 Pitarch, A., Nombela, C., and Gil, C. (2018). Diagnosis of invasive candidiasis: from gold standard methods to promising leading-edge technologies. Curr. Top. Med. Chem. 18, 1375–1392. doi: 10.2174/1568026618666181025093146 

 Posteraro, B., De Pascale, G., Tumbarello, M., Torelli, R., Pennisi, M. A., Bello, G., et al. (2011). Early diagnosis of candidemia in intensive care unit patients with sepsis: a prospective comparison of (1→3)-β-D-glucan assay, Candida score, and colonization index. Crit. Care 15:R249. doi: 10.1186/cc10507 

 Ramos, J. T., Villar, S., Bouza, E., Bergon-Sendin, E., Perez Rivilla, A., Collados, C. T., et al. (2017). Performance of a quantitative PCR-based assay and Beta-d-glucan detection for diagnosis of invasive candidiasis in very-low-birth-weight preterm neonatal patients (CANDINEO study). J. Clin. Microbiol. 55, 2752–2764. doi: 10.1128/JCM.00496-17 

 Shen, J., Yang, K., Jiang, C., Ma, X. Q., Zheng, M. X., and Sun, C. H. (2020). Development and application of a rapid HPLC method for simultaneous determination of hyperoside, isoquercitrin and eleutheroside E in Apocynum venetum L. and Eleutherococcus senticosus. BMC Chem. 14:35. doi: 10.1186/s13065-020-00687-1 

 Shukla, M., Chandley, P., Kaur, H., Ghosh, A. K., Rudramurthy, S. M., and Rohatgi, S. (2021). Expression and purification along with evaluation of serological response and diagnostic potential of recombinant Sap2 protein from C. parapsilosis for use in systemic candidiasis. J. Fungi (Basel) 7:999. doi: 10.3390/jof7120999

 Sundstrom, P., and Aliaga, G. R. (1992). Molecular cloning of cDNA and analysis of protein secondary structure of Candida albicans enolase, an abundant, immunodominant glycolytic enzyme. J. Bacteriol. 174, 6789–6799. doi: 10.1128/jb.174.21.6789-6799.1992 

 Tschopp, J., Brunel, A. S., Spertini, O., Croxatto, A., Lamoth, F., and Bochud, P. Y. (2022). High false-positive rate of (1,3)-β-D-glucan in onco-hematological patients receiving immunoglobulins and therapeutic antibodies. Clin. Infect. Dis. 75, 330–333. doi: 10.1093/cid/ciab1028 

 Veyrenche, N., Bolloré, K., Pisoni, A., Bedin, A. S., Mondain, A. M., Ducos, J., et al. (2021). Diagnosis value of SARS-CoV-2 antigen/antibody combined testing using rapid diagnostic tests at hospital admission. J. Med. Virol. 93, 3069–3076. doi: 10.1002/jmv.26855 

 Walsh, T. J., Hathorn, J. W., Sobel, J. D., Merz, W. G., Sanchez, V., Maret, S. M., et al. (1991). Detection of circulating candida enolase by immunoassay in patients with cancer and invasive candidiasis. N. Engl. J. Med. 324, 1026–1031. doi: 10.1056/NEJM199104113241504 

 Zurl, C., Prattes, J., Zollner-Schwetz, I., Valentin, T., Rabensteiner, J., Wunsch, S., et al. (2020). T2Candida magnetic resonance in patients with invasive candidiasis: strengths and limitations. Med. Mycol. 58, 632–638. doi: 10.1093/mmy/myz101 

OPS/images/fmicb-14-1078709-g005.jpg
<

© v & v ~ o ©

&

(p) uonemooui 1sod awi i

—t
—+e
ool —»

o+

o
-
L
*
M

(0s¥a0) 961 Louzed-pue

10 15 20 27

4 7
Time post inoculation (d)

2

°






OPS/images/fmicb-14-1078709-t001.jpg
Species Source Cross reactivity
of strain®

9H8 10H8 DAS-

Candida albicans | Standard Positive Positive

strain SC5314 strain

Candida Standard Negative Positive Negative
tropicalis strain

ATCC1369

Nakascomyces  Standard Negative Positive Negative
(Candida) strain

glabrata

ATCCIS126

Candida Standard Negative Positive Negative
parapsilosis strain

ATCC22019

Candida krusei | Standard Negative Positive Negative
(Pichia strain

kudriavzevii)

ATCC6258
Saccharomyces | Standard Negative Positive Negative
cerevisiae strain

ATCC9763

Candida Clinical Negative Positive Negative

dublinensis (n=3) | isolates

Cryptococcus Clinical Negative | Negative | Negative
neoformans isolates

(n=3)

Escherichia coli  Clinical Negative | Negative Negative
(n=3) solates

Kiebsiella Clinical Negative | Negatve | Negative
preumoniae isolates

(n=3)

Pseudomonas Clinical Negative | Negative | Negative

aeruginosa (n=3) | isolates

Acinetobacter Clinical Negative | Negative Negative

baumannii (n=3)  isolates

Enterococcus Clinical Negative | Negative | Negative
Saccium (n=3)  isolates

Enterococcus Clinical Negative | Negative | Negative
Jfaccalis (n=3) isolates

Streptococcus Negative | Negative | Negative
preumoniae isolates

(n=3)

Staphylococcus  Clinical Negative | Negatve | Negative
aureus (n=3) isolates

Staphylococcus  Clinical Negative | Negative Negative

epidermis (n=3) | isolates

‘Al the clinical isolates have been identified by an 109000 certified microbiological clinical
aboratory.
"DAS-ELISA, dual antibody sandwich enzyme-linked immunosorbent assay.





OPS/images/fmicb-14-1078709-g003.jpg
Weight gain (kg)

WBC (x10°)

4000:

B
1.5
g
@ 1.0 %
2
®
5 o5
E
g
& 0.0{ =
&
05
0 1 2 4 7 10 15 20 27 0 1 2 4 7 10 15 20 27
Time post inoculation (d) b Time post inoculation (d)
L O
5 ast
60
% I I 40
Z 240 ; ?"\1
25
< I. 'f '1- 20

o 1T 2 & ¥
Time post inoculation (d)

10 15 20 27

3000:

2000:

CK (glL)

1000

—
-—op!l
LS
et
—
-.H
[
[0
IR

(B) Nng

1.2 4 7 10 15 20 27

Time post inoculation (d)

0 1 2 4 7 10 15 20 27

Time post inoculation (d)

(B)LSY





OPS/images/fmicb-14-1078709-g004.jpg
1.0
8
.6
4
2

o - & w ~

(p) uonenooui 3sod awiy

(1,3)-B-D-glucan (pg/mL)

s g g g
8 &8 8 & o

Time post inoculation (d)

& -« o

5
(qw/Bu) Louge:






OPS/xhtml/Nav.xhtml




Contents





		Cover



		Quantitatively detecting Candida albicans enolase1 with a one-step double monoclonal antibody sandwich ELISA assay



		Introduction



		Materials and methods



		Organism and growth conditions



		Whole cell ELISA



		The one-step DAS-ELISA



		Rabbit model of systemic candidiasis



		CaEno IgG antibody detection









		Results



		Specificity of the mAbs and DAS-ELISA



		Performance of the DAS-ELISA



		Rabbit model of the systemic candidiasis



		Diagnostic efficiency of CaEno1 detection was better in comparison to the other tests



		Combined CaEno1 antigen antibody detection improved the diagnostic efficiency









		Discussion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Conflict of interest



		Publisher’s note



		References



















OPS/images/fmicb-14-1078709-g001.jpg
. capture antibody coating

(oveightat 4 °C)

. washing with PBST

. BSA blocking

(30 min at 37 °C)

-

. washing with PBST

. sample adding

detection antibody adding
(45 min at 37 °C)

. washing with PBST

. substrate TMB adding

(15 min at room temperature)

. Stop reaction with H,S0,

- optical density reading

(at 450 nm)






OPS/images/fmicb-14-1078709-g002.jpg
0D450 values

ok oesmx-o,oozzo
.99875 |

0 ] £l W £l

Detected CaEno1 concentration (ng/mL)

50

o

2

y=0.95504x+0.40963

w0

% 7 ] ]

CaEno1 concentration (ng/mL)

Expected CaEno1 concentration (ng/mL)






OPS/images/cover.jpg
, frontiers | Frontiers in Microbiology

Quantitatively detecting Candida
albicans enolasel with a one-step
double monoclonal antibody
sandwich ELISA assay












OPS/images/crossmark.jpg
(®) Check for updates







OPS/images/logo.jpg
’ frontiers Frontiers in Microbiology






