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Abstract
Immunocapture is now a well-established method for sample preparation prior to quantitation of peptides and proteins in complex matrices. This short review will give an overview of some clinical applications of immunocapture methods, as well as protocols with and without enzymatic digestion in a clinical context. The advantages and limitations of both approaches are discussed in detail. Challenges related to the choice of mass spectrometer are also discussed. Top-down, middle-down, and bottom-up approaches are discussed. Even though immunocapture has its limitations, its main advantage is that it provides an additional dimension of separation and/or isolation when working with peptides and proteins. Overall, this short review demonstrates the potential of such techniques in the field of proteomics-based clinical medicine and paves the way for better personalized medicine.



1) Introduction

Accurate and precise determination of analyte concentrations in biological fluids is of paramount importance in Laboratory medicine for the best care of the patients (1). Due to the lack of specificity of the commonly-used immunoassays, more and more clinical laboratories are moving to liquid chromatography coupled to tandem mass spectrometry (LC-MS/MS) methods (2–6). This is, for instance, the case of  salivary cortisol or 25-hydroxyvitamin D determinations (2,3). Classical sample preparation methods for LC-MS/MS analysis include Solid-Phase Extractions (SPE), or Liquid-Liquid Extractions (LLE). 
When focusing on peptides and proteins, alternative methods that focus on antigen-antibody reactions are increasingly being used. This review will discuss techniques known as immunocapture. When compared to traditional SPE and LLE methods, immunocapture techniques offer the advantage of providing an additional dimension of separation, as the extraction principles are different. 
This review will begin with a brief overview of existing immunocapture methods. The capture agent and antibody selection will be discussed in detail and information on the most commonly used capture agents will be provided. From a practical point of view, immunocapture using bead immobilization is mainly used and will be discussed throughout this manuscript. Non-digestion and digestion strategies are also discussed. The non-digestion strategies clearly show advantages when focusing on protein degradation analysis. A brief discussion of an emerging field called immuno-peptidomics will also be presented. Finally, a comparison between LC-MS/MS triple quadrupole and LC-HRMS (high resolution mass spectrometry) systems will be made in the context of immunocapture methods for clinical applications. Examples of background noise reduction using HRMS systems will be discussed. Finally, the advantages and limitations of the use of immunocapture methods will be discussed. The cost and availability of antibodies are the most important limitations of these methods.
2) Immunocapture
This section first discusses the principles and considerations of immunocapture. Strategies with and without digestion are then considered. These strategies are summarized in Figure 1. As shown in this figure, different mass spectrometers and sample preparations are used depending on the chosen strategy. 
Schematically, three different approaches are possible: bottom-up, middle-down and top-down. Briefly, in the bottom-up approach, the protein is digested (before or after immunocapture). Although several enzymes are available on the market, trypsin is usually used for digestion. In this approach, signature peptides (peptides specific to the protein) are then used for protein quantification. In the middle-down approach, partial digestion is performed to obtain peptide species that are larger than those obtained in the bottom-up approach. This digestion method is more appropriate when screening for post-translational modification sites. Larger peptides are also more likely to be protein specific than smaller peptides. Finally, the top-down approach analyzes intact proteins without any digestion. All practical considerations regarding experimental details and instrument choice will be discussed in detail in the rest of this manuscript.
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Figure 1: Summary of possible options with affinity capture. Reprinted from Kellie et al. (2020),(7) copyright 2020, with permission from Future Science.

a) Immunocapture considerations
Over the years, immunocapture has become a standardized method for protein and peptide isolation (8–13). In this method, a chosen antibody is first coupled to a magnetic bead. In this first step, the antibody binds to the beads via one protein already present on the bead called capture agent. Consecutively to that, samples are incubated with the beads. Finally, most frequently, one elution step is performed to release all captured molecules. For this last step, high organic solvent composition (around 50% acetonitrile) is often used. In-between all these steps, washing steps are often included. This entire process is summarized in figure 2. As depicted on this figure, working with magnetic beads offers the advantage to provide one easy and practical physical support for protein extraction. 
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Figure 2: Generic workflow for immunocapture protocol on magnetic beads. This full protocol involves magnetic beads preparation, sample binding, washing steps and finally elution.
Similarly to SPE where different extraction solvent can be used, immunocapture via magnetic beads offer also the advantage to be adaptative as a function of the considered analyte. To do so, various capture agents that target various molecules can be used(14). Within all the capture agents, proteins A and G are the most frequently used and offer the advantage to be commercially available. Protein A (Uniprot P38507) is a 56 kDa protein originated from Staphylococcus aureus while protein G comes from Streptococcal bacteria. Both are immunoglobulin (IgG) binding proteins. The choice of the capture agent is highly dependent of the compound of interest. In most cases, antibody-bead coupling is first performed followed by protein fixation. In some cases, “all-in one” protocols have also been investigated (antibody coupling and protein fixation in one step)(15). In this last article, this kind of protocol has the advantage to reduce the number of steps but showed less efficiencies when an “all-in one” protocol is used. Following this first coupling, the choice of the second antibody is highly important. This last point will be discussed in detail in the following sections.
In the next section of this manuscript, applications of immunocaptures are discussed in detail.
b) Immunocapture followed by digestion – clinical examples
Recently, one Immunocapture-LC-MS/MS (IC-LC-MS/MS) approach has successfully been used for severe acute respiratory syndrome coronavirus 2 (SARS-COV2) detection (15). 
In this work from Schuster et al., the immunocapture focused on the extraction of the spike-protein of the SARS-COV2 from nasopharyngeal (NP) specimens. In this article, the sample was first heated to inactivate the virus. Consecutively to that, immunocapture was performed and digestion buffer was added to change the pH. Ultimately, this purified spike-protein extract underwent tryptic digestion before LC-MS/MS analysis. In this article, using immunocapture, the S/N ratio (transition 443.7  682.3) was increased from 3 until 140. More generally, this approach has also been used in the context of one influenza pandemic threat (16). In both cases, virus-specific proteins were first purified and then digested before LC-MS/MS analysis. By comparison with tryptic digestion without prior immunocapture, this protocol showed lower background interferences and better sensitivity(15). This workflow yields a more concentrated sample with a greater signal during the subsequent analysis.
Similar digestion protocols have also been considered, for example, for the quantitation of 22kDa isoforms of human growth hormone (17) or anti-drug antibodies (18). Various protein biomarkers and enzymes have been analyzed and quantified using similar digestion protocols followed by LC-MS/MS analyses (19–21). In some case, immunocapture followed by tryptic digestion and SPE can also be efficient for protein biomarker quantitation (22). In this article, authors pointed out the need to combine both techniques to achieve acceptable sample cleanup and desired sensitivity.
The option of performing “on-beads” digestion has also been evaluated (23,24). In these examples, quantitation of 1-84 parathyroid hormone (PTH) and of parathyroid related protein (PTHrp) have been performed. This option gives the advantage to reduce the number of sample preparation steps. In the case of PTHrp quantitation method (23), a two-dimensional liquid chromatography (2D-LC) method is used prior to MS analysis in order to reduce the number of sample preparation steps while maintaining one additional purification step. As explained in a previous review(25), 2D-LC can be helpful in a large number of situation. However, as stated in this last review, the biggest limitations of these 2D-LC approaches are the difficulties to operate these systems and the lack of robustness in some situations.
 [image: ]
Figure 3: Comparison of digestion with and without prior elution. In A sample, digestion is performed after elution while in B sample digestion is performed on the beads. In this figure, beads are depicted in yellow. Reprinted from Levernaes et al. (2017), copyright 2017, with permission from Elsevier.(26)
Comparison of protocols involving in solution or “on-beads” digestion has also been performed (26). This last study did not provide a clear answer as to which approach is best. In fact, the answer varies depending on the protein under consideration. To evaluate the efficiency of each approach, the final intensity of a signature peptide was followed. The approach used to compare the two methods is summarized in Figure 3. Overall, bead digestion has the advantage of reducing the number of steps in the process, making it more suitable for routine application. On the other hand, digestion after elution provides an additional purification step, which extends column life and reduces chromatogram background.
[bookmark: _Hlk131498550][bookmark: _Hlk131501359]It is also worth to mention that most of the studies involve liquid samples but immunocapture followed by tryptic digestion can also be performed on formalin fixed paraffin embedded (FFPE) samples (27). In this last example, the sample was first treated for deparaffination, rehydrated and protein extraction was performed. Following this step, protein digestion and classical immunocapture protocol were performed before LC-MS/MS analysis. This study is especially interesting in a clinical context where many hospitals have big databases with a lot of FFPE samples that are routinely used for histopathological diagnostics(28).
c) Immunocapture without digestion – clinical examples
Without any digestion step, naturally-present peptides can also be quantified by combining “on-beads” immunocapture and LC-MS/MS analysis (29).
In some cases, where detecting simultaneously full protein and naturally present peptides coming from protein degradation is important, avoiding digestion steps is crucial in the
sample preparation as this would make impossible the distinction between naturally
occurring peptides and digestion product. In those cases, the choice of the right antibody with the appropriate epitope is also important. Examples in the field of PTH (30,31) and of neurofilaments (32) are found in the literature. In these studies, combination of various antibodies with various epitopes is sometimes important to obtain a broad view of what is present is the sample. Using these approaches, post-translational modifications (PTM) identification and localization can also be investigated. This last statement is, for example, of great interest in the identification of glycosylated variants(33,34). To illustrate the importance of glycosylated variants analysis in a clinical context, in the article from Chen et al. (34), 3 glycoproteins were found as potential biomarker for the diagnosis of hepatocellular carcinoma (HCC). 
This approach has also been applied for the analysis of intact antibodies (35), antibody-drug conjugates (36) and for the analysis of variants of a specific protein (37). In this last example, as the sample preparation is relatively generic, multiple variants can be isolated, detected and quantified simultaneously which is from great interest in a clinical point of view. In this article, variants of pancreatic secretory trypsin inhibitor Kazal type 1 (SPINK1) have been reported to be responsible of chronic or recurrent pancreatitis.
Analysis of naturally present peptides in complex samples using immunocapture protocols is often described, in recent papers as “immunopeptidomics”(38,39). Immunopeptidomics can be define as a research area that focus on the discovery of antigens presented on major histocompatibility complexes by antigen-presenting cells. In this approach, multiple antibodies are used in combination(40). Using this global approach, a better understanding of the peptides roles within various pathologies can be obtained. In the case where protein degradations occur, investigation of degradations products is of great interest. As stated above and in a more targeted approach, Kritmetapak et al.(31) showed the clinical interest of simultaneously measure intact (PTH 1-84) and degradation products from PTH in plasma samples. For the analysis of such complex data, new tools involving MS/MS fragmentation databases and de novo-sequencing analysis have been recently developed(41).
d) Limitations of immunocapture
[bookmark: _Hlk132892045]The main drawbacks of these methods are the availability and price of antibodies. In the best-case scenario, antibodies are commercially available, and the analysis can be performed. For example, and from a simplified perspective, the sample preparation required for an IC-LC-MS/MS analysis of PTH 1-84 would cost approximately $12, considering only the cost of magnetic beads, reagents, and antibodies. The cost of the same analysis by SPE is reduced to $6 due to fewer steps and overall sample preparation simplification. This may not be fully representative as it is only a specific example of an analysis that can be performed by SPE. It should be noted that this may not be the case for other analytes, for which IC may remain the best (or only) option and therefore the increase in cost is justified. 
When antibodies are not commercially available, this can be more complex. For peptides whose sequence or structure are not clearly elucidated, it may be even impossible to synthesize and antibody, and although it remains possible, should an antibody be developed from scratch for a given protein, the cost is heavily increased. Interferences with beads components can also sometimes happen. Some deficiencies in terms of sensitivity are also reported(42). In this last article, the LLOQ for LC-MS/MS and for LC-HRMS methods were respectively from 20 and 1 ng/ml. One other drawback of immunocapture is the number of washing steps often involved in the process. These steps often introduce substantial losses of the target compounds and can decrease reproducibility.
3) Mass spectrometry choice

When developing an IC-LC-MS method, the choice of the mass
spectrometer is crucial. Schematically, in the field of clinical chemistry, two types of mass spectrometers can mainly be considered: triple quadrupole and HRMS. By comparison with triple quadrupole instruments, HRMS spectrometers have the advantage to give access to isotopic profiles of molecules. This is particularly important in the field of big peptides and proteins where species are often multi-charged. Because of these high charge states, isotopic profiles can be large (the difference between two isotopes is equal to 1/z) and interferences can then be reduced by comparison with classical LC-MS/MS methods. When speaking about HRMS instruments, three major instrumental technologies are used. The first one relies on the quadrupole time-of-flight (Q-ToF) technology. With Q-ToF instruments, the typical mass resolution is between 20 000 and 50 000 full width at half maximum (FWHM). It is also worth to mention that new Q-ToF products on the market tend to achieve resolutions above 200 000 FWHM(43) such as the the SELECT SERIES MRT from Waters. These instruments give the advantage to be easy to use and flexible. The second technology relies on Orbitrap. This instrument can provide, in general, higher mass resolution (above 100 000) and provides better mass accuracies. One the other hand, to achieve best resolution results, higher acquisition times are needed which is not always suitable for LC-HRMS experiments. This leads ultimately to sacrificing mass resolution for speed. The third technology relies on Fourier Transform Ion Cyclotron Resonance (FT-ICR). This last system can provide ultra-high resolution (above 1 000 000 FWHM) detection system but is far less accessible and suitable for clinical applications.
Comparison of these two types of instruments (triple quadrupole and HRMS) and protocols involving digestion and no digestion is performed in various articles (42,44–46).
In short, the bottom-up approach (enzymatic digestion) is commonly used in LC-MS/MS by following a signature peptide representative of the target protein. This approach provides good sensitivity, but only a portion of the protein is monitored, which is not always representative of the target protein. Complicated sample preparation procedures (i.e., denaturation and proteolytic digestion) can introduce variation and artifacts. For these reasons, the top-down approach has gained interest. In this approach, the intact target protein is monitored. Biotransformation, PTM and change in protein form can be studied, and the use of a high-resolution mass spectrometer is required. Currently, this approach is limited by the size of the studied protein, as the signal intensity progressively decreases as the size of the target protein increases. Regarding resolution, it is important to note that the values given by the constructor are related to low m/z values. Therefore, lower resolution is expected at higher m/z values.(47).
In 2017, Zhao et al. used the benefit of both bottom up (i.e., better sensitivity – achieved LLOQ requirement for quantitation) and top down (i.e., information about the structure and the stability) approaches. A plasma sample is first treated by immunocapture purification to isolate the protein of interest. This protein is then analyzed by HRMS in its intact form or digested and then analyzed by LC-MS/MS. In this study, similar values in term of quantitation were obtained with both platforms. In terms of sensitivity, the sensitivity obtained with the top-down approach can be increased by using supercharging reagents such as Dimethyl sulfoxide (DMSO) and by combining the most abundant ions. However, the sensitivity with the bottom-up approach is not reached with the top-down approach. 
[bookmark: _Hlk132895610]One of the most important differences between the two technologies (triple quadrupole and HRMS) is the mass analysis window. In fact, a triple quadrupole is best suited for analytes in the range of a few hundred to a few thousand mass/charge units (m/z) (e.g., 2048 m/z for the Xevo TQ absolute), while a TOF or Orbitrap mass spectrometer is equipped to achieve higher m/z values (e.g., 8000 m/z for the Orbitrap Exploris 480, ThermoFisher). With a triple quadrupole, masses and transitions are often used to obtain accurate and selective values, while HRMS instruments do not require these requirements. Even though transitions are not mandatory with triple quadrupole instruments, working in MRM mode greatly improves selectivity and sensitivity. Another advantage of HRMS is the ability to study the structure of the intact protein (top-down analysis)(48,49). Due to its better mass resolution, HRMS technology has also been successfully used, for example, to eliminate drug interferences (50,51). Indeed, as demonstrated by Muccio et al (50,51), the enhanced selectivity of HRMS conducted to the discrimination between several Igs, based on their specific mass. In this study, an IC-HPLC-HRMS method is developed to eliminate potential Isatuximab interference with serum M-protein measurements.
HRMS instruments can also be beneficial when analyzing molecules with similar but not exact same masses. In this case, if the generated fragments are the same between the molecules and LC does not provide adequate separation, HRMS can provide one solution. HRMS instruments are also very useful in the discovery phase when nothing or few is known about the molecules.  On the other hand, data generated by HRMS are complex, often require advanced expertise and can sometimes suffer from a lack in sensitivity (as stated above). The size of the generated files is also often bigger compared to files obtained with triple-quadrupole instruments. This last statement is particularly true with instruments having more and more capabilities such as ion mobility or other fragmentation technologies(52). This file-size issue is not a new problem as this was already discussed in a previous paper in 2011(53). The major problem comes from the fact that data are moving from LC-traces from multiple transitions until LC-traces of complete MS spectra. With the increasing use of HRMS data, data compressing strategies are developed to facilitate the storage(54).
4) Conclusions and future directions
Within this mini-review, one overview of immunocapture methods has first been performed. Consecutively to that, protocols involving digestion and no digestion have been discussed. Finally, the question of instrument choice is discussed. 
In term of prospect, smaller beads size (microparticles) are considered for immunocapture experiments (55). This reduction leads to better captures. In order to improve the HRMS sensitivity, summation of different charge state contributions can also be performed (56). As mentioned in this last article, proteins are distributed in several charge states. Each of these charge states are subdivided into several ions (presence of isotopes). This results in a limited detection response per ion. By deconvoluting and summing up the intensities of the multiple ions an increase of sensitivity is observed. When focusing on the separation part, capillary electrophoresis (CE) has also shown benefits when comparing with LC(57). 
In contrast, LC-MS/MS generally focuses on the detection of a signature peptide generated by enzymatic digestion of the target protein. However, some important structure information reflecting stability and activity may be lost. CE-MS/MS offers the advantage of detecting intact protein, which provides the opportunity to obtain comprehensive information on biotransformation, proteolytic fragments and PTMS. CE also offers greater separation robustness, no need for a mobile phase gradient, etc. Nevertheless, this separation technique is strongly influenced by the composition of biological samples, which requires a purification step.
In conclusion, such approaches pave the way for improved quantification of clinically relevant complex molecules such as proteins and hormones, with a sensitivity that meets clinical needs. From a more exploratory point of view, these newer techniques in the field of laboratory medicine also allow the detection of new variants and post-translational modifications of compounds of interest that may be relevant for the clinical care of patients in the future.
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