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C-reactive Protein (CRP) is synthesized in the liver. Synthesis is stimulated via the IL-1ß/IL6 pathway. CRP activates the complement system via C1q and macrophages via Fcγ receptors. Since elevated CRP plasma levels are associated with increased cardiovascular risk, CRP may play a causal role in cardiovascular disease. One approach to transfer these observations into standard medical care would be to generate hepatic CRP synthesis inhibitors and use them in controlled clinical trials. Despite huge pharmacological efforts, the search for CRP synthesis inhibitors proved to be difficult. First, the antisense oligonucleotide RNA technology, although a promising idea, has not yet led to results feasible for clinical practice. Secondly, high throughput screening assays in search for hepatic CRP inhibitors were limited by the fact that primary human hepatocytes do not adequately grow in vitro. Use of genetically engineered hepatoma cells led to the observation that cardiac glycosides are capable of inhibiting CRP synthesis. Because of patent law considerations, however, pharmaceutical companies had limited interest in further pursuing this possible path. Upstream inhibition of IL-1ß and IL-6 by antibodies has shown positive results in cardiovascular clinical trials, but because of side effects none of these antibodies has yet received FDA approval. In contrast, long-term colchicine treatment, though not being a CRP-specific approach, has recently been approved by the FDA. Taken together, there is no compelling evidence until today that hepatic CRP synthesis can specifically, effectively and safely be inhibited in vivo in human medicine. Currently, other avenues appear more promising. Here, we summarize contemporary approaches to inhibit CRP synthesis and potential goals for future clinical trials.
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1 INTRODUCTION
C-reactive protein (CRP) is an acute phase protein consisting of five identical, non-covalently bound subunits and belongs to the pentraxin family (Gang et al., 2012; Du Clos, 2013). Each subunit contains a calcium-dependent phosphocholine binding site (Thompson et al., 1999). Following phosphocholine binding, a change in CRP conformation leads to C1q+ binding and, consequently, activation of the classical complement pathway (Roux et al., 1983; Volanakis, 2001; Du Clos, 2013). Unlike complement activation via antibodies, CRP-mediated complement activation is reported to result in almost complete consumption of C1, C4, C2 and (partially) C3 but only in a low activation level of terminal membrane attack complex mC5b-9 (Kaplan and Volanakis, 1974). CRP also interacts with Fcγ receptors, especially FcγRIIa, on monocytes and neutrophiles leading to opsonisation, phagocytosis and cytokine release (Bharadwaj et al., 1999; Stein et al., 2000; Manolov et al., 2004; Lu et al., 2008). From an evolutionary genetic standpoint CRP is one of the oldest and most unspecific parts of the innate human immune system being a pattern recognition molecule binding to molecules exposed during cell death and expressed on the surfaces of pathogens (Black et al., 2004)
In humans, CRP is mainly synthesized in hepatic cells through activation at the transcriptional level by a variety of pathways. A low baseline production is induced by liver specific transcription factor NF-1 (Hurlimann et al., 1966). In case of sterile or infectious danger signals (damage-associated molecular patterns, pathogen-associated molecular patterns) caused by external triggers (trauma, tissue damage, autoimmune disorders, infection), innate immune cell pattern recognition receptors (PRRs) are activated (Latz et al., 2013). A great variety of different tissue damaging patterns induce inflammasome formation, the most prominent being nucleotide oligomerization domain-, leucine-rich repeat-, and pyrin domain containing protein (3NLPR3) inflammasome. Activated inflammasomes then act as a large multimolecular signaling platform and thereby induce maturation and release of cytokines, especially pro interleukin (IL)-1ß and IL-18 (Próchnicki et al., 2016).
Pro IL-1ß is mainly a product of tissue macrophages, dendritic cells and blood monocytes and needs intracellular caspase 1 (also activated by inflammasomes) in order to be transferred into the active form IL-1ß (Martinon et al., 2009; Dinarello and van der Meer, 2013). After binding to the membrane bound IL-1 receptor (IL-1R), IL-1ß activates a cascade that results, among others, in intracellular activation of NF-kappaB, leading to cytokine and CRP induction. The same pathway and activation of NF-kappaB is also induced by IL-18 (Kaplanski, 2018). Figure 1 shows possible IL-1ß activation pathways.
[image: Figure 1]FIGURE 1 | Possible activation pathways of IL-1ß and IL-18 in monocytes and macrophages. RIPK1, serine/threonine-protein kinase 1; FADD, Fas-associated protein with death domain; NLRP 3, Nod-like receptor protein family pyrin domain containing 3; Pro-IL1ß, Pro interleukin 1ß; Pro IL-18, Pro interleukin 18.
IL-6 can be found in and produced by different tissues and has many functions involving the regulation of the immune system and hematopoesis as well as inflammation and acute phase response (Tanaka et al., 2014). IL-6 is mainly produced by monocytes and macrophages (Tanaka et al., 2016). It binds to the membrane bound IL-6 receptor (IL-6R), which interacts with membrane bound glycoprotein 130 and leads to an activation of NF-kappaB and the transcription factors STAT3 and C/EBPß, all capable of upregulating CRP expression. Following a transcriptional complex formation of c-Fos, STAT3, and hepatocyte NF-1 alpha, which is essential for cytokine-driven C-reactive protein gene expression, this complex binds to the CRP promoter and upregulates CRP synthesis (Zhang et al., 1996; Agrawal et al., 2001; Singh et al., 2007; Nishikawa et al., 2008; Young et al., 2008). With the simultaneous presence of interleukin-1ß (IL-1ß), hepatic CRP production is raised exponentially (Pepys and Hirschfield, 2003), potentially by triggering an autocrine IL-6 loop (Kramer et al., 2008). The latter displays the crucial role of IL-1ß in the activation of the humoral part of the innate immune system (Grebe et al., 2018).
In clinical routine, CRP has, up to the present day, predominantly been quantified in inflammatory and infectious conditions and is widely used to monitor various autoimmune diseases such as rheumatoid arthritis (Du Clos, 2013). CRP levels are also known to correlate with mortality in septic patients with multiple organ failure (Lobo et al., 2003). Elevated CRP baseline levels are associated with an increased risk for cardiovascular events, predominantly represented by stable coronary artery disease, myocardial infarction and ischemic stroke, as first reported by Ridker et al. (1997). A large meta-analysis confirmed the correlation of elevated baseline CRP levels with a higher likelihood of relevant coronary disease (i.e., patients suffering from angina on exertion or myocardial infarction), ischemic stroke and mortality (Emerging Risk Factors Collaboration et al., 2010). In addition CRP has been shown to co-localize in atherosclerotic plaques in humans as well as mice (Reynolds and Vance, 1987; Torzewski et al., 1998; Zimmermann et al., 2014). Since these findings may imply a causal role of elevated CRP plasma levels in various diseases instead of CRP just being a marker, inhibiting CRP synthesis could be a potential therapeutical target in the setting of acute infectious and autoimmune diseases as well as in cardiovascular disease. Discussions are, however, still ongoing and controversial (Torzewski, 2005; Pepys, 2008; Ridker, 2019; Jimenez and Szalai, 2021).
One way to answer the question of CRP being a worthwhile therapeutic target would be to lower plasma levels via selective CRP synthesis inhibition in the liver in the setting of the above-mentioned diseases in vivo. Consequently, this article focuses on contemporary approaches of CRP synthesis inhibition in the setting of cardiovascular disease. Substances inhibiting CRP synthesis and their potential intracellular targets are depicted in Figure 2.
[image: Figure 2]FIGURE 2 | Diagram with the currently most promising pathways of CRP synthesis inhibition, i.e., IL-1ß/IL-6 inhibition by monoclonal antibodies, STAT-3 pathway interference by statins, RNA interference by antisense oligonucleotides and Na(+)/K(+)-ATPase-dependent inhibition by cardiac glycosides.
2 NATURAL SUBSTANCES CAPABLE OF LOWERING CRP PLASMA LEVELS
A variety of natural substances such as rosmarinic acid, tart cherry juice and green tea have recently been reported to have anti-inflammatory effects with the capability of reducing CRP levels (Asbaghi et al., 2019; Chai et al., 2019; Yao et al., 2019; Asbaghi et al., 2020). The mechanisms remain largely unclear. Nonetheless, in the prevention of atherosclerosis and its sequelae such substances are worth further investigation, especially for primary prevention. In Table 1 we summarize the most natural promising substances with reported effects on CRP levels.
TABLE 1 | Natural substances with anti-inflammatory and CRP lowering effects.
[image: Table 1]3 REDUCTION OF CRP PLASMA LEVELS VIA UPSTREAM INHIBITION OF THE IL-1Β/IL-6/CRP PATHWAY
The JUPITER trial (Ridker et al., 2008) showed a CRP lowering effect of 3-Hydroxy-3-Methylglutaryle-Coenzym-A-Reductase-(HMG-CoA-Reductase) inhibitors (statins) and also a reduction of cardiovascular event rates in patients with cholesterol levels of less than 130 mg/dL and CRP plasma levels of 2 mg/L or higher. These findings implied an anti-inflammatory effect of statins in addition to the reduction of cholesterol levels and underlined the importance of research on anti-inflammatory therapies in cardiovascular disease. Statins themselves have been part of the optimal medical treatment of cardiovascular disease since more than 40 years, nonetheless the mechanisms of statin-induced reduction of CRP plasma levels are not yet completely unraveled. Statins have shown to lower CRP levels in multiple ways. One reason being the reduction of LDL and oxidized LDL levels through 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase inhibition as well as the upregulation of HDL and its key component apolipoprotein A-I. Both mechanisms lead to an indirect reduction of CRP synthesis in smooth muscle cells and macrophages in atherosclerotic plaques (Calabro et al., 2003; Arévalo-Lorido, 2016). Another potentially important mechanism involves the inhibition of protein isoprenylation, which leads to an interference with a group of intracellular signaling involving guanosine triphosphate (GTP)-binding proteins as Rho, Rac and Ras (Schönbeck and Libby, 2004). Causing a reduction of RAC-1 geranylgeranylation leads to a lower level of IL-6 induced serine phosphorylation of the transcription factor STAT3 reducing CRP synthesis (Arnaud et al., 2005).
Consecutively, Ridker et al. designed a trial which examined whether the inhibition of inflammation by IL-1β targeting without influencing cholesterol levels at all would also have an effect on cardiovascular events. The CANTOS trial (Ridker et al., 2017) used Canakinumab, a human monoclonal antibody neutralizing IL-1ß, for inhibition of the IL-1ß/IL-6/CRP pathway. The CANTOS trial indeed showed a highly relevant risk reduction for cardiovascular events in individuals with an increased risk for cardiovascular disease. Canakinumab lowered CRP, fibrinogen and IL-6 levels effectively without influencing cholesterol levels. Side effects, however, included more severe infectious diseases in the treatment group compared to the control group and thus, Canakinumab in this indication, did not receive FDA approval. Furthermore, CANTOS did not answer the question of a causal CRP involvement in cardiovascular disease but proved the vital role of inflammation once more. The COLCOT trial (Tardif et al., 2019) confirmed these results by showing reduced cardiovascular event rates due to several anti-inflammatory effects of colchicine, most notably IL-1 und IL-8 inhibition (Leung et al., 2015), in secondary disease prevention. Based on the LoDoCo2 trial (Nidorf et al., 2020), low dose Colchicine has recently received FDA approval for the secondary prevention of cardiovascular disease. The latest study investigating upstream CRP inhibition was the recently published RESCUE trial, a phase II study, which showed effective reduction of CRP levels through IL-6 inhibition via Ziltevikimab in a dose-dependent manner in patients at high cardiovascular risk and suffering from chronic kidney disease (Ridker et al., 2021). Based on these results, a large-scale randomized clinical trial has been initiated investigating the effect of Ziltevikimab on cardiovascular endpoints, results are pending. Table 2 summarizes the key results of the studies mentioned above.
TABLE 2 | Relevant clinical studies investigating reduction of CRP plasma levels.
[image: Table 2]Direct JAK inhibition to our knowledge has not yet been investigated in the context of cardiovascular disease. It has been shown though that JAK inhibitors are capable of lowering CRP levels (Pin et al., 2020). In clinical practice JAK inhibitors are mainly used to treat autoimmune disorders and strong data is available for patients with rheumathoid arthritis, which has lead to JAK inhibitors being a part of the European and American guidelines treatment algorithms for patients with rheumathoid arthritis (Fraenkel et al., 2021; Smolen et al., 2023). In this context there have been evaluations of the cardiovascular safety of JAK inhibitors showing positive effects or no relevant effects on cardiovascular events, however these were metaanalyses (Charles-Schoeman et al., 2016; Charles-Schoeman et al., 2019; Xie et al., 2019).
4 CRP SYNTHESIS INHIBITION VIA ANTISENSE OLIGONUCLEOTIDES
Antisense oligonucleotides (ASOs) are short single-stranded nucleic acids that selectively bind to a specific part of mRNA and can be used to modify gene expression. They have to be administered parenterally and processed to ensure cellular uptake (Bennett and Swayze, 2010). Szalai et al. successfully used ASOs to inhibit CRP expression and to lower CRP plasma levels in rats and in CRP transgenic mice. ASO treatment resulted in the reduction of atherosclerotic plaque burden compared to rats and transgenic mice which were not treated with ASOs (Szalai et al., 2014). Yu et al. showed effective reduction of CRP levels with ASOs in Watanabe heritable hyperlipidemic rabbits. In contrast to Szalai et al., this study could not demonstrate any difference in atherosclerotic plaque burden between ASO-treated and -non treated Watanabe heritable hyperlipidemic rabbits (Yu et al., 2014).
The only larger clinical trial showing that ASOs can effectively inhibit CRP synthesis in humans used endotoxin to induce an acute phase reaction. An effect on the release of other acute phase proteins was not seen (Novcek et al., 2014). In 2012, another group had already reported effective reduction of CRP levels using ASOs in 8 adults (Jones et al., 2012). Since then, however, no further studies or randomized controlled trials applying ASOs in patients suffering from cardiovascular disease have been published, especially no studies investigating clinical endpoints.
5 DIRECT DRUG-INDUCED CRP SYNTHESIS INHIBITION
A number of drugs affect CRP plasma levels. Most of them, however, influence CRP levels indirectly (Prasad, 2006). The search for a substance directly inhibiting CRP synthesis proved to be difficult. The main reason was that, in vitro, primary human hepatocytes (although undoubtedly being the model closest to the human liver), do not grow adequately, and limited access to adequate tissue prevents their use in high throughput screening assays (Gómez-Lechón et al., 2003). Anyway, high throughput screening assays utilizing genetically engineered hepatoma cells transfected with the human CRP promoter finally identified cardiac glycosides as potent inhibitors of in vitro CRP synthesis. It was indeed shown that cardiac glycosides inhibit the IL-1ß-/IL-6 induced expression of acute phase proteins in human hepatoma cells as well as primary human hepatocytes via a Na(+)/K(+)-ATPase-dependent pathway, which has not been completely demasked (Kolkhof et al., 2010).
Up to the present day, however, there has been no larger study investigating CRP synthesis inhibition by cardiac glycosides in humans. This is partly due to the fact that cardiac glycosides have been used in medical therapy for more than two centuries (Withering, 1785) causing relevant patent law considerations by pharmaceutical companies. Furthermore, the well-known narrow therapeutic window as well as side effects of cardiac glycosides, especially AV-blockage and ventricular arrhythmia (Hauptman and Kelly, 1999; Adams et al., 2014), limit their use in long-term medication. The single-center C-reactive protein-Digoxin Observational Study (C-DOS) provides a first piece of evidence that cardiac glycosides may indeed inhibit CRP synthesis in vivo in humans (Zaczkiewicz et al., 2022).
6 OTHER CONTEMPORARY WAYS OF C-REACTIVE PROTEIN INHIBITION/ELIMINATION
Thiele et al. observed that in human striated muscle, human atherosclerotic plaque, and infarcted myocardium (in both rat and human myocardium), monomeric CRP (mCRP) was colocalized with inflammatory cells rather than pentameric CRP (pCRP), which is mainly found in the blood serum. These findings suggested that inhibition of the dissociation of pCRP to mCRP may prove to be a vital approach in order to reduce CRP-induced inflammation (Badimon et al., 2018, Caprio et al., 2018, Filep et al., 2023). Thiele et al. showed in 2014 that inhibiting the phopholipase A2-dependent dissociation from pCRP to mCRP via stabilization of pCRP with 1,6-bis(phosphocholine)-hexane showed significantly less inflammatory tissue damage after inducing myocardial infarction in a rat model (Thiele et al., 2014). The most recent study dealing with this issue was published by Zeller et al., in 2023. The group designed the novel substance C10M derived from phosphocholine, which is expressed in activated cells and binds to the ß-interface of pCRP. C10M was able to successfully inhibit pCRP dissociation into mCRP in vitro and in vivo in a mouse model with limb transplantation (Zeller et al., 2023). These promising results should encourage further studies following up on this approach.
A summary of CRP apheresis as a means of extracorporeal elimination of CRP has been published elsewhere (Ries et al. 2019; Torzewski et al., 2022).
7 CONCLUSION
In order to answer the question whether CRP plays a causal role in inflammatory processes, specific hepatic CRP synthesis inhibition may be helpful.
A promising approach seems the ASO technology. ASO technology is highly selective. Disadvantages of ASOs, however, include the need for parenteral application on the one hand and the expected high costs in case of a broader use on the other hand. No larger studies investigating the effect of CRP inhibition by ASOs on cardiovascular endpoints have been published yet.
Selective pharmacological inhibition of hepatic CRP synthesis, up to the present day, has not really been successful. Cardiac glycosides are the only substances that have been demonstrated to inhibit CRP synthesis in hepatocytes in vitro and lower CRP plasma levels in vivo in a small observational trial. Chemical modification of cardiac glycosides, pharmacological improvement and randomized controlled trials looking at cardiovascular endpoints would be necessary. This approach, however, is expensive and needs to overcome limitations like the toxicity and small therapeutic window of cardiac glycosides.
Most substantial progress has been made using upstream inhibitors, especially monoclonal IL-6 antibodies, with the first randomized controlled trial looking at cardiovascular endpoints. Potential disadvantages of this approach may be the need of parenteral application, the expected costs and the potential side effects of targeting a cytokine involved in immune regulation, hematopoesis and acute phase response. Upstream inhibition with specific IL-6 inhibitors has already reached the phase of randomized controlled clinical trials. Long-term Colchicine application for secondary prevention of cardiovascular disease has recently received FDA approval. The latter is comparatively cheap and may potentially be suitable for daily clinical practice. We summarized the current state of investigations regarding the above mentioned approaches of CRP inhibition as well as the advantages and disadvantages in Table 3.
TABLE 3 | Current state and advantages/disadvantages of each of the CRP-lowering approaches.
[image: Table 3]Future goals should include identifying patient populations benefiting the most from each of the specific approaches, eventually artificial intelligence could be helpful in this process. These results should be combined with considerations regarding available resources to optimize resource allocation.
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