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In the blood of healthy individuals C-reactive protein (CRP) is typically quite scarce, whereas its blood concentration can rise robustly and rapidly in response to tissue damage and inflammation associated with trauma and infectious and non-infectious diseases. Consequently, CRP plasma or serum levels are routinely monitored in inpatients to gauge the severity of their initial illness and injury and their subsequent response to therapy and return to health. Its clinical utility as a faithful barometer of inflammation notwithstanding, it is often wrongly concluded that the biological actions of CRP (whatever they may be) are manifested only when blood CRP is elevated. In fact over the last decades, studies done in humans and animals (e.g. human CRP transgenic and CRP knockout mice) have shown that CRP is an important mediator of biological activities even in the absence of significant blood elevation, i.e. even at baseline levels. In this review we briefly recap the history of CRP, including a description of its discovery, early clinical use, and biosynthesis at baseline and during the acute phase response. Next we overview evidence that we and others have generated using animal models of arthritis, neointimal hyperplasia, and acute kidney injury that baseline CRP exerts important biological effects. In closing we discuss the possibility that therapeutic lowering of baseline CRP might be a useful way to treat certain diseases, including cancer.
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Preface

This article was written for Frontiers in Immunology’s research topic Diagnostic and Therapeutic Applications of Pentraxin and Pentraxin-Associated Proteins. Our goal was to review the available evidence - generated by us and by others – that supports targeting of CRP as a therapeutic approach for the treatment of human diseases including cancer. To provide what we think is necessary context we include a brief historical overview of CRP and an update on our understanding of CRP’s general biology and its mode of regulation, and we briefly summarize the use of CRP measurements in clinical practice (although in full disclosure neither of the authors is a clinician with direct experience in that realm). We have done our best to be non-partisan, fair, complete, and balanced, and to give credit to researchers in the field where we think credit is due. Finally, since this is a review paper of limited length we were necessarily judicious and have not referenced the entirety of the excellent work done by all the experts in the field. Those caveats notwithstanding, we sincerely hope that what we have written here stimulates in the reader an appetite for more information about CRP. To feed that appetite we encourage the readers to devour one or more of the many excellent reviews already written by other experts (1–12).



Historical Overview of C-Reactive Protein


C-Reactive Protein Gained Acceptance as a Non-Specific Biomarker of Disease Soon After Its Initial Discovery

C-reactive protein (CRP) was discovered during the seminal studies of pneumococcal pneumonia being performed in the laboratory of Oswald T. Avery (1877-1955). There in 1930 in the blood of pneumonia patients, William S. Tillett (1892-1974) and Thomas Francis, Jr. (1900-1969) identified high titers of a substance that was reactive with (and could precipitate from solution) the carbohydrate-rich “C fraction” of S. pneumonia (i.e. the fraction containing pneumococcal C-polysaccharide) (13). Today we call this precipitating substance C-reactive protein or CRP. Tillett and Francis also observed the drastic decline and eventual disappearance of the precipitin from patient’s sera coincident with resolution of their febrile period – the first report of CRP’s characteristic rise and fall during what later became known as the “acute phase response” (APR). At the time, to detect CRP Tillett and Francis and their contemporaries relied on a flocculation reaction, wherein CRP in the serum reacted with C-polysaccharide in solution to form a visible precipitate. This assay requires high amounts of CRP and consequently, CRP could only be detected in the serum of patients experiencing severe disease; thus at the time CRP was thought to be absent from the serum of healthy people. Soon thereafter it was recognized that monitoring CRP blood levels might have clinical utility, and this was solidly established by a trio of papers published by Avery’s group in 1941 (14–16). Still today elevation of blood CRP is recognized as a useful “biomarker of inflammation”, and so CRP blood levels are incorporated into numerous disease assessment guidelines. With the eventual development of more accurate and more sensitive techniques for its measurement, CRP was found to be present in normal serum too (17–19) and the first rigorous study of normal CRP values soon followed (20). These findings challenged the earlier status quo that CRP was a precipitin present only during infection and raised the possibility that CRP plays a role in normal homeostasis. Recognizing that assays of CRP were of increasing clinical diagnostic value, in 1987 the World Health Organization spearheaded the development of an International Standard for Human CRP. That standard (coded 85/506), comprised of an extract of freeze-dried pooled human serum to which a quantity of human CRP has been added, is stable and is available in ampoules and was shown to be suitable for use as a standard in seven different immunoassays [(21), pp. 21-22]. Preparation 85/506 was meant to be the gold standard against which all national and international secondary CRP standards are meant to be calibrated.

Blood CRP levels in populations of ostensibly healthy people have a positively skewed log-normal distribution, and baseline blood CRP levels in individuals can vary with age, sex, race, genetics, and obesity (22–25). Consequently, even in people whose CRP levels fall within the reference ranges first established by Shine et al. (20) (median 0.8 mg/L with 90% under 3.0 mg/L and 99% under 10 mg/L), CRP values can still vary widely from one healthy person to another. The range of values deemed normal for a physiologic measurement in healthy persons is further complicated by the fact that blood CRP concentrations between 3 and 10 mg/L are considered by some to be indicative of ‘low-grade’ inflammation, i.e. mild inflammation resulting from a variety of persistent metabolic stresses (e.g. atherosclerosis, obesity, obstructive sleep apnea, insulin resistance, hypertension, type 2 diabetes, etc. (4). There is similar wide variability in CRP levels among those whose values are above the normal range; with levels greater than 10 mg/L generally considered to indicate clinically significant inflammation (i.e. the type accompanied by rubor, calor, dolor, and tumor) and levels above 100 mg/L considered indicative of infection. As mentioned above baseline CRP values are now included in a variety of clinical guidelines for disease assessment. Perhaps the best known example of this is the reference ranges for serum CRP now articulated by the Centers for Disease Control and Prevention and the American Heart Association to estimate cardiovascular risk in otherwise healthy individuals: low-, average-, and high-risk values defined as < 10, 10 – 30, and > 30 mg/L (26). Indeed according to some reports, high baseline CRP is a more robust predictor of future adverse coronary events than is dyslipidemia (27, 28). From cardiovascular disease to cancer to acute kidney injury high CRP levels have been shown to correlate with worse prognosis, and recent evidence indicates CRP is a very good predictor of adverse outcomes for COVID-19 patients (29). Interestingly, animal studies indicate that CRP’s association with autoimmune diseases might be reversed, i.e. the onset of multiple sclerosis, arthritis, and lupus, is delayed in CRP transgenic mice (3, 30, 31). Whether higher baseline CRP predicts later onset of autoimmunity in patients remains to be ascertained. CRP thus has a long history and its elevation in the blood above the normal range has well-established utility as a biomarker of inflammation and disease. As will be discussed later, emerging new evidence indicates that blood CRP can also actively participate in physiological processes when it is in the range deemed normal.



The Advent of Molecular Biology Ushered in a Deeper Understanding of C-Reactive Protein Structure, Regulation, and Biological Activity

Not only is CRP the prototypical human acute phase protein (32, 33) it is also the prototypical pentraxin (34), an evolutionarily highly conserved class of pattern recognition molecules with the same or highly similar primary, secondary, tertiary, and quaternary structures; human CRP being composed of five globular monomers of 206 amino acids each, non-covalently bound together into a planar ring with a central pore (Figure 1) (34, 35, 41). As mentioned earlier the first known biological activity of CRP identified was its ability to bind to and precipitate with the pneumococcal C-polysaccharide (13). This action was later found to rely on CRP binding to phosphocholine (a major constituent of C-polysaccharide) in a Ca2+-dependent manner (42–44). While C-polysaccharide/phosphocholine is the canonical and most well-studied ligand for CRP, it is likely not the only ligand to which CRP can bind. For example numerous different groups have reported that CRP also binds to apoptotic cell membranes (45), to various nuclear antigens (46–48), to the oxidized LDL receptor (49), and to many other ligands (9, 12, 50, 51), although some of these reactivity’s have been disputed (52). Additionally, CRP is known to activate the classical pathway of complement by binding and thereby activating C1q (53–55), and to activate numerous myeloid, lymphoid, and endothelial cell responses by binding to a variety of Fc receptors (10, 56). In general it is most likely that by binding one or more of these ligands, by activating complement, and by engaging Fc receptors that CRP mediates its well-described protective influences against bacterial infection (57–61). As will be detailed later, these varied ligand and receptor interactions also support CRP’s participation in various non-infectious diseases. Insofar as is known, the CRP’s of different species share the same or similar ligand binding profiles as human CRP (12).




Figure 1 | C-reactive protein (CRP) is a pentamer with two distinct faces. (A) On the A face each CRP monomer displays an α-helical stretch of residues (fuchsia) adjacent to the C1q and FcR binding sites and on the opposite B face (B) each monomer displays residues that help coordinate two Ca2+ ions (green spheres) that assist with binding to ligands (phosphocholine shown in gray, red, and orange spheres). The image is a reproduction of structure 1B09 as reported by (35, 36) and was created using NGL (37) accessed on PDB (38–40).



Seminal studies conducted using both rabbit and human cells showed that the hepatocyte is the main site of CRP synthesis and assembly (62, 63). That finding and the subsequent mapping of the human CRP gene to chromosome 1 (64) led to more detailed studies of the control of CRP expression. While a few studies have reported that some pre-assembled CRP is kept in intracellular pools – from which it is expeditiously released during the APR (65, 66) – the overwhelming evidence from human cells and transgenic mice (67) has solidly established that CRP expression – and thus CRP blood levels - is controlled mainly at the transcriptional level. Today, transcriptional regulation of CRP is known to be coordinated by a host of cytokines and hepatic transcription factors, with IL-6 and IL-1β being the main cytokines regulating CRP blood levels during inflammatory episodes (68–70). The latter have been shown to bind to various overlapping transcription factor binding elements in the CRP promoter, in a region proximal to its coding sequence (Figure 2). It is now certain that the levels of blood CRP in healthy individuals is influenced by genetic variation in this promoter region (6, 24), but it is still uncertain whether genetic variation in these or other regulatory elements contributes to differences in the ability to upregulate CRP during inflammation. Notwithstanding the latter gap in knowledge, the available evidence indicates that in the absence of inflammation baseline CRP expression can be maintained by the transcription factors hepatic nuclear factor (HNF) 1 alpha (HNF1α) and 3 (HNF3) (69). In contrast during inflammation, the increased availability of IL-6 and/or IL-1β supports increased production of the transcription factors C/EBP, STAT3, cFos, and NF-κB, which act synergistically with the CRP promoter-bound HNFs to drive high levels of CRP transcription (68, 69, 71–73). There is also some evidence that the proximal promoter of CRP, perhaps in conjunction with the CRP 3’UTR and the downstream pseudogene CRPP1 can assemble into an enhanceosome (Figure 2) that favors more prolonged transcription of CRP (67, 74–76). Thus it is most likely that during an APR, the increased quantity and variety of transcription factors available (coupled with their increased nuclear residency?) supports more efficient transcription of CRP, thus accounting for the dramatic increase in circulating CRP levels (from ~1 mg/L to upwards of ~200 mg/L) that can be seen within hours during the acute phase response. Presumably when inflammation is resolved and the availability of cytokines and transcription factors is lowered, transcriptional control of CRP is handed back to HNFs (69).




Figure 2 | The human C-reactive protein (CRP) gene. (A) Downstream of CRP is the CRP pseudo-gene (CRPP1, lilac box), that is likely involved in cis-acting regulation of basal CRP expression. (B) The proximal promoter of CRP (light blue box) is typically mapped as the region ~300 nucleotides upstream of the transcription start site, including the TATA binding site at −29 to −26 (red ×). The short 5’ untranslated region (5’UTR; light gray box) precedes the coding sequence for the 18 amino acid-long leader peptide (dark gray box). Exon 1 encodes the first three amino acids of mature CRP (thin black vertical line) and is immediately followed by the intron. The remainder of CRP is encoded by exon 2 (black box). CRP has a long 3’UTR sequence (light gray box) with a poly(A) signal (♦). Each region is drawn approximately to scale. (C) The relative locations in the CRP promoter of binding elements for hepatic nuclear factor (HNF) 1α and HNF3 that contribute to regulation of constitutive expression of CRP (gray boxes) and for C/EBP (yellow boxes), NF-κB (black boxes), and STAT3 (blue box) that contribute to regulation of expression of CRP during the acute phase response. Note that C/EBP and NF-κB and the repressor OCT-1 (red box) utilize overlapping elements.






Targeted Lowering of C-Reactive Protein


Blood C-Reactive Protein Lowering as a Therapeutic for Cardiovascular Disease?

The association of CRP blood levels with cardiovascular disease (CVD) has been of keen interest for many decades, and today baseline CRP is recognized both as an independent marker and predictor of myocardial infarction (MI), stroke, and death from coronary heart disease in ostensibly healthy people. Conclusive evidence for CRP causality in human CVD is still lacking [for more insight see the comprehensive critical reviews by (5, 7)] and the entire issue remains hotly debated, but the results of at least four different clinical trials suggest a role for CRP in the atherogenic process (27, 77–79). Also there is indirect evidence from many different groups suggesting that CRP is causally related to CVD. For example CRP is detected in human atherosclerotic lesions (80–84) and it can activate human endothelial cells (82, 85, 86). The evidence from transgenic animals is equally confusing, with some studies (including some of our own) indicating human CRP might be pathogenic in CVD (87–90) whereas others indicating it is not (91, 92). While the exact contribution of CRP to human CVD remains equivocal and the debate still rages (93), the current authors will not be surprised if future placebo-controlled double-blind studies showed that CRP contributes to the pathophysiology of human CVD.

Causal or not, it has long been accepted that elevated CRP marks the presence of disease. If in certain cases elevated CRP worsens disease, then lowering CRP levels might lead to improvement. CRP lowering can be achieved by lifestyle changes (94) or by targeting inflammatory cytokines [e.g. see (28, 95)], but until recently there was no way to directly and selectively target CRP. This was the major impediment to clinical trials designed to directly test the possible benefits of CRP lowering. Over the last decades several groups have developed approaches to overcome this nagging problem. For example Pepys’ group developed a small molecule inhibitor of CRP (1,6-bis(phosphocholine)-hexane) that they tested in a preclinical rat model (96). The compound works by crosslinking two CRP molecules, thereby blocking its ability to bind endogenous ligands while increasing its clearance from the blood. In rats that had received injections of human CRP prior to ligation of their coronary arteries, the signs of subsequent MI were worsened, indicating that human CRP exacerbates MI. Co-administration of human CRP plus 1,6-bis(phosphocholine)-hexane ablated the exacerbating influence of human CRP (96). This study underscored for the first time the promise of inhibiting CRP as a new approach for cardio-protection in acute MI. Our own group also recently tested a different method of CRP lowering that relies on an antisense oligonucleotide (ASO) (3). ASOs have been shown to be highly effective at promoting the selective degradation of their target mRNAs and to have minimal off-target effects, and several ASOs have already been approved by the United States Food and Drug Administration for use in a variety of disease settings (97, 98). Since CRP is synthesized in the liver and ASOs have a propensity to accumulate in the liver (99), we designed ASOs to selectively target CRP mRNA and thereby efficiently reduce blood CRP. We showed that a human CRP-specific ASO was effective at lowering baseline CRP and was well-tolerated in healthy volunteers (100), and subsequently others showed that a human CRP-specific ASO attenuated CRP elevation (up to 69% compared to placebo) in humans challenged with endotoxin (101). Using species-specific CRP-targeting ASOs we showed the approach was also efficacious in rats and mice subjected to experimentally induced MI (89, 90, 102). Specifically, the rat CRP-specific ASO achieved a >60% reduction of rat blood CRP levels and improved their heart function and pathology following MI, and treating human CRP transgenic mice with a human CRP-specific ASO reduced blood human CRP by >70%. A third approach to CRP lowering is selective apheresis, which has recently been tested with some success in a small number of patients suffering from MI (103, 104) and with mixed results in patients with COVID-19 (105).



Blood C-Reactive Protein Lowering as a Therapeutic for Other Diseases?

Using our human CRP transgenic (CRPtg) and CRP knockout (CRP−/−) mice we have investigated the contribution of CRP in a wide variety of other diseases and, as in the case of CVD, have often observed a beneficial effect of CRP lowering. For example, in mice subjected to surgery-induced bilateral renal ischemia/reperfusion (I/R) injury, a procedure that faithfully mimics acute kidney injury (AKI) in humans receiving kidney transplants, we showed that CRP contributes to the pathogenesis of AKI. Essentially compared to wild type mice, CRPtg had worse outcomes after renal I/R whereas CRP−/− were relatively resistant (106). Following I/R surgery CRPtg showed more disruption of their renal tubules and they had increased urine albumin and serum creatinine compared to wild type. To our surprise these exacerbating effects of CRP were accompanied by increased renal infiltration of myeloid derived cells with suppressor functions (MDSCs; primarily polymorphonuclear PMN-MDSCs) (106, 107). In contrast in the kidneys of CRP−/− that had undergone renal I/R only a few PMN-MDSCs were found. In other experiments we established that CRP can selectively promote the expansion of MDSCs from mouse bone marrow progenitors and increase their suppressive function (i.e. their ability to inhibit T cell proliferation) (31). We conducted other experiments and found that MDSCs directly impact primary renal tubular epithelial cells (RTEC), i.e. in co-cultures MDSCs impaired the ability of RTECs to cycle through S-phase even in the absence of cell-cell contact (unpublished data). The combined findings suggest that CRP potentiates the expansion of MDSCs during AKI, likely by selectively promoting their expansion from bone marrow progenitors. By suppressing cell cycling, the kidney infiltrating MDSCs initiate a deleterious progression of events: the impairment of RTEC proliferation consequently impedes RTEC recovery and thus the restoration of normal tubular architecture, ultimately setting the stage for maladaptive repair and chronic kidney disease. Importantly, we also showed that treating CRPtg mice with the human CRP-specific ASO prior to I/R surgery lowered CRP, drastically reduced renal MDSC infiltration, and alleviated AKI (107). Subsequently we established that CRP also enables human neutrophils to manifest T cell suppressive actions (31). Based on these translational findings we think it is likely that therapeutic lowering of CRP might be of benefit in recipients of kidney transplants. We also tested the influence of CRP lowering therapy in the context of an animal model of rheumatoid arthritis (RA), i.e. collagen-induced arthritis (CIA). Thus Jones et al. (108) showed that development of CIA is delayed in CRPtg and accelerated in CRP−/−, suggesting that during onset and development of disease CRP plays a protective role. On the other hand, when CRPtg with established CIA (clinical score of ≥ 2) were treated with the human CRP-specific ASO they showed less inflammation and improvement of CIA symptoms (100). The protective effect of CRP during onset of disease might reflect the ability of CRP to impair dendritic cell functions while at the same time promote MDSC suppressive activity (30, 31), culminating in a delayed autoimmune response. Conversely, the detrimental effect of CRP seen during active CIA is likely because of its complement activating potential (1). These observations underscore that if CRP lowering is used as a therapy, the timing of CRP lowering will likely be of paramount importance. Indeed this ‘timing effect’ may be the reason why, despite effective CRP lowering, no improvement in symptoms was observed in patients with active RA treated with a CRP-specific ASO (109).



Something to Think About: Blood C-Reactive Protein Lowering in Cancer?

Despite the success of immunotherapies (e.g. checkpoint inhibitors) to treat solid tumors, there still is a significant fraction of cancer patients that experience no benefit or only a short remission after immunotherapy. Immunotherapy is based on a two pronged approach: 1) boosting the endogenous T cell anti-tumor response to overcome antigen escape and T cell exhaustion (110) and 2) modulating intra-tumoral MDSCs (111). Population studies have established that high CRP levels associate with increased cancer risk (112–114), increased cancer progression (8), and increased cancer mortality (115, 116), and in many cases CRP has been shown to be an independent prognostic factor for cancer (117–122). Given our finding that CRP reprograms myeloid cells we therefore think that cancer might represent a promising opportunity for beneficial CRP lowering, i.e. reducing blood CRP levels should result in fewer MDSCs and a less immunosuppressive tumor microenvironment, thereby potentiating anti-tumor T cell responses. As discussed earlier, our data showed that CRP is an enhancer of MDSC generation and suppressive function and CRP can also inhibit dendritic cell function; therefore we predict that compared to wild type mice, CRPtg should have more MDSCs and more tumor burden while the inverse should be seen in CRP−/− mice. Indeed in pilot studies (unpublished data) using an E0771 orthotopic breast cancer model, we observed CRP−/− had lower tumor burden and lower frequencies of tumor- and spleen-infiltrating MDSCs compared to CRPtg and wild type. These preliminary observations hint at the possibility that CRP contributes to MDSC generation and their eventual infiltration into tumors. Yet to be explored is whether CRP within the tumor microenvironment impedes the anti-tumor response directly (i.e. by inhibiting T cells per se) or indirectly (i.e. by promoting MDSCs). However, based on our previous observations that the CRP ASO decreased MDSC infiltration into I/R injured kidneys and that tumor challenged CRP−/− mice had decreased intra-tumor MDSCs, we predict that a CRP-specific ASO should decrease CRP-driven MDSC infiltration into tumors. Targeted lowering of CRP should simultaneously allow for the maturation of tumor-reactive dendritic cells, which in turn would stimulate tumor-reactive T cell responses.




Summary

Since its discovery nearly a century ago much has been explored and written about CRP’s association with disease, and consequently CRP’s role as a marker of inflammation is solidly established. That being said, CRP is more than just a marker of inflammation, i.e. it did not evolve nor was it maintained by natural selection to provide a faithful indication that something is amiss with a patient. In the last decades evidence has steadily been building that CRP contributes to the maintenance of health and the propagation of some diseases, and for the first time specific CRP lowering is achievable. Therefore the time has come we think, for the biological activities of CRP and therapeutic lowering of CRP to be brought to the forefront in the clinical care setting. Like any therapy CRP lowering might have some untoward effects (e.g. it might increase the risk of infection), nevertheless the time for a placebo-controlled double-blind case-controlled clinical trial of CRP lowering therapy may have finally arrived.



Author Contributions

RJ and AS contributed equally to this work. All authors contributed to the article and approved the submitted version.



References

1. Volanakis, JE. Human C-reactive protein: expression, structure, and function. Mol Immunol (2001) 38:189–97. doi: 10.1016/S0161-5890(01)00042-6

2. Szalai, AJ. The biological functions of C-reactive protein. Vascul Pharmacol (2002) 39(3):105–7. doi: 10.1016/s1537-1891(02)00294-x

3. Szalai, AJ, and McCrory, MA. Varied biologic functions of C-reactive protein: lessons learned from transgenic mice. Immunol Res (2002) 26(1-3):279–87. doi: 10.1385/IR:26:1-3:279

4. Kushner, I, Rzewnicki, D, and Samols, D. What does minor elevation of C-reactive protein signify? Am J Med (2006) 119166(2):e117–28. doi: 10.1016/j.amjmed.2005.06.057

5. Lowe, GD, and Pepys, MB. C-reactive protein and cardiovascular disease: weighing the evidence. Curr Atheroscler Rep (2006) 8(5):421–8. doi: 10.1007/s11883-006-0040-x

6. Hage, FG, and Szalai, AJ. C-reactive protein gene polymorphisms, C-reactive protein blood levels, and cardiovascular disease risk. J Am Coll Cardiol (2007) 50(12):1115–22. doi: 10.1016/j.jacc.2007.06.012

7. Casas, JP, Shah, T, Hingorani, AD, Danesh, J, and Pepys, MB. C-reactive protein and coronary heart disease: a critical review. J Intern Med (2008) 264(4):295–314. doi: 10.1111/j.1365-2796.2008.02015.x

8. Allin, KH, and Nordestgaard, BG. Elevated C-reactive protein in the diagnosis, prognosis, and cause of cancer. Crit Rev Clin Lab Sci (2011) 48(4):155–70. doi: 10.3109/10408363.2011.599831

9. Agrawal, A, Gang, TB, and Rusinol, AE. Recognition functions of pentameric C-reactive protein in cardiovascular disease. Mediators Inflammation (2014) 2014:319215. doi: 10.1155/2014/319215

10. Lu, J, Mold, C, Du Clos, TW, and Sun, PD. Pentraxins and Fc Receptor-Mediated Immune Responses. Front Immunol (2018) 9:2607. doi: 10.3389/fimmu.2018.02607

11. Pepys, MB. The Pentraxins 1975-2018: Serendipity, Diagnostics and Drugs. Front Immunol (2018) 9:2382. doi: 10.3389/fimmu.2018.02382

12. Pathak, A, and Agrawal, A. Evolution of C-Reactive Protein. Front Immunol (2019) 10:943. doi: 10.3389/fimmu.2019.00943

13. Tillett, WS, and Francis, T. Serological Reactions in Pneumonia with a Non-Protein Somatic Fraction of Pneumococcus. J Exp Med (1930) 52(4):561–71. doi: 10.1084/jem.52.4.561

14. Abernethy, TJ, and Avery, OT. The occurrence during acute infections of a protein not normally present in the blood: I. Distribution of the reactive protein in patients’ sera and the effect of calcium on the flocculation reaction with C polysaccharide of pneumococcus. J Exp Med (1941) 73(2):173–82. doi: 10.1084/jem.73.2.173

15. Macleod, CM, and Avery, OT. The Occurrence during Acute Infections of a Protein Not Normally Present in the Blood : II. Isolation and Properties of the Reactive Protein. J Exp Med (1941) 73(2):183–90. doi: 10.1084/jem.73.2.183

16. Macleod, CM, and Avery, OT. The Occurrence during Acute Infections of a Protein Not Normally Present in the Blood : III. Immunological Properties of the C-Reactive Protein and Its Differentiation from Normal Blood Proteins. J Exp Med (1941) 73(2):191–200. doi: 10.1084/jem.73.2.191

17. Kindmark, CO. The concentration of C-reactive protein in sera from healthy individuals. Scand J Clin Lab Invest (1972) 29(4):407–11. doi: 10.3109/00365517209080258

18. Claus, DR, Osmand, AP, and Gewurz, H. Radioimmunoassay of human C-reactive protein and levels in normal sera. J Lab Clin Med (1976) 87(1):120–8. doi: 10.5555/uri:pii:0022214376903371

19. Siboo, R, and Kulisek, E. A fluorescent immunoassay for the quantification of C-reactive protein. J Immunol Methods (1978) 23(1-2):59–67. doi: 10.1016/0022-1759(78)90109-6

20. Shine, B, de Beer, FC, and Pepys, MB. Solid phase radioimmunoassays for human C-reactive protein. Clin Chim Acta (1981) 117(1):13–23. doi: 10.1016/0009-8981(81)90005-x

21. WHO Expert Committee on Biological Standardization. World Health Organization Technical Report Series. In: World Health Organization Technical Report Series, 37 ed. Geneva, Switzerland: Word Health Organization (1987).

22. Hutchinson, WL, Koenig, W, Frohlich, M, Sund, M, Lowe, GD, and Pepys, MB. Immunoradiometric assay of circulating C-reactive protein: age-related values in the adult general population. Clin Chem (2000) 46(7):934–8. doi: 10.1093/clinchem/46.7.934

23. Greenfield, JR, Samaras, K, Jenkins, AB, Kelly, PJ, Spector, TD, Gallimore, JR, et al. Obesity is an important determinant of baseline serum C-reactive protein concentration in monozygotic twins, independent of genetic influences. Circulation (2004) 109(24):3022–8. doi: 10.1161/01.CIR.0000130640.77501.79

24. Szalai, AJ, Wu, J, Lange, EM, McCrory, MA, Langefeld, CD, Williams, A, et al. Single-nucleotide polymorphisms in the C-reactive protein (CRP) gene promoter that affect transcription factor binding, alter transcriptional activity, and associate with differences in baseline serum CRP level. J Mol Med (Berl) (2005) 83(6):440–7. doi: 10.1007/s00109-005-0658-0

25. Woloshin, S, and Schwartz, LM. Distribution of C-reactive protein values in the United States. N Engl J Med (2005) 352(15):1611–3. doi: 10.1056/NEJM200504143521525

26. Pearson, TA, Mensah, GA, Hong, Y, Smith, SC Jr., and CDC, and AHA. CDC/AHA Workshop on Markers of Inflammation and Cardiovascular Disease: Application to Clinical and Public Health Practice: overview. Circulation (2004) 110(25):e543–44. doi: 10.1161/01.cir.0000148979.11121.6b

27. Ridker, PM, Danielson, E, Fonseca, FA, Genest, J, Gotto, AM Jr, Kastelein, JJ, et al. Rosuvastatin to prevent vascular events in men and women with elevated C-reactive protein. N Engl J Med (2008) 359(21):2195–207. doi: 10.1056/NEJMoa0807646

28. Ridker, PM, Everett, BM, Thuren, T, MacFadyen, JG, Chang, WH, Ballantyne, C, et al. Antiinflammatory Therapy with Canakinumab for Atherosclerotic Disease. N Engl J Med (2017) 377(12):1119–31. doi: 10.1056/NEJMoa1707914

29. Luo, X, Zhou, W, Yan, X, Guo, T, Wang, B, Xia, H, et al. Prognostic value of C-reactive protein in patients with COVID-19. Clin Infect Dis (2020) 71(16):2174–9. doi: 10.1093/cid/ciaa641

30. Jimenez, RV, Wright, TT, Jones, NR, Wu, J, Gibson, AW, and Szalai, AJ. C-Reactive Protein Impairs Dendritic Cell Development, Maturation, and Function: Implications for Peripheral Tolerance. Front Immunol (2018) 9:372. doi: 10.3389/fimmu.2018.00372

31. Jimenez, RV, Kuznetsova, V, Connelly, AN, Hel, Z, and Szalai, AJ. C-Reactive Protein Promotes the Expansion of Myeloid Derived Cells With Suppressor Functions. Front Immunol (2019) 10:2183. doi: 10.3389/fimmu.2019.02183

32. Perlman, E, Bullowa, JG, and Goodkind, R. An Immunological and Electrophoretic Comparison of the Antibody to C Polysaccharide and the C-Reactive Protein of Acute Phase Serum. J Exp Med (1943) 77(2):97–110. doi: 10.1084/jem.77.2.97

33. Hedlund, P, Frisk, AR, and Bucht, H. The appearance of acute phase protein after induced fever in man. Acta Med Scand (1948) 131(5):417–21. doi: 10.1111/j.0954-6820.1948.tb04533.x

34. Osmand, AP, Friedenson, B, Gewurz, H, Painter, RH, Hofmann, T, and Shelton, E. Characterization of C-reactive protein and the complement subcomponent C1t as homologous proteins displaying cyclic pentameric symmetry (pentraxins). Proc Natl Acad Sci USA (1977) 74(2):739–43. doi: 10.1073/pnas.74.2.739

35. Thompson, D, Pepys, MB, and Wood, SP. The physiological structure of human C-reactive protein and its complex with phosphocholine. Structure (1999) 7(2):169–77. doi: 10.1016/S0969-2126(99)80023-9

36. Thompson, D, Pepys, MB, and Wood, SP. 1B09. PDB. (2011). doi: 10.2210/pdb1B09/pdb

37. Rose, AS, Bradley, AR, Valasatava, Y, Duarte, JM, Prlic, A, and Rose, PW. NGL viewer: web-based molecular graphics for large complexes. Bioinformatics (2018) 34(21):3755–8. doi: 10.1093/bioinformatics/bty419

38. Berman, HM, Westbrook, J, Feng, Z, Gilliland, G, Bhat, TN, Weissig, H, et al. The Protein Data Bank. Nucleic Acids Res (2000) 28(1):235–42. doi: 10.1093/nar/28.1.235

39. Berman, H, Henrick, K, and Nakamura, H. Announcing the worldwide Protein Data Bank. Nat Struct Biol (2003) 10(12):980. doi: 10.1038/nsb1203-980

40. Burley, SK, Berman, HM, Bhikadiya, C, Bi, C, Chen, L, Di Costanzo, L, et al. RCSB Protein Data Bank: biological macromolecular structures enabling research and education in fundamental biology, biomedicine, biotechnology and energy. Nucleic Acids Res (2019) 47(D1):D464–74. doi: 10.1093/nar/gky1004

41. Shrive, AK, Cheetham, GM, Holden, D, Myles, DA, Turnell, WG, Volanakis, JE, et al. Three dimensional structure of human C-reactive protein. Nat Struct Biol (1996) 3(4):346–54. doi: 10.1038/nsb0496-346

42. Gotschlich, EC, and Edelman, GM. Binding properties and specificity of C-reactive protein. Proc Natl Acad Sci USA (1967) 57(3):706–12. doi: 10.1073/pnas.57.3.706

43. Kindmark, CO. Stimulating effect of C-reactive protein on phagocytosis of various species of pathogenic bacteria. Clin Exp Immunol (1971) 8(6):941–8.

44. Anderson, J, Stroud, R, and Volanakis, J. “Studies on binding specificity of human C-reactive protein for phosphorylcholine”. Fed Proceed: Fed Amer Soc Exp Biol (1978) 9650(20814-3998):1495.

45. Gershov, D, Kim, S, Brot, N, and Elkon, KB. C-Reactive protein binds to apoptotic cells, protects the cells from assembly of the terminal complement components, and sustains an antiinflammatory innate immune response: implications for systemic autoimmunity. J Exp Med (2000) 192(9):1353–64. doi: 10.1084/jem.192.9.1353

46. Du Clos, TW. C-reactive protein reacts with the U1 small nuclear ribonucleoprotein. J Immunol (1989) 143(8):2553–9.

47. Pepys, MB, Booth, SE, Tennent, GA, Butler, PJ, and Williams, DG. Binding of pentraxins to different nuclear structures: C-reactive protein binds to small nuclear ribonucleoprotein particles, serum amyloid P component binds to chromatin and nucleoli. Clin Exp Immunol (1994) 97(1):152–7. doi: 10.1111/j.1365-2249.1994.tb06594.x

48. Du Clos, TW. The interaction of C-reactive protein and serum amyloid P component with nuclear antigens. Mol Biol Rep (1996) 23(3-4):253–60. doi: 10.1007/BF00351177

49. Fujita, Y, Kakino, A, Nishimichi, N, Yamaguchi, S, Sato, Y, Machida, S, et al. Oxidized LDL receptor LOX-1 binds to C-reactive protein and mediates its vascular effects. Clin Chem (2009) 55(2):285–94. doi: 10.1373/clinchem.2008.119750

50. Wu, Y, Potempa, LA, El Kebir, D, and Filep, JG. C-reactive protein and inflammation: conformational changes affect function. Biol Chem (2015) 396(11):1181–97. doi: 10.1515/hsz-2015-0149

51. Nehring, SM, Goyal, A, Bansal, P, and Patel, BC. “C Reactive Protein (CRP)”. In: StatPearls. Treasure Island (FL: StatPearls Publishing LLC (2020).

52. Hutchinson, WL, Coll, AP, Gallimore, JR, Tennent, GA, and Pepys, MB. Is leptin an important physiological regulator of CRP? Nat Med (2007) 13(1):17–18; author reply 19-21. doi: 10.1038/nm0107-17

53. Muschel, LH, and Weatherwax, RJ. Complement fixation in the C-reactive protein system. Proc Soc Exp Biol Med (1954) 87(1):191–3. doi: 10.3181/00379727-87-21330

54. Kaplan, MH, and Volanakis, JE. Interaction of C-reactive protein complexes with the complement system. I. Consumption of human complement associated with the reaction of C-reactive protein with pneumococcal C-polysaccharide and with the choline phosphatides, lecithin and sphingomyelin. J Immunol (1974) 112(6):2135–47.

55. Volanakis, JE, and Kaplan, MH. Interaction of C-reactive protein complexes with the complement system. II. Consumption of guinea pig complement by CRP complexes: requirement for human C1q. J Immunol (1974) 113(1):9–17.

56. Shih, HH, Zhang, S, Cao, W, Hahn, A, Wang, J, Paulsen, JE, et al. CRP is a novel ligand for the oxidized LDL receptor LOX-1. Am J Physiol Heart Circ Physiol (2009) 296(5):H1643–50. doi: 10.1152/ajpheart.00938.2008

57. Mold, C, Nakayama, S, Holzer, TJ, Gewurz, H, and Du Clos, TW. C-reactive protein is protective against Streptococcus pneumoniae infection in mice. J Exp Med (1981) 154(5):1703–8. doi: 10.1084/jem.154.5.1703

58. Yother, J, Volanakis, JE, and Briles, DE. Human C-reactive protein is protective against fatal Streptococcus pneumoniae infection in mice. J Immunol (1982) 128(5):2374–6.

59. Horowitz, J, Volanakis, JE, and Briles, DE. Blood clearance of Streptococcus pneumoniae by C-reactive protein. J Immunol (1987) 138(8):2598–603.

60. Szalai, AJ, Briles, DE, and Volanakis, JE. Human C-reactive protein is protective against fatal Streptococcus pneumoniae infection in transgenic mice. J Immunol (1995) 155(5):2557–63.

61. Szalai, AJ. The antimicrobial activity of C-reactive protein. Microbes Infect (2002) 4(2):201–5. doi: 10.1016/s1286-4579(01)01528-3

62. Hurlimann, J, Thorbecke, GJ, and Hochwald, GM. The liver as the site of C-reactive protein formation. J Exp Med (1966) 123(2):365–78. doi: 10.1084/jem.123.2.365

63. Kushner, I, and Feldmann, G. Control of the acute phase response. Demonstration of C-reactive protein synthesis and secretion by hepatocytes during acute inflammation in the rabbit. J Exp Med (1978) 148(2):466–77. doi: 10.1084/jem.148.2.466

64. Whitehead, AS, Bruns, GA, Markham, AF, Colten, HR, and Woods, DE. Isolation of human C-reactive protein complementary DNA and localization of the gene to chromosome 1. Science (1983) 221(4605):69–71. doi: 10.1126/science.6857266

65. Macintyre, S, Samols, D, and Dailey, P. Two carboxylesterases bind C-reactive protein within the endoplasmic reticulum and regulate its secretion during the acute phase response. J Biol Chem (1994) 269(39):24496–503. doi: 10.1016/S0021-9258(19)51111-5

66. Yue, CC, Muller-Greven, J, Dailey, P, Lozanski, G, Anderson, V, and Macintyre, S. Identification of a C-reactive protein binding site in two hepatic carboxylesterases capable of retaining C-reactive protein within the endoplasmic reticulum. J Biol Chem (1996) 271(36):22245–50. doi: 10.1074/jbc.271.36.22245

67. Toniatti, C, Arcone, R, Majello, B, Ganter, U, Arpaia, G, and Ciliberto, G. Regulation of the human C-reactive protein gene, a major marker of inflammation and cancer. Mol Biol Med (1990) 7(3):199–212.

68. Majello, B, Arcone, R, Toniatti, C, and Ciliberto, G. Constitutive and IL-6-induced nuclear factors that interact with the human C-reactive protein promoter. EMBO J (1990) 9(2):457–65. doi: 10.1002/j.1460-2075.1990.tb08131.x

69. Toniatti, C, Demartis, A, Monaci, P, Nicosia, A, and Ciliberto, G. Synergistic trans-activation of the human C-reactive protein promoter by transcription factor HNF-1 binding at two distinct sites. EMBO J (1990) 9(13):4467–75. doi: 10.1002/j.1460-2075.1990.tb07897.x

70. Ramji, DP, Vitelli, A, Tronche, F, Cortese, R, and Ciliberto, G. The two C/EBP isoforms, IL-6DBP/NF-IL6 and C/EBP delta/NF-IL6 beta, are induced by IL-6 to promote acute phase gene transcription via different mechanisms. Nucleic Acids Res (1993) 21(2):289–94. doi: 10.1093/nar/21.2.289

71. Zhang, D, Sun, M, Samols, D, and Kushner, I. STAT3 participates in transcriptional activation of the C-reactive protein gene by interleukin-6. J Biol Chem (1996) 271(16):9503–9. doi: 10.1074/jbc.271.16.9503

72. Ochrietor, JD, Harrison, KA, Zahedi, K, and Mortensen, RF. Role of STAT3 and C/EBP in cytokine-dependent expression of the mouse serum amyloid P-component (SAP) and C-reactive protein (CRP) genes. Cytokine (2000) 12:888–99. doi: 10.1006/cyto.2000.0668

73. Nishikawa, T, Hagihara, K, Serada, S, Isobe, T, Matsumura, A, Song, J, et al. Transcriptional complex formation of c-Fos, STAT3, and hepatocyte NF-1 alpha is essential for cytokine-driven C-reactive protein gene expression. J Immunol (2008) 180(5):3492–501. doi: 10.4049/jimmunol.180.5.3492

74. Ray, S, Lee, C, Hou, T, Bhakat, KK, and Brasier, AR. Regulation of signal transducer and activator of transcription 3 enhanceosome formation by apurinic/apyrimidinic endonuclease 1 in hepatic acute phase response. Mol Endocrinol (2010) 24(2):391–401. doi: 10.1210/me.2009-0319

75. Doumatey, AP, Chen, G, Tekola Ayele, F, Zhou, J, Erdos, M, Shriner, D, et al. C-reactive protein (CRP) promoter polymorphisms influence circulating CRP levels in a genome-wide association study of African Americans. Hum Mol Genet (2012) 21(13):3063–72. doi: 10.1093/hmg/dds133

76. Kim, Y, Noren Hooten, N, Dluzen, DF, Martindale, JL, Gorospe, M, and Evans, MK. Posttranscriptional Regulation of the Inflammatory Marker C-Reactive Protein by the RNA-Binding Protein HuR and MicroRNA 637. Mol Cell Biol (2015) 35(24):4212–21. doi: 10.1128/MCB.00645-15

77. Nissen, SE, Tuzcu, EM, Schoenhagen, P, Crowe, T, Sasiela, WJ, Tsai, J, et al. Statin therapy, LDL cholesterol, C-reactive protein, and coronary artery disease. N Engl J Med (2005) 352(1):29–38. doi: 10.1056/NEJMoa042000

78. Ridker, PM, Cannon, CP, Morrow, D, Rifai, N, Rose, LM, McCabe, CH, et al. C-reactive protein levels and outcomes after statin therapy. N Engl J Med (2005) 352(1):20–8. doi: 10.1056/NEJMoa042378

79. Puri, R, Nissen, SE, Libby, P, Shao, M, Ballantyne, CM, Barter, PJ, et al. C-reactive protein, but not low-density lipoprotein cholesterol levels, associate with coronary atheroma regression and cardiovascular events after maximally intensive statin therapy. Circulation (2013) 128(22):2395–403. doi: 10.1161/CIRCULATIONAHA.113.004243

80. Torzewski, J, Torzewski, M, Bowyer, DE, Frohlich, M, Koenig, W, Waltenberger, J, et al. C-reactive protein frequently colocalizes with the terminal complement complex in the intima of early atherosclerotic lesions of human coronary arteries. Arterioscler Thromb Vasc Biol (1998) 18(9):1386–92. doi: 10.1161/01.atv.18.9.1386

81. Bhakdi, S, Torzewski, M, Klouche, M, and Hemmes, M. Complement and atherogenesis: binding of CRP to degraded, nonoxidized LDL enhances complement activation. Arterioscler Thromb Vasc Biol (1999) 19(10):2348–54. doi: 10.1161/01.atv.19.10.2348

82. Sun, H, Koike, T, Ichikawa, T, Hatakeyama, K, Shiomi, M, Zhang, B, et al. C-reactive protein in atherosclerotic lesions: its origin and pathophysiological significance. Am J Pathol (2005) 167(4):1139–48. doi: 10.1016/S0002-9440(10)61202-3

83. Ji, SR, Wu, Y, Potempa, LA, Liang, YH, and Zhao, J. Effect of modified C-reactive protein on complement activation: a possible complement regulatory role of modified or monomeric C-reactive protein in atherosclerotic lesions. Arterioscler Thromb Vasc Biol (2006) 26(4):935–41. doi: 10.1161/01.ATV.0000206211.21895.73

84. Meuwissen, M, van der Wal, AC, Niessen, HW, Koch, KT, de Winter, RJ, van der Loos, CM, et al. Colocalisation of intraplaque C reactive protein, complement, oxidised low density lipoprotein, and macrophages in stable and unstable angina and acute myocardial infarction. J Clin Pathol (2006) 59(2):196–201. doi: 10.1136/jcp.2005.027235

85. Wolbink, GJ, Brouwer, MC, Buysmann, S, ten Berge, IJ, and Hack, CE. CRP-mediated activation of complement in vivo: assessment by measuring circulating complement-C-reactive protein complexes. J Immunol (1996) 157(1):473–9.

86. Verma, S, Devaraj, S, and Jialal, I. Is C-reactive protein an innocent bystander or proatherogenic culprit? C-reactive protein promotes atherothrombosis. Circulation (2006) 113(17):2151. doi: 10.1161/CIRCULATIONAHA.105.611350

87. Danenberg, HD, Szalai, AJ, Swaminathan, RV, Peng, L, Chen, Z, Seifert, P, et al. Increased thrombosis after arterial injury in human C-reactive protein-transgenic mice. Circulation (2003) 108(5):512–5. doi: 10.1161/01.CIR.0000085568.13915.1E

88. Paul, A, Ko, KWS, Li, L, Yechoor, V, McCrory, MA, Szalai, AJ, et al. C-reactive protein accelerates the progression of atherosclerosis in apolipoprotein E-deficient mice. Circulation (2004) 109:647–55. doi: 10.1161/01.CIR.0000114526.50618.24

89. Wang, D, Oparil, S, Chen, YF, McCrory, MA, Skibinski, GA, Feng, W, et al. Estrogen treatment abrogates neointima formation in human C-reactive protein transgenic mice. Arterioscler Thromb Vasc Biol (2005) 25(10):2094–9. doi: 10.1161/01.ATV.0000179602.85797.3f

90. Xing, D, Hage, FG, Chen, Y-F, McCrory, MA, Feng, W, Skibinski, GA, et al. Exaggerated neointima formation in human C-reactive protein transgenic mice is IgG Fc receptor type I (FcγRI)-dependent. Am J Pathol (2008) 172:22–30. doi: 10.2353/ajpath.2008.070154

91. Hirschfield, GM, Gallimore, JR, Kahan, MC, Hutchinson, WL, Sabin, CA, Benson, GM, et al. Transgenic human C-reactive protein is not proatherogenic in apolipoprotein E-deficient mice. Proc Natl Acad Sci USA (2005) 102(23):8309–14. doi: 10.1073/pnas.0503202102

92. Tennent, GA, Hutchinson, WL, Kahan, MC, Hirschfield, GM, Gallimore, JR, Lewin, J, et al. Transgenic human CRP is not pro-atherogenic, pro-atherothrombotic or pro-inflammatory in apoE-/- mice. Atherosclerosis (2008) 196(1):248–55. doi: 10.1016/j.atherosclerosis.2007.05.010

93. Hingorani, AD, Shah, T, and Casas, JP. Linking observational and genetic approaches to determine the role of C-reactive protein in heart disease risk. Eur Heart J (2006) 27(11):1261–3. doi: 10.1093/eurheartj/ehi852

94. Jae, SY, Fernhall, B, Heffernan, KS, Jeong, M, Chun, EM, Sung, J, et al. Effects of lifestyle modifications on C-reactive protein: contribution of weight loss and improved aerobic capacity. Metabolism (2006) 55(6):825–31. doi: 10.1016/j.metabol.2006.02.010

95. Ridker, PM, MacFadyen, JG, Everett, BM, Libby, P, Thuren, T, Glynn, RJ, et al. Relationship of C-reactive protein reduction to cardiovascular event reduction following treatment with canakinumab: a secondary analysis from the CANTOS randomised controlled trial. Lancet (2018) 391(10118):319–28. doi: 10.1016/s0140-6736(17)32814-3

96. Pepys, MB, Hirschfield, GM, Tennent, GA, Gallimore, JR, Kahan, MC, Bellotti, V, et al. Targeting C-reactive protein for the treatment of cardiovascular disease. Nature (2006) 440(7088):1217–21. doi: 10.1038/nature04672

97. de la Torre, BG, and Albericio, F. The Pharmaceutical Industry in 2019. An Analysis of FDA Drug Approvals from the Perspective of Molecules. Molecules (2020) 25(3):745. doi: 10.3390/molecules25030745

98. Ruger, J, Ioannou, S, Castanotto, D, and Stein, CA. Oligonucleotides to the (Gene) Rescue: FDA Approvals 2017-2019. Trends Pharmacol Sci (2020) 41(1):27–41. doi: 10.1016/j.tips.2019.10.009

99. Dhuri, K, Bechtold, C, Quijano, E, Pham, H, Gupta, A, Vikram, A, et al. Antisense Oligonucleotides: An Emerging Area in Drug Discovery and Development. J Clin Med (2020) 9(6). doi: 10.3390/jcm9062004

100. Jones, NR, Pegues, MA, McCrory, MA, Singleton, W, Bethune, C, Baker, BF, et al. A selective inhibitor of human C-reactive protein translation is efficacious in vitro and in C-reactive protein transgenic mice and humans. Mol Ther Nucleic Acids (2012) 1:e52. doi: 10.1038/mtna.2012.44

101. Noveck, R, Stroes, ES, Flaim, JD, Baker, BF, Hughes, S, Graham, MJ, et al. Effects of an antisense oligonucleotide inhibitor of C-reactive protein synthesis on the endotoxin challenge response in healthy human male volunteers. J Am Heart Assoc (2014) 3(4):1–11. doi: 10.1161/JAHA.114.001084

102. Szalai, AJ, McCrory, MA, Xing, D, Hage, FG, Miller, A, Oparil, S, et al. Inhibiting C-reactive protein for the treatment of cardiovascular disease: promising evidence from rodent models. Mediators Inflammation (2014) 2014:353614. doi: 10.1155/2014/353614

103. Mattecka, S, Brunner, P, Hahnel, B, Kunze, R, Vogt, B, and Sheriff, A. PentraSorb C-Reactive Protein: Characterization of the Selective C-Reactive Protein Adsorber Resin. Ther Apher Dial (2019) 23(5):474–81. doi: 10.1111/1744-9987.12796

104. Ries, W, Heigl, F, Garlichs, C, Sheriff, A, and Torzewski, J. Selective C-reactive protein-apheresis in patients. Ther Apher Dial (2019) 23(6):570–4. doi: 10.1111/1744-9987.12804

105. Torzewski, J, Heigl, F, Zimmermann, O, Wagner, F, Schumann, C, Hettich, R, et al. First-in-Man: Case Report of Selective C-Reactive Protein Apheresis in a Patient with SARS-CoV-2 Infection. Am J Case Rep (2020) 21:e925020. doi: 10.12659/AJCR.925020

106. Pegues, MA, McCrory, MA, Zarjou, A, and Szalai, AJ. C-reactive protein exacerbates renal ischemia-reperfusion injury. Am J Physiol Renal Physiol (2013) 304(11):F1358–65. doi: 10.1152/ajprenal.00476.2012

107. Pegues, MA, McWilliams, IL, and Szalai, AJ. C-reactive protein exacerbates renal ischemia-reperfusion injury: are myeloid-derived suppressor cells to blame? Am J Physiol Renal Physiol (2016) 311(1):F176–181. doi: 10.1152/ajprenal.00107.2016

108. Jones, NR, Pegues, MA, McCrory, MA, Kerr, SW, Jiang, H, Sellati, R, et al. Collagen-induced arthritis is exacerbated in C-reactive protein-deficient mice. Arthritis Rheumatism (2011) 63(9):2641–50. doi: 10.1002/art.30444

109. Warren, MS, Hughes, SG, Singleton, W, Yamashita, M, and Genovese, MC. Results of a proof of concept, double-blind, randomized trial of a second generation antisense oligonucleotide targeting high-sensitivity C-reactive protein (hs-CRP) in rheumatoid arthritis. Arthritis Res Ther (2015) 17:80. doi: 10.1186/s13075-015-0578-5

110. Brown, CE, and Mackall, CL. CAR T cell therapy: inroads to response and resistance. Nat Rev Immunol (2019) 19(2):73–4. doi: 10.1038/s41577-018-0119-y

111. Fleming, V, Hu, X, Weber, R, Nagibin, V, Groth, C, Altevogt, P, et al. Targeting Myeloid-Derived Suppressor Cells to Bypass Tumor-Induced Immunosuppression. Front Immunol (2018) 9:398. doi: 10.3389/fimmu.2018.00398

112. Erlinger, TP, Platz, EA, Rifai, N, and Helzlsouer, KJ. C-reactive protein and the risk of incident colorectal cancer. JAMA (2004) 291(5):585–90. doi: 10.1001/jama.291.5.585

113. Siemes, C, Visser, LE, Coebergh, JW, Splinter, TA, Witteman, JC, Uitterlinden, AG, et al. C-reactive protein levels, variation in the C-reactive protein gene, and cancer risk: the Rotterdam Study. J Clin Oncol (2006) 24(33):5216–22. doi: 10.1200/JCO.2006.07.1381

114. Allin, KH, Bojesen, SE, and Nordestgaard, BG. Baseline C-reactive protein is associated with incident cancer and survival in patients with cancer. J Clin Oncol (2009) 27(13):2217–24. doi: 10.1200/JCO.2008.19.8440

115. Suh, SY, and Ahn, HY. A prospective study on C-reactive protein as a prognostic factor for survival time of terminally ill cancer patients. Support Care Cancer (2007) 15(6):613. doi: 10.1007/s00520-006-0208-5

116. Ko, YJ, Kwon, YM, Kim, KH, Choi, HC, Chun, SH, Yoon, HJ, et al. High-sensitivity C-reactive protein levels and cancer mortality. Cancer Epidemiol Biomarkers Prev (2012) 21(11):2076–86. doi: 10.1158/1055-9965.EPI-12-0611

117. Chen, Z, Sun, Y, Wang, J, Shen, X, Chen, L, and Zhuang, Z. Prognostic and predictive value of serum C-reactive protein levels in patients with metastatic or locally recurrent gastric cancer. Int J Biol Markers (2016) 31(3):e294–9. doi: 10.5301/jbm.5000210

118. Kostner, AH, Kersten, C, Lowenmark, T, Ydsten, KA, Peltonen, R, Isoniemi, H, et al. The prognostic role of systemic inflammation in patients undergoing resection of colorectal liver metastases: C-reactive protein (CRP) is a strong negative prognostic biomarker. J Surg Oncol (2016) 114(7):895–9. doi: 10.1002/jso.24415

119. Li, ZS, Yao, K, Li, YH, Chen, JP, Deng, CZ, Zhao, Q, et al. Clinical significance of preoperative C-reactive protein and squamous cell carcinoma antigen levels in patients with penile squamous cell carcinoma. BJU Int (2016) 118(2):272–8. doi: 10.1111/bju.13379

120. Thomsen, M, Kersten, C, Sorbye, H, Skovlund, E, Glimelius, B, Pfeiffer, P, et al. Interleukin-6 and C-reactive protein as prognostic biomarkers in metastatic colorectal cancer. Oncotarget (2016) 7(46):75013–22. doi: 10.18632/oncotarget.12601

121. Li, C, Xu, Q, Chen, L, Luo, C, Ying, J, and Liu, J. C-reactive protein (CRP) as a prognostic factor for colorectal cancer after surgical resection of pulmonary metastases. Bull Cancer (2017) 104(3):232–6. doi: 10.1016/j.bulcan.2016.11.016

122. Huang, W, Wu, L, Liu, X, Long, H, Rong, T, and Ma, G. Preoperative serum C-reactive protein levels and postoperative survival in patients with esophageal squamous cell carcinoma: a propensity score matching analysis. J Cardiothorac Surg (2019) 14(1):167. doi: 10.1186/s13019-019-0981-0



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.

Copyright © 2021 Jimenez and Szalai. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/logo.jpg
’ frontiers
in Immunology





OEBPS/Images/fimmu.2020.619564_cover.jpg
’ frontiers
in Immunology

Therapeutic Lowering of
C-Reactive Protein





OEBPS/Images/fimmu-11-619564-g001.jpg
2%





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Therapeutic Lowering of C-Reactive Protein

      

        		

          Preface

        



        		

          Historical Overview of C-Reactive Protein

        

          		

            C-Reactive Protein Gained Acceptance as a Non-Specific Biomarker of Disease Soon After Its Initial Discovery

          



          		

            The Advent of Molecular Biology Ushered in a Deeper Understanding of C-Reactive Protein Structure, Regulation, and Biological Activity

          



        



        



        		

          Targeted Lowering of C-Reactive Protein

        

          		

            Blood C-Reactive Protein Lowering as a Therapeutic for Cardiovascular Disease?

          



          		

            Blood C-Reactive Protein Lowering as a Therapeutic for Other Diseases?

          



          		

            Something to Think About: Blood C-Reactive Protein Lowering in Cancer?

          



        



        



        		

          Summary

        



        		

          Author Contributions

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-11-619564-g002.jpg
CRPP1

Leader
proximal

promoter 5U

#

¥ CEBP  HNFia
5 3 &





