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Editorial on the Research Topic 


Biology of C-reactive protein


C-reactive protein (CRP) was discovered almost 100 years ago in the sera of patients suffering of pneumococcal pneumonia [ (1), reviewed in (2)]. Since then, there has been two major questions about CRP: how does CRP appear in the blood within hours of acute inflammation and what does CRP do in inflammatory states? The goal of this Research Topic was to cover the latest developments on the mechanisms of expression of the CRP gene and on the structure-function relationships of CRP.

The history of research on the biology of CRP since its discovery in 1930 till 1982 is summarized in a personal perspective article by Kushner. It was only during the first 50 years when three fundamental discoveries about CRP were made. One, the primary ligand-binding specificity of CRP was for phosphocholine-containing substances (3). Two, ligand-complexed CRP activated the classical pathway of the complement system [reviewed in (4)]. Three, CRP bound to Fc receptors even if CRP was not complexed with its ligand or even if there was no conformational change in the structure of CRP [reviewed in (5)].

CRP is an acute phase protein produced by the liver [reviewed in (6)]. The expression of the CRP gene in hepatocytes and the subsequent biosynthesis of the protein increase dramatically in response to pro-inflammatory cytokines produced during acute inflammation. The mechanism of CRP gene expression in acute phase is not fully understood. Recently, it has been reported that an enhancer located upstream of the proximal promoter of the CRP gene is critical for the acute phase expression of CRP (7). An original research article by Hernández-Banqué et al. reports the mechanism of expression of the porcine CRP gene. The authors show that the porcine and human CRP proximal promoter regions have been conserved, sharing binding sites for transcription factors. Like in the human CRP gene, there is a highly conserved putative enhancer on the porcine CRP gene. The enhancer-promoter interaction was found to be necessary for the acute phase induction of CRP expression in liver.

Since the serum level of CRP rises in inflammatory states, serum CRP is used as a non-specific biomarker for inflammation before and during the treatment of inflammatory diseases (6). In a perspective article by Mehta et al., the authors make a case for CRP to be used as a primary biomarker of inflammation and therefore disease progression and severity of Parkinson’s disease, particularly in studies examining the impact of an intervention on the signs and symptoms of the disease.

CRP has been related to COVID-19 caused by severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) [reviewed in (8)]. Three original research articles are presented here showing the usefulness of CRP as a biomarker of COVID-19. Hopkins et al. report that the levels of CRP are significantly raised and associated with disease severity in patients with severe COVID-19, suggesting that the serum CRP level is a useful biomarker for predicting disease severity. Their data also indicated that there was a low level of inflammation which lasted for at least six weeks following COVID-19. Molins et al. investigated the potential of monomeric CRP (mCRP, a dissociated subunit of pentameric CRP) in serum as a biomarker of disease severity in COVID-19 patients. They found that the patients with severe disease had higher levels of both pentameric CRP and mCRP. However, mCRP but not pentameric CRP was independently associated to disease severity, indicating the potential of serum mCRP levels as a biomarker of clinical severity in COVID-19. Paranga et al. show that the patients with severe COVID-19 have higher serum levels of CRP compared to the moderate cases. The data also identified CRP as the best discriminate between severe and non-severe forms of COVID-19.

Native CRP is composed of five identical subunits arranged in a cyclic pentameric symmetry (9). CRP has been shown to exist and function as a pattern recognition molecule in three different structural conformations: native pentameric CRP, non-native pentameric CRP (a transitional conformation where the pentamer is structurally altered) and mCRP. Olson et al. reviews the published literature on the functions of these three forms of CRP and conclude that pentameric CRP is anti-inflammatory while mCRP is pro-inflammatory. This review provides a revised understanding of the structure-function relationships of CRP as related to innate immunity and inflammation.

In vitro, CRP exhibits two functions: a recognition function and an effector function. The recognition function involves the binding of CRP to a ligand. The effector function of CRP involves complement activation by liganded CRP. Combined, these two functions of CRP have been shown to provide innate immunity against pneumococcal infection [reviewed in (10)]. In this Research Topic, there are six original research reports focusing on the functions of CRP in abdominal aortic aneurysms, inflammatory autoimmune arthritis, cancer, COVID-19, Leishmania parasite infection and nephritis. Fu et al. investigated the functions of CRP in abdominal aortic aneurysms employing a mouse model of the disease. They report that the serum CRP levels are higher in aneurysmal than that in non-aneurysmal aortas. CRP contributed to the pathogenesis of the disease since the deficiency of CRP was found to suppress aneurysmal aortic dilation and CRP did so by attenuating aneurysmal elastin destruction, macrophage accumulation and matrix metalloproteinase-2 expression. Singh et al. investigated the functions of CRP in inflammatory arthritis employing a mouse model of collagen-induced arthritis. They report that CRP lowers the serum level of IL-17, but not TNF-α, and decreases the incidence of collagen-induced arthritis in mice. Køstner et al. investigated the functions of CRP in cancer and within the tumor microenvironment in a colon cancer cohort. They show that mCRP is abundantly present within tumors from patients with high serum CRP levels. mCRP was detected exclusively within tumors. Some tumor cells were also found to colocalize with mCRP, suggesting a direct interaction or mCRP expression by the tumor itself. Liu et al. investigated the relationship between serum CRP levels and circulating megakaryocyte proportion in COVID-19 patients. They found that serum CRP levels correlated with megakaryocyte marker genes, and megakaryocytes were significantly accumulated in severe cases. The authors propose a model of how CRP regulates immune responses in COVID-19 infection. Seow et al. investigated the interactions between CRP and the parasite Leishmania mexicana. They show that CRP binds to short phosphoglycan repeats of proteophosphoglycans secreted by the parasite and subsequently activates the complement system. Liu et al. investigated the functions of CRP in lupus nephritis. They show that the majority of nephritis patients have autoantibodies to both C1q and mCRP. They also show that mCRP interacts with C1q and that this interaction inhibits the classical pathway of complement activation.

CRP is a member of the pentraxin family of proteins. The other major pentraxins are serum amyloid P component (SAP) and long pentraxin 3 (PTX3). PTX3 is the prototype of long pentraxins while CRP and SAP are short pentraxins [reviewed in (11)]. Both SAP and PTX3 have also been implicated in inflammatory diseases. A review article by Massimino et al. summarizes the current state of knowledge on PTX3. They review the biosynthesis and structure-function relationships of PTX3 in light of the most recent advances in its structural biology, with a focus on the interplay with complement and the emerging roles as a component of the extracellular matrix.

CRP is also a target for developing therapeutics. Rizo-Téllez et al. review recent advances in the strategies to therapeutically lower the serum CRP levels and the development of CRP antagonists specially an inhibitor that could change the conformation of CRP. The authors also discuss the therapeutic potential in mitigating the deleterious actions attributed to CRP under various pathologies, including cardiovascular, pulmonary and autoimmune diseases and cancer.

CRP has been conserved from arthropods to humans [reviewed in (12, 13)]. However, it remains unclear how CRP confers immunity to invertebrates against pathogens. Bhattacharya and Munshi review the published literature on the significance of the presence of CRP in invertebrates. They review the site of synthesis of CRP, the constitutive and induced levels of CRP in the plasma of invertebrates, and the primary structure of CRP from various invertebrate species. Since invertebrates lack an acquired immune response, the authors propose that the invertebrates are dependent on the multifunctional roles of CRP leading to evolutionary success of the invertebrate phyla.

In conclusion, this Research Topic contains perspective articles, review article and original research articles on the following aspects of CRP: mechanisms of expression of the CRP gene, use of CRP as a biomarker of inflammation, structure-function relationships of CRP, functions of the CRP homologs in inflammatory states, CRP in relation to COVID-19 and on the evolution of CRP across the animal kingdom.
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  C-reactive protein (CRP), an active regulator of the innate immune system, has been related to COVID-19 severity. CRP is a dynamic protein undergoing conformational changes upon activation in inflammatory microenvironments between pentameric and monomeric isoforms. Although pentameric CRP is the circulating isoform routinely tested for clinical purposes, monomeric CRP shows more proinflammatory properties. Therefore, we aimed to determine the potential of monomeric CRP in serum as a biomarker of disease severity in COVID-19 patients (admission to intensive care unit [ICU] and/or in-hospital mortality). We retrospectively determined clinical and biological features as well as pentameric and monomeric CRP levels in a cohort of 97 COVID-19 patients within 72h of hospital admission. Patients with severe disease had higher levels of both pentameric and monomeric CRP. However, multivariate analysis showed increased mCRP but not pCRP to be independently associated to disease severity. Notably, mCRP levels higher than 4000 ng/mL (OR: 4.551, 95% CI: 1.329-15.58), together with number of co-morbidities, low lymphocyte count, and procalcitonin levels were independent predictors of disease severity in the multivariate model. Our results show the potential of mCRP levels as a marker of clinical severity in COVID-19 disease.
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  1 Introduction

Coronavirus disease 2019 (COVID-19), caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection was declared in March 2020 a global pandemic by the World Health Organization with more than 4 million related deaths since then (1). COVID-19 is asymptomatic or mild in most cases. Yet, 10% of patients present severe disease due to pneumonia, acute respiratory distress syndrome (ARDS), systemic inflammation, thrombosis, and multiorgan failure, causing death in 1-3% of patients. Indeed, some patients with mild symptoms may present a sudden progression to severe disease (2).

Noteworthy, although hospitalization for COVID-19 is needed only in a minority of patients and disease management has majorly improved since the first outbreak in March 2020, the highly infectious nature of SARS-CoV-2 driving to high incidence spikes in short periods of time is still posing a threat to health care systems worldwide. Thus, predicting individual prognosis is crucial to provide a personalized treatment to reduce mortality. Age, male sex, hypertension, the presence of certain co-morbidities, and several blood biomarkers have been consistently associated with worse prognosis (3, 4).

C-reactive protein (CRP), an acute phase reactant and an active regulator of the innate immune system, is increased in COVID-19 patients and has been associated to disease severity (5, 6). Among its multiple functions, CRP activates the classical pathway and inactivates the alternative pathway of the complement system (7). CRP is mainly synthesized in the liver upon interleukin- (IL-) 6 induction and its levels can increase up to 100-fold in response to several forms of tissue damage, infection and inflammation. In plasma, CRP circulates as a disk-shaped pentamer (also known as pentameric CRP, pCRP) composed of five 23 kDa non-covalently bound subunits (8). Nevertheless, low pH, oxidative stress and bioactive lipids from activated cells can dissociate pCRP into its monomeric subunits (9, 10) by means of phospholipase A2 activation and subsequent lysophosphatidylcholine cell surface exposure (11). This conformation of CRP, named monomeric CRP (mCRP), shows different biological functions and antigenicity-expressing neoepitopes than pCRP representing the tissue-associated insoluble form of CRP. Although there is no standardized method, circulating levels of mCRP in serum can be measured by means of customized ELISA (12). Unlike pCRP, mCRP presents a prothrombotic and proinflammatory phenotype (13–16). Given that most reports on the role of CRP in systemic diseases are based on the pentameric conformation, additional research on the specific implications of mCRP over pCRP should be addressed.

Considering the hyperinflammatory nature of COVID-19 complications and the fact that mCRP dissociates from pCRP in proinflammatory microenvironments and it is also the main active proinflammatory isoform of CRP, we hypothesized that mCRP could be considered as a more specific prognostic marker of inflammatory progression and severity than pCRP in COVID-19. Thus, we aimed to evaluate mCRP and pCRP levels in COVID-19 patients at hospital admission to determine their prognostic value to progression to more severe disease forms.


 2 Methods

 2.1 Study design, patients, and data collection

We performed an observational retrospective study of 97 patients admitted to the hospital (Hospital Clinic of Barcelona, Spain) for > 48h with confirmed acute SARS-CoV-2 infection by rRT-PCR performed on nasopharyngeal and throat swabs between March 1st and September 30th 2020. Included patients had serum samples preserved in the COVIDBANK within 72h of admission for further determination of circulating levels of mCRP. The COVIDBANK is a biorepository of biological samples from SARS-CoV-2 patients treated in Hospital Clinic of Barcelona with the aim of providing samples of quality for SARS-COV-2-related scientific research. The Institutional Ethics Committee of Hospital Clinic of Barcelona approved the study (HCB/2020/0874) and patients gave their informed consent to the COVIDBANK.

Data were retrospectively obtained for all patients included in the study from the electronic health records. Variables included were age, sex, and co-morbidities (chronic heart disease, diabetes mellitus, chronic kidney disease, hypertension, solid malignant neoplasm, chronic respiratory disease, haematologic disease, hepatopathy, solid organ transplant, HIV). Biochemical variables included blood cell count (eosinophils, basophils, lymphocytes), creatinine, D-dimer, ferritin, lactate dehydrogenase (LDH), procalcitonin, troponin, and pCRP at admission. The composite outcome variable included the need of intensive care unit (ICU) admission and/or in-hospital mortality at any time during in-hospital stay. In addition, mCRP levels were determined from preserved serum samples of the COVIDBANK.


 2.2 Serum mCRP determination

Serum mCRP was detected with the ELISA protocol described by Zhang et al. with some modifications (12, 17). Briefly, mouse anti-human CRP mAb CRP-8 (Sigma-Aldrich, C1688) was immobilized as capture antibody at 1:1000 in coating buffer (10 mM sodium carbonate/bicarbonate, pH 9.6) for 18h at 4°C. This commercially available monoclonal antibody has been reported to specifically recognize mCRP, but not pCRP (18). After washing three times for 2 min each with TBS, non-specific binding was blocked with filtered 1% BSA-TBS for 1 hour at 37°C. Samples were diluted 1:100 in blocking buffer and added into wells for 1h at 37°C. Then, washing step was repeated and samples were incubated with sheep anti-human CRP polyclonal antibody (MBS223280, MyBioSource) at 1:5000 in blocking buffer for 1h at room temperature (RT), before incubation with a HRP-labelled donkey anti-sheep IgG (Abcam) at 1:10000 in blocking buffer for 30 min at RT. Signalling was detected with VersaMax Microplate Reader and the OD value of each sample was calculated as OD450–OD570 nm. A standard curve was prepared by serial dilutions of mCRP (0-50 ng/mL) obtained by urea-chelation of pCRP (Calbiochem) (16) in blocking buffer (1% BSA-TBS) in the presence of reference diluted sera (1:100). The concentration of mCRP in the reference sera was below detection level and therefore undetectable following 1:100 dilution. Controls using purified pCRP at a concentration of 100 ng/mL, which would be equivalent to 10 µg/mL after 1:100 dilution, only generated background signal, showing specificity for mCRP.


 2.3 Statistical analysis

Categorical variables were described as absolute (N) and relative (%) frequencies and Chi square or Fisher’s test was used for comparisons. Quantitative variables following a normal distribution were represented as mean ± standard deviation and differences between groups were determined with Student’s t-test. Variables with a non-normal distribution were expressed as median and minimum and maximum value and the Mann-Whitney test was employed to determine significant differences. Linear relationships were analysed by determination of Spearman correlation coefficient. Statistical assumptions were made based on significance level below 0.05.

To determine the variables associated with disease severity (need for ICU admission and/or in-hospital mortality), a multivariable logistic regression model was performed adding the variables with a P value lower than 0.2 in the bivariate analysis. Variables with more than 10% of missing values were excluded. Quantitative variables added to the multivariate analysis were dichotomized as follows: age (>70), pCRP (>10 µg/mL), mCRP (>4000 ng/mL), creatinine (>1.1 mg/dL in women and >1.3 mg/dL in men), D-dimer (>500 ng/mL), lymphocytes (<0.004 x109/L), procalcitonin (>0.5 ng/mL), ferritin (>306 ng/mL in women and >336 ng/mL in men), troponin (>50 ng/mL). Cut-off values of pCRP, creatinine, D-dimer, lymphocyte count, procalcitonin, and ferritin were chosen based on their abnormal levels associated to pathology. The final model was reached through backward stepwise removal of variables with p-value higher than 0.1 and using Wald tests to demonstrate that each model was better than its previous iteration. Odds ratio (OR) with 95% confidence interval (CI) were calculated. To assess the predictive ability of each model, we calculated the area under the receiver operating characteristic (ROC) curve with its respective 95% confidence interval (95% CI) and determined the cut-off value to maximize sensitivity and specificity. Statistical analyses were performed using SAS v9.4 software (SAS Institute Inc., Cary, NC, USA).



 3 Results

Study population consisted of 97 patients admitted to Hospital Clínic of Barcelona between March and September 2020 for > 48h with confirmed acute SARS-CoV-2 infection. The mean age was 60 ± 17 years and 59 (61%) were males. The most common co-morbidities were hypertension (50,5%), diabetes mellitus (28.9%), chronic heart disease (23.7%), chronic respiratory disease (21.6%), solid malignant neoplasm (15.5%), and chronic kidney disease (15.5%). Other minor co-morbidities included chronic liver disease, hematologic disease, solid organ transplant, and HIV infection. A total of 27 (27.8%) patients were admitted to the ICU and the in-hospital mortality rate was 25.8% ( Table 1 ). Although the majority of patients that died were previously admitted to ICU (15/25, 60%), some died in normal ward (10/25, 40%). Severe disease was defined as ICU admission and/or in-hospital mortality.

 Table 1 | Clinical and analytical features of COVID-19 patients upon admission and significant risk factors for disease severity (ICU admission and/or in-hospital mortality) on bivariate analysis. 



Patients with severe disease (37/97) were older (68.76 ± 14.8 vs. 55.02 ± 16.1 years, P<0.001) and had more co-morbidities (2.43 [0.00-5.00] vs. 1.20 [0.00-5.00], P<0.001). Patients with higher levels at admission of creatinine (1.17 [0.24-6.49] vs. 0.85 [0.50-4.05] mg/dL, P=0.012), D-dimer (1200 [400-28400] vs. 450 [200-6000] ng/mL, P<0.001), procalcitonin (0.18 [0.03-15.03] vs. 0.08 [0.00-1.58] ng/mL, P<0.001), troponin (11.65 [0.00-304] vs. 3.25 [0-803] ng/L, P<0.001), pCRP (11.61 [1.65-33.50] vs. 5.63 [0.00-33.34] µg/mL, P=0.013), and mCRP (3551.3 [30-9806] vs. 206 [30-8086], ng/mL P<0.001) and lower lymphocyte count (0.60 [0.10-2.90] vs. 1.15 [0.30-2.20] 109/L, P<0.001) were also more likely to develop severe disease. Chronic kidney and heart disease, hypertension, and solid malignant neoplasm were also associated to disease severity ( Table 1 ). As shown in  Figure 1 , patients that required ICU admission and/or died had higher levels of both monomeric (*P<0.001) and pentameric CRP (*P=0.013). mCRP significantly correlated with pCRP (r=0.377, P<0.001), although the correlation coefficient was only intermediate ( Figure 1C ). When analysing the ratio log_mCRP/pCRP no association with disease severity was found. In fact, when determining the correlation of log_mCRP/pCRP with established severity markers only a statistically significant correlation was observed for creatinine (r=0.241, P=0.019) and troponin (r=0.264, P=0.015), but not for procalcitonin (r=-0.007, P=0.94), lymphocyte count (r=-0.173, P=0.096), ferritin (r=-0.157, P=0.139), and D-dimer (r=0.133, P=0.208). Instead, mCRP significantly correlated with more markers of severity including procalcitonin (r=0.278, P=0.007), lymphocyte count (r=-0.335, P=0.001), creatinine (r=0.205, P=0.044), troponin (r=0.275, P=0.01), and D-dimer (r=0.329, P=0.001) but not with ferritin (r=0.087, P=0.410). Nevertheless, in most cases correlation coefficient was weak (r<0.3).

 

Figure 1 | mCRP and pCRP levels in COVID-19 patients. Box-and whisker plots of mCRP (A) and pCRP (B) levels according to disease severity (ICU-admission and/or in-hospital mortality). Median values are highlighted by solid lines. Statistical analysis was conducted using Mann-Whitney test (*P < 0.05, **P < 0.001). Correlation between mCRP and pCRP (C). 



Quantitative variables were then dichotomized and added to the multivariate analysis: number of pathologies, high levels of mCRP (>4000 ng/mL) and procalcitonin (>0.5 ng/mL), and low lymphocyte count (<0.004 x109/L) were independently associated to disease severity. Lymphocyte count (OR: 4.615, 95% CI: 1.493-14.26), procalcitonin (OR: 18.199, 95% CI: 2.235-148.17), and mCRP (OR: 4.551, 95% CI: 1.329-15.58) were retained in the model as independent predictors of severity ( Table 2 ). The area under the ROC curve (AUC) was 0.869 (95% CI: 0.794-0.945, and the best cut-off had a 86.1% sensitivity and 75.0% specificity) showing a good ability to predict in-hospital mortality ( Figure 2 ).

 Table 2 | Significant risk factors for disease severity (ICU admission and/or in-hospital mortality) on multivariate regression analysis. 



 

Figure 2 | ROC curve of the multivariate model. 




 4 Discussion

Since the first outbreak in early 2020 huge labour has been devoted to understand COVID-19 pathophysiology and to identify prognosis factors for disease severity worldwide. The wide range of signs, symptoms and clinic severity urge to a personalized approach for disease management. In this regard, certain blood biomarkers such as IL-6, ferritin, D-dimer, and CRP may be able to anticipate the development of the cytokine storm leading to COVID-19 complications (19, 20). Here, we provide insights on the potential of the conformational isoforms of CRP to predict disease severity, defined as ICU admission and/or in-hospital mortality. Our results show that high levels of circulating mCRP in COVID-19 patients at hospital admission are independently associated to disease severity.

CRP is a dynamic protein subjected to conformational changes upon activation in inflammatory microenvironments between circulating (pCRP) and monomeric (mCRP) tissue-based isoforms. Notably, mCRP manifests potent proinflammatory effects and activates platelets (16), leukocytes (15), and endothelial cells (21). Moreover, mCRP deposition has been localized in inflamed tissues, thus suggesting an active role in the progression of several inflammatory disorders including Alzheimer’disease (22), cardiovascular disease (23), and age-related macular degeneration (24). Although mCRP could represent a more accurate marker of inflammation, pentameric pCRP is the CRP isoform determined for clinical purposes.

Currently, there are no commercially available assays to determine serum or plasma levels of mCRP, likely due to the insoluble nature of the monomeric subunit. However, several reports have developed customized ELISA assays to determine circulating mCRP using specific antibodies against mCRP. Some authors have generated their own antibodies against mCRP (25–27), others have used mCRP antibodies (clone 8C10) developed by Potempa et al. (28), while others have used the commercially available clone CRP-8 that has been described to specifically recognize mCRP (12, 29). In our study, we followed the protocol described by Zhang et al., and used the monoclonal antibody CRP-8 to quantify circulating mCRP in our cohort as this protocol avoided cross-reactivity with pCRP. Alternatively, flow cytometry has also been used by some authors to determine circulating mCRP (30, 31).

The precise nature of the mCRP detected by ELISA is unclear as both highly denaturated or globular mCRP forms may be present in serum samples. Given the reduced solubility of mCRP it is conceivable that detected mCRP can be also bound to microparticles. Alternatively, circulating mCRP can be found in a globular form with binding properties similar to the pentameric form as recently described by Williams et al. (29). Indeed, further research regarding the structure and function of physiological circulating mCRP is warranted.

No standardized method for circulating mCRP determination has been established yet and different techniques and protocols may result in different mCRP values, which currently limit the translational application of mCRP in the clinical setting. Yet, few studies have determined circulating mCRP levels in several diseases including skin related autoimmune disorders (0-120 ng/mL) (12), Adult-Onset Still-s disease (0-1000 ng/mL) (25), systemic lupus erythematosus (1-7 ng/mL), antineutrophil cytoplasmic antibody-associated vasculitis (5-20 ng/mL) (28), atherosclerosis (0-50 ng/mL) (27), and chronic pulmonary obstructive disease (600-1000 ng/mL) (26). In these studies, mCRP levels were lower than those for hospitalized COVID-19 patients from our study. As a matter of fact, the study of Karlsson et al. also included a control group of healthy subjects with a mean level of mCRP below 10 ng/mL (28). Although differences may be attributed to the method used to determine mCRP it is conceivable that COVID-19 patients at hospital admission may present increased levels of mCRP compared to other pathologies. Because mCRP dissociates from pCRP, it is also conceivable that high levels of pCRP, as the ones of our cohort, lead to higher levels of mCRP. Indeed, mCRP significantly correlated with pCRP although the correlation coefficient was not particularly strong.

Given the wide range of COVID-19 clinical presentation, severe disease was considered on either ICU admission and/or in-hospital death in order to search for high external validity findings. Accordingly, our results showed that both mCRP and pCRP were significantly associated to disease severity in the bivariate analysis. Interestingly, mCRP, but not pCRP, was independently associated to disease severity in the multivariate analysis. Because mCRP represents the proinflammatory conformation of CRP we also aimed to determine whether the ratio mCRP/pCRP was associated to disease severity. Nevertheless, unlike mCRP, this variable was not associated to disease severity. Notably, the multivariate model including mCRP, number of pathologies, low lymphocyte count, and procalcitonin had an AUC of 0.869, with a 86.1% sensitivity and 75.0% specificity in the best cut-off showing a good ability to predict in-hospital mortality. Although our results suggest that mCRP could serve as a prognostic factor of disease severity in COVID-19, a standardized method for determining circulating mCRP should be established before its clinical application.

Whether mCRP plays a role in the progression of COVID-19 or is merely a marker remains unclear. A recent study showed that mCRP can bind to the SARS-CoV-2 spike receptor binding-domain (RBD) and competes with the binding of the spike RBD to angiotensin-converting enzyme 2 (ACE2) receptor (32). Increased levels of CRP induced by SARS-CoV-2 infection may eventually lead to unrestrained inflammation. Indeed, CRP apheresis can reduce the immune response in COVID-19 patients, as showed in a case series report of seven patients (33). Targeting mCRP in COVID-19 patients could represent a novel therapeutic target. Besides CRP apheresis, approaches aimed at inhibiting either CRP dissociation into mCRP (34, 35) or antibodies against mCRP (36) could represent attractive alternatives to prevent the cytokine storm and hyperinflammatory status associated to COVID-19. Yet, caution should be taken when targeting CRP as the effects of CRP isoforms may differ depending on the infection stage; in early phases of infection CRP acts as a soluble pattern recognition receptor targeting necrotic or damaged tissue, while in late phases of infection, unrestrained levels of CRP may cause hyperinflammation with its subsequent complications. mCRP is mainly generated within inflamed tissues and has a short circulating half-life (21), thus suggesting that circulating mCRP might not play a direct role in autoimmune induction. Yet, it may act as an indicator of local mCRP accumulation and subsequent inflammation. Immunostaining of mCRP in damaged infected tissue could shed light on the role of mCRP in COVID-19 pathophysiology.

In summary, despite certain intrinsic limitations including retrospective and single centre nature together with limited sample size, our study shows for the first time the role of circulating mCRP as a prognostic factor of disease severity in COVID-19 which should be confirmed in prospective multicentric studies. It should be also pointed that our patient cohort was recruited during the first outbreak of the pandemic, before proper treatments and vaccines were available, which may differ with the phenotype of current COVID-19 patients as disease is now better understood and treated. Determination of mCRP levels in vaccinated COVID-19 patients would help to better understand the role of mCRP in COVID-19. Further studies are warranted to elucidate the role of mCRP in the different stages of SARS-COV-2 infection in order to identify novel targets to prevent the eventual progression to cytokine storm.
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C-reactive protein (CRP) was discovered in 1930 in the sera of patients during the acute phase of pneumococcal pneumonia and was so named because it bound to the C-polysaccharide of the pneumococcal cell wall. During the next half century many questions raised by this discovery were answered. Phosphorylcholine was found to be the moiety of the C-polysaccharide to which CRP bound. The molecular structure of CRP was elucidated: five identical subunits arranged in cyclic symmetry, giving rise to the term pentraxin. Initially felt to be not normally present in the blood, CRP was found to be a component of normal serum in trace amounts. Its site of origin was determined to be the hepatocyte. It became clear that the presumed humoral mediator responsible for CRP induction was of leukocytic origin. Binding of CRP to its ligand activated the complement system, one of the important effector mechanisms of innate immunity. CRP was found to stimulate phagocytosis of some bacterial species via binding to Fc receptors and was found to be protective in vivo against the pneumococcus in mice. It appeared likely that a related function of CRP was clearance of necrotic tissue. CRP was recognized as being a highly evolutionary conserved molecule. Its discovery during the acute phase of pneumococcal pneumonia led to its being dubbed an acute phase protein. What we today call “the acute phase response”, refers to the large number of behavioral, physiologic, biochemical, and nutritional changes that occur during inflammatory states.
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Introduction

In 1958, I started my career as a research fellow at what was then called Metropolitan General Hospital, a major teaching hospital of the Case Western Reserve University School of Medicine in Cleveland. Working under Melvin Kaplan, co-developer of the fluorescent antibody technique, I was assigned the task, employing that technique, of determining the site of production of Cx-reactive protein, as rabbit C-reactive protein (CRP) was known at the time. (We failed.) Over the ensuing years I observed the gradual accretion of knowledge about CRP, culminating in the landmark meeting under the auspices of the New York Academy of Sciences in June 1982 described below. I will focus here on what I regard as the high points of our understanding, as they evolved. This personal review does not attempt to be comprehensive or all-inclusive. I apologize to those colleagues whose work, often seminal, I have omitted.



The discovery of C-reactive protein at The Rockefeller Institute

The Rockefeller Institute for Medical Research was established in 1906, in an era when pneumonia was a leading cause of death in the United States. When the bacteriologist Oswald Avery joined the Institute in 1913, a considerable effort in his lab was directed to understanding pneumonia, and of its most common etiologic agent, Streptococcus pneumoniae, generally referred to at the time as the pneumococcus. (I remind you that it was Avery’s lab which discovered in 1944 that genes were made of DNA.) (1). CRP was discovered in the course of these studies, one might rather say blundered into.

Avery and his collaborators had found that a polysaccharide (different for each pneumococcal type) made up the pneumococcal capsule, and that it was the capsule that renders the organism virulent - resistant to phagocytosis. This finding led to the use of type-specific serum therapy, the only way to treat pneumonia until the introduction of anti-microbial drugs in the late 1930s.

Then, in 1930, as recounted by Maclyn McCarty (2), William Tillett, in the Avery lab, prepared a different polysaccharide fraction, not from the capsule but rather from the cell wall, designated the “C” fraction because it appeared to be analogous to the C polysaccharide of the hemolytic streptococcus studied by Rebecca Lancefield a few years previously. Tillett and Thomas Francis set up precipitin tests against sera from serial bleedings of pneumonia patients, presuming they would detect antibodies to the “C” fraction. But the results were completely the opposite of what they had expected. A precipitate formed when the “C” substance was mixed with sera obtained at the time of admission to the hospital and throughout the febrile period (the acute phase), then diminished in the patients who recovered, and ultimately disappeared. These findings were published in 1930 (3).

This was not how antibodies behaved. It was clear that the C-precipitation phenomenon differed from immune reactions. It took the investigators a while to digest this finding. Ultimately, they realized that they were dealing with something new, different from an antibody response. It appeared that there was a substance of some kind in acute phase sera that was C-reactive.



The molecule itself

It wasn’t until a decade later, in 1941, that a series of papers from the Avery lab reported that the C-reactive substance was a protein; thus, a C-reactive protein (4–6). It is of interest that these authors stated that CRP was “not normally present in the blood”.

In the early years, the Rockefeller institute largely carried the ball on CRP studies. In 1965, Emil Gotschlich and Gerald Edelman, of the Institute, reported that CRP was composed of probably identical subunits with a molecular weight of about 21,500 Da (7). The primary structure of CRP was reported in a pair of papers from Gotschlich’s lab about a decade later (8, 9). They found that CRP had a unique sequence containing 187 amino acids in a single polypeptide chain. and a minimal molecular weight of 20,946 Da. And in 1977, Alex Osmand et al, working in Henry Gewurz’s lab at the Rush Medical College in Chicago, reported that CRP was composed of five subunits arranged in cyclic symmetry, and suggested the term pentraxin for such a structure (10).



Is CRP really “not normally present in the blood”?

For several decades, it was held that CRP was not normally present in the blood. Finally, in 1972, C.O. Kindmark, of the University of Lund in Sweden, employing a more sensitive assay than had previously been employed, reported that CRP was indeed a component of normal serum (11), a finding confirmed in 1976 by David Claus in the Gewurz lab (12), and again in 1981 in Mark Pepys’ lab at the Royal Postgraduate Medical School in London (13). In the latter study, serum CRP concentrations in the healthy adults they studied were under 3 mg/L in 90% of healthy adults and under 10 mg/L in almost all.



Where is it made?

In 1966, J. Hurlimann, working in the Jeanette Thorbecke lab at New York University, found that C (14)-amino acid incorporation in vitro into CRP could be demonstrated in culture fluids from liver tissue, and no other organ, in inflamed rabbits and monkeys (14). A dozen years later, the specific liver cell type responsible for CRP production in rabbits was identified as the hepatocyte by Irving Kushner employing immunoenzymatic techniques, working in Gerard Feldmann’s lab at the Hôpital Beaujon in Clichy, France (15).



How do hepatocytes know that they should produce it?

Following acute myocardial infarction, CRP concentrations were found to rise exponentially, with a mean doubling time of 8.2 h. Levels continued to rise for nearly two days in individuals with mild infarction and over three days in those with extensive infarction (16). Studies in isolated perfused rabbit livers revealed that secretion rates of CRP from livers from inflamed animals did not increase exponentially after removal of the liver from the rabbit. Rather they continued to secrete CRP at the rate achieved at the time of removal from the living animal (17), indicating that acceleration of CRP synthesis required continuing exposure to an in vivo mediator, as had been presumed.

By 1982, inflammation-associated cytokines just were beginning to be identified. There was considerable interest at the time in endogenous pyrogens, soluble factors from leukocytes capable of inducing fever in rabbits (18). Ralph Kampschmidt’s lab at the Samuel Roberts Noble Foundation in Ardmore, OK found that such preparations could induce a broad array of acute phase changes, including CRP, in experimental animals, as did Don Bornstein’s lab at the SUNY Upstate Medical University in Syracuse. NY (19–22), indicating that the presumed humoral mediator responsible for CRP induction was of leukocytic origin.



Are there other acute phase proteins?

Avery’s lab referred to CRP as “the acute phase protein”. But was CRP unique, or were there other acute phase proteins? The development of immunochemical methods in the 1960s permitted quantitation of the concentrations of individual plasma proteins. It was soon learned that the concentrations of a number of plasma proteins rose (positive acute phase proteins), while concentrations of others fell (negative acute phase proteins) following inflammatory stimuli such as surgical procedures. Noteworthy positive acute phase proteins identified at the time included α1-antitrypsin, α1-acid glycoprotein, haptoglobin and ceruloplasmin, while concentrations of albumin, transferrin, α1-and β-lipoprotein decreased (23, 24). A few years later, Keith McAdam and Jean Sipe at the National Cancer Center in Bethesda found that the newly discovered amyloid precursor Serum Amyloid A (SAA) was also a major acute phase protein, comparable to CRP in the magnitude of increase following stimulus (25).



Why does CRP bind to the C polysaccharide?

John Volanakis, working in Melvin Kaplan’s lab in Cleveland and Emil Gotschlich’s lab at the Rockefeller Institute independently demonstrated that phosphorylcholine was the moiety of the C polysaccharide that CRP bound to (26, 27). While CRP was found to bind to a variety of other molecules (28), phosphorylcholine was of greatest interest. Phosphorylcholine is displayed by a variety of microorganisms, raising the possibility that CRP might protect against some infections. And it is widely distributed throughout nature as a constituent of cell membranes.



What does CRP do?


Promotion of inflammation by complement activation

Two laboratories, those of Volanakis and Kaplan in Cleveland, and J. Siegal and R. Rent in the Gewurz lab, in the mid-1970s reported that binding of CRP to its ligand activated the complement system via the classical pathway (29–32). Activation of complement, one of the important effector mechanisms of innate immunity, leads to opsonization of pathogens as well as to generation of the classical inflammatory response.



Phagocytosis of bacteria

CRP was found to bind to some pathogenic bacteria, raising the possibility that it facilitated phagocytosis; that it might be an opsonin (33, 34) CRP was found to stimulate phagocytosis of some bacterial species (35–37). But phagocytosis requires phagocytes. Richard Mortenson and Jo Ann Duszkiewicz at Ohio State University and Karen James and B. Hansen in the Gewurz laboratory reported that CRP binds to macrophages and lymphocytes via Fc receptors (38, 39). Indeed, CRP was found to be protective in vivo against the pneumococcus by Carolyn Mold, Terry Du Clos and their collaborators, and workers in the Volanakis lab (40, 41).



Clearance of necrotic tissue

In experimental animals in which tissue injury was induced by intramuscular injection of croton oil, Kushner and Kaplan, employing immunofluorescent methods, found that CRP localized to necrotic myofibers and no other tissue (42). Comparable CRP localization to necrotic cardiac muscle fibers was seen when myocardial infarction was induced by cardiac artery ligation (43).

These findings raised the possibility that a function of CRP might be to target necrotic tissue for removal of necrotic debris, facilitating phagocytosis of damaged cells. Phosphorylcholine is a constituent of all cell membranes, and this possibility was supported by the finding in John Volanakis’ lab that CRP bound to artificial phosphatidylcholine bilayers (44) but that alteration of the normal organization of phosphatidylcholine bilayers was required for binding of CRP to occur (45). Necrotic cells are cleared by phagocytic cells, and the role of CRP in their clearance is undoubtedly comparable to its role in phagocytosis of bacteria – necrotic cells are targeted by CRP, which in turn binds to Fc receptors on phagocytes. In addition, the activation of complement would lead to initiation of innate immunity, and generation of the classical inflammatory response locally.




Phylogeny

CRP is a highly conserved molecule (46). Early studies from the Rockefeller lab identified CRP in sera from rabbits and monkeys (47). Before long it was also identified in several land-based vertebrate species (48) and then in the fish species Plaice (49). It turned out that CRP appeared very early in the course of evolution; a protein from the hemolymph of Limulus polyphemus – the Horseshoe Crab (nearly half a billion years on this planet) - was found which resembles human CRP (50).



Clinical considerations

The original discoverers of CRP felt that it was elicited by infection with Gram positive organisms. But as early as 1933, Rachel Ash, of the Children’s Hospital in Philadelphia, employing a precipitation test with the C polysaccharide, found that infection with Gram negative organisms also gave positive tests (51). The first clinical use for determination of CRP in the blood, developed at the Rockefeller Institute by H. C. Anderson and Maclyn McCarty, employed antibodies to CRP in a capillary precipitin test as a marker of disease activity in acute rheumatic fever (52). Subsequently, hundreds of papers were published reporting the use of CRP determination to indicate the presence of an inflammatory process, estimate its severity, and monitor the course of illness in a great variety of medical conditions.



The acute phase response

Oswald Avery had been fascinated by the appearance of CRP during the acute phase of infectious diseases. He was quoted by Rene Dubos: “Avery never discussed the C-reactive protein without turning the conversation to what he was wont to call ‘the chemistry of the host’. Although he never spelled out what he meant by that expression, he clearly had in mind all the unidentified body substances and mechanisms of a nonimmunological nature, both protective and destructive, that come into play in the course of infectious processes” (53). It soon became apparent that the acute phase response was not limited to infectious processes, but also occurred after tissue injury, such as occurs in surgical procedures and myocardial infarction. And although CRP is an “acute phase” protein, it was clear from the beginning that the acute phase response occurs in chronic diseases as well as in acute diseases, and often persists for extended periods. What Avery termed the “chemistry of the host” is today termed “the acute phase response” - the large number of behavioral, physiologic, biochemical, and nutritional changes that occur during inflammatory states (54).



Taking stock after half a century

In 1981, Mark Pepys brought CRP to the attention of the broad biomedical community with an essay published in the Lancet, classified by them as an “Occasional Survey”, with a thorough, scholarly summary of what was known about CRP at the time (28).

The late John Volanakis, Henry Gewurz and I ran into one another at a meeting of The Central Society for Clinical Research at the Drake Hotel in Chicago in November 1979. We were aware that the late 1970s had seen increasing interest in CRP and the acute phase response and concluded that the time had come to organize an international meeting about CRP, SAA and the acute phase response in general. Under the auspices of the New York Academy of Sciences, that meeting, entitled “C-Reactive Protein and the Plasma Protein Response to Tissue Injury”, was held at the Barbizon-Plaza Plaza Hotel in New York City on September 21-23, 1981 (55). (The original projected title, “C-Reactive Protein and the Acute Phase Response”, was rejected because it was felt that very few scientists were familiar with the term “Acute Phase Response”, and inflammation was generally defined at the time as the response to tissue injury.) Thirty-six papers were presented at this meeting, and there were 26 posters.

The field has taken off since then.
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Background

Systemic inflammation, diagnostically ascribed by measuring serum levels of the acute phase reactant C-reactive protein (CRP), has consistently been correlated with poor outcomes across cancer types. CRP exists in two structurally and functionally distinct isoforms, circulating pentameric CRP (pCRP) and the highly pro-inflammatory monomeric isoform (mCRP). The aim of this pilot study was to map the pattern of mCRP distribution in a previously immunologically well-defined colon cancer (CC) cohort and explore possible functional roles of mCRP within the tumor microenvironment (TME).





Methods

Formalin-fixed, paraffin-embedded (FFPE) tissue samples from 43 stage II and III CC patients, including 20 patients with serum CRP 0-1 mg/L and 23 patients with serum CRP >30 mg/L were immunohistochemically (IHC) stained with a conformation-specific mCRP antibody and selected immune and stromal markers. A digital analysis algorithm was developed for evaluating mCRP distribution within the primary tumors and adjacent normal colon mucosa.





Results

mCRP was abundantly present within tumors from patients with high serum CRP (>30 mg/L) diagnostically interpreted as being systemically inflamed, whereas patients with CRP 0-1 mg/L exhibited only modest mCRP positivity (median mCRP per area 5.07‰ (95%CI:1.32-6.85) vs. 0.02‰ (95%CI:0.01-0.04), p<0.001). Similarly, tissue-expressed mCRP correlated strongly with circulating pCRP (Spearman correlation 0.81, p<0.001). Importantly, mCRP was detected exclusively within tumors, whereas adjacent normal colon mucosa showed no mCRP expression. Double IHC staining revealed colocalization of mCRP with endothelial cells and neutrophils. Intriguingly, some tumor cells also colocalized with mCRP, suggesting a direct interaction or mCRP expression by the tumor itself.





Conclusion

Our data show that the pro-inflammatory mCRP isoform is expressed in the TME of CC, primarily in patients with high systemic pCRP values. This strengthens the hypothesis that CRP might not only be an inflammatory marker but also an active mediator within tumors.
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Background

Systemic inflammation, diagnostically ascribed by measuring levels of the acute phase protein CRP in serum, has consistently been correlated with poor outcomes across cancer types (1–3). However, the biological relationship between CRP and inflammation remained unresolved and controversial for decades. Recently, evidence has been advanced showing that CRP exists in different structural isoforms with distinct biological activities (4). The circulating CRP isoform is a highly soluble pentameric molecule (pCRP) composed of 5 identical globular subunits arranged in a ring-shaped structure (5). Each subunit contains a calcium dependent binding site enabling interaction with phosphocholine (PC), a major component of plasma membranes, defined as the primary ligand for pCRP. However, for the PC ligand to become accessible for CRP binding, structural remodeling of the membrane lipid is required. This may occur when cells become activated, either by an infectious or non-infectious inflammatory stimulus or following cell damage or apoptosis and may involve the activity of the enzyme phospholipase A2 (6). Upon interaction with the exposed PC groups, pCRP begins to change structure first into an intermediate swollen pentameric form designated pCRP* (or mCRPm), then into the fully dissociated, less soluble and antigenically distinct monomeric, modified form, referred to as mCRP (7, 8). Experimental studies have shown that the biological effects of CRP are dependent on its structural conformation, demonstrating strong pro-inflammatory properties of mCRP, whereas pCRP appears to exhibit mainly weak anti-inflammatory activities (9, 10). In vitro studies directly comparing the biological effects of the two isoforms, have shown that mCRP has approximately 10-100-fold more potent inflammatory capacity than its precursor molecule pCRP (11).

Notably, once formed, mCRP deposits within tissues due to its low aqueous solubility where it may interact directly with various cells and components of the microenvironment (3, 11). Specifically, it has been shown that mCRP can engage with both epithelial and endothelial cells, platelets, and various immune cells such as macrophages and neutrophils (9, 12, 13). Additionally, mCRP can interact directly with components of the extracellular matrix as well as fibroblasts, which are major constituents of the tumor stroma (3). At the molecular level, data have shown that mCRP preferentially binds to cholesterol rich lipid rafts that are important microdomains of plasma membranes involved in a wide range of cellular processes including signal transduction (9, 14). Following membrane insertion, mCRP can stimulate intracellular signaling including activation of pro-inflammatory pathways such as those involving the pivotal transcription factor NF-κB and its downstream mediators (3).

While most research on the different isoforms of CRP has been carried out in cardiovascular and neurodegenerative disorders, as well as some autoimmune diseases, little is known about their role in cancer (11, 13, 15–18). In line with our previous work (19), focusing on why cancer patients with elevated blood CRP levels have inferior outcomes, the hypothesis evolved that the potent monomeric/modified form of CRP may play a direct pro-inflammatory role within the TME of systemically inflamed cancer patients. First, by localizing the inflammatory response as circulating pCRP binds to exposed PC molecules expressed by cells that have been activated due to the inflammatory TME, leading to in-situ dissociation of pCRP into the pro-inflammatory monomeric isoform. Secondly, as mCRP accumulates within the tumor, a process which is considered perpetual and non-resolving, owing to the chronic nature of systemic inflammation, mCRP may play a direct and active role through the recruitment and activation of inflammatory cells and components of the TME, potentially fueling and shaping the local inflammatory response, and ultimately promote tumor progression.

In order to explore whether there is a role for mCRP in systemically inflamed cancer patients, the aim of this proof-of-concept study was to identify and map the pattern of mCRP distribution in a previously immunologically well-defined cohort of colon cancer (CC) patients. Using complementary strategies including immunohistochemistry (IHC)-based colocalization imaging techniques, we were able to elucidate potential functional roles of mCRP in the microenvironment of CC tissue.





Materials and methods




Patients and tissue samples

Formalin-fixed, paraffin-embedded (FFPE) tissue samples were retrospectively obtained from 43 stage II and III CC patients, including 20 patients with circulating CRP of 0-1 mg/L (CRP-low patients) and 23 patients with CRP >30 mg/L (CRP-high patients), undergoing resection for their primary tumors at Sørlandet Hospital, Norway, between 2005 and 2015. Clinical information and follow-up data were obtained from a local colorectal cancer database as described previously (19). Characteristics of CRP-high and CRP-low patients are detailed in Table 1.


Table 1 | Clinical characteristics of colon cancer patients according to the level of circulating CRP.



Serum CRP values were determined using a standardized immunoturbidimetric assay, which previously has shown specificity for pCRP without interference with mCRP (20), performed on blood samples taken within 14 days (at the day closest to the resection) prior to the operation in order to reflect a state of chronic inflammation. Exclusion criteria were clinical evidence of infection, use of antibiotics or immunosuppressive drugs within 4 weeks prior to the operation or a history of chronic inflammatory disease including autoimmune disorders.

The study was approved by the Norwegian Regional Ethics Committee.





Immunohistochemistry and double immunofluorescence

Whole slides from FFPE tumor blocks were immunohistochemically stained with a conformation-specific mCRP monoclonal antibody (mCRP-mAb 9C9), which has been fully characterized previously demonstrating specificity for mCRP and not pCRP (21, 22). FFPE sections were cut at 3 μm, mounted on Superfrost Plus slides (Thermo Fisher Scientific, Waltham, MA), dried for 1 hour at 60°C, and prepared for IHC staining using standard kits from Benchmark Ultra (Ventana, Roche Diagnostics International AG, Basel, Switzerland) for deparaffinization, rehydration, antigen retrieval, and endogenous peroxidase blocking. Next, sections were incubated with the primary antibody (mCRP mAb 9C9 at dilution 1:100) for 30 minutes followed by DAB (3, 3’-diaminobenzidine) substrate chromogen solution for antigen visualization. Negative controls were performed by replacing the primary antibody with antibody diluent (Agilent S2022; DAKO), but otherwise prepared similarly. All sections were counterstained with hematoxylin and mounted before they were scanned at ×20 magnification using NanoZoomer 2.0 HT (Hamamatsu Phototonics KK, Hamamatsu City, Japan).

To map the pattern of mCRP distribution and explore possible colocalization with immune, endothelial and tumor markers, double stainings with chromogenic IHC and IF were performed on tumor slides from selected patients with elevated circulating CRP and pronounced mCRP expression as evaluated by the mCRP single staining. Antibodies against the following markers were applied in addition to anti-mCRP: CD34 for endothelial cells, CD68 for macrophages, CD66b for neutrophils and pan-cytokeratin (pan-CK) as tumor marker. All antibodies were commercially available except for mCRP-mAb 9C9. Origin and incubation times for the applied antibodies are listed in Supplementary Table S1.

All double stainings were performed after antigen retrieval as described above. For double IHC, FFPE sections were incubated sequentially, first, with mCRP-mAb at dilution 1:100 for 30 minutes followed by chromogenic DAB staining. The slides were then incubated with the appropriate second primary antibody as listed above at the time indicated for each antibody applying Ultra-view fast red as chromogenic dye. Finally, slides were counterstained with hematoxylin, mounted and scanned at ×20 magnification using NanoZoomer 2.0 HT (Hamamatsu, Japan).

Double IF was performed, using the tyramide signal amplification strategy on the Discovery Ultra Autostainer (Ventana Medical systems) applying two different fluorophores in a sequential manner for visualization of the respective antigens. First, tissue sections were incubated with mCRP-mAb (dilution 1:10) for 30 min, using rhodamine as fluorescent dye, followed by incubation with the appropriate second primary antibody (as listed above) using DCC (N′-dicyclohexylcarbodiimide) as the selected fluorophore. Stained slides were mounted with Vectashield Antifade Mounting Medium, which included DAPI as nuclear counterstain, whereafter they were stored overnight at 4°C, protected from light. Mounted slides were scanned at x 20 using NanoZoomer S60 (Hamamatsu, Japan).





Digital image analysis

Image analysis was performed using Visiopharm Integrator System software version 2019.02 (VIS; Visiopharm A/S, Hørsholm, Denmark).

Regions of interest (ROIs) were defined by a trained pathologist. The tumor was outlined as one region encompassing the invasive margin and tumor center. On slides where normal colon mucosa was present (11 out of 43), this was annotated as a separate ROI. Two AI-based algorithms were utilized for the segmentation and annotation of either tumor epithelium or normal colon mucosa in addition to their surrounding stromal tissue, as outlined in Figure 1. Training of the algorithms included a representative set of whole slide images (WSI) where stromal tissue, unstained background, and either tumor epithelium or normal colon mucosa were manually annotated at pixel-level. Using input images of 512 x 512 pixels, U-nets as presented by Ronneberger et al. were trained in VIS’s Author AI (23). Learning rates based on Adam Optimization were set at 1 × 10−5, and data augmentation was utilized (24).




Figure 1 | Automated Image Analysis Workflow. Left: Whole slide image with annotated tumor regions. Tumor in red and adjacent normal colon mucosa in green. Right: An AI-based algorithm was developed for analyzing the pattern of mCRP distribution and accurately segment tumor epithelium (red) and tumor stroma (blue).



In the designated regions outlined by the AI applications, mCRP was identified by thresholding of the brown staining color (DAB), which was highlighted by a color deconvolution step. Post-processing algorithms included morphological operations and changes by area or surrounding. All results of the image analyses were manually reviewed to ensure that areas with mucin, tissue folds, and other technical artefacts were excluded from the analysis.

mCRP was quantified as area proportions defined as: area of positive mCRP staining divided by the total area of the given ROI. Since the area of mCRP was small compared to the total area of the tumor, proportions were multiplied with 1000 and given per mile instead of percentages. Area proportions of mCRP were calculated both as a combined score of total mCRP within the whole tumor as well as separately for the tumor epithelium and tumor stroma, respectively. Finally, mCRP was evaluated within the region of normal colon mucosa, scoring epithelium and stroma combined, on applicable slides.

Double IHC and IF stainings were evaluated and interpreted manually by visual examination only, using NDP. View 2.0 (Hamamatsu).





Immune phenotypes and microsatellite instability analysis

Immune cell densities (CD8+ T-cells, CD4+ T-cells, Foxp3+ T-cells, CD20+ B-cells, CD66b+ neutrophiles, CD68+ macrophages) assessed within the same tumor regions were captured from a series of multiplexed IHC (mIHC) performed in a previous study (19). However, due to technical issues with the mIHC, 7 patients did not have corresponding immunological profiles and had to be excluded from the mCRP-immune cell correlation analyses.

Mismatch repair (MMR) status was determined by an experienced pathologist through IHC evaluation of the DNA mismatch repair proteins MHL1, MSH2, MSH6, and PMS2. Tumors that were negative in one or more of the four stainings, or inconsistent with IHC, were verified with the Idylla MSI test (Biocartis) as described previously (25). Accordingly, patients were classified as either microsatellite stable (MSS) or instable (MSI).





Statistical analysis

The distribution of mCRP was assessed as mCRP proportions, as specified above. The median mCRP proportion within groups were calculated and compared using the median test. Differences in patient characteristics were evaluated using Fisher´s exact test and the two-sample t-test with unequal variance. The correlation between mCRP and circulating CRP was assessed using Spearman correlation analysis. Associations between mCRP and the immune markers obtained from mIHC were analyzed using Spearman correlations and heatmaps were generated. The Aalen-Johansen method was applied to estimate the risk of CC death or recurrence and compared between CRP-high and CRP-low patients using the log-rank test. For identification of the most optimal threshold/cutoff value for tumor mCRP expression used in the analysis of the prognostic impact of mCRP, a receiver operating characteristics (ROC) curve was computed. Due to competing risks (death of colon cancer and death of other causes) varying at different time points, the ROC-curve was calculated at the time of median follow-up using the quantified level of mCRP tumor expression for all patients. The optimal mCRP cutoff value was defined as the point on the ROC curve with sensitivity and specificity closest to 100%, which corresponded graphically to the point on the curve with the minimum distance to the upper left corner. The cumulative risk curves for CC death or recurrence are shown for patients with mCRP tumor expression below and above the optimal cutoff value. P<0.05 was considered statistically significant for all analyses. R software version 4.2 was used for statistical calculations.






Results




mCRP is expressed predominantly by tumors from systemically inflamed patients and is exclusively present within tumor tissue and not adjacent normal colon mucosa

As depicted in Figure 2, mCRP was abundantly present in tumors from systemically inflamed CC patients whereas non-inflamed patients exhibited only modest mCRP positivity (median mCRP per area 5.07‰ (95%CI, 1.32-6.85) vs. 0.02‰ (95%CI, 0.01-0.04) p<0.001). Correspondingly, tissue-expressed mCRP correlated strongly with circulating CRP (Spearman correlation 0.81 (95%CI, 0.67-0.89), p<0.001). Further analysis of the pattern of mCRP expression demonstrated that MSI positive tumors exhibited significantly more mCRP compared with CRP-high MSS and CRP-low MSS patients, respectively (data shown in Table 2). Furthermore, AI-based image analysis discriminating between tumor epithelium and tumor stroma, showed significantly more mCRP expression in the stromal compartment as compared to the tumor epithelium. Notably, mCRP was detected exclusively within the tumor area whereas adjacent normal colon mucosa showed no mCRP expression (representative image shown in Figure 2C).




Figure 2 | mCRP expression in systemically inflamed and non-inflamed colon cancer patients and adjacent normal colon mucosa. Representative images from patients with (A) normal and (B) elevated circulating CRP. (C) Normal colon mucosa adjacent to the tumor with no mCRP expression. (D) Quantified mCRP (proportion of area with positive mCRP staining) assessed within the tumor and adjacent normal colon mucosa (control) in CRP-high and CRP-low patients.




Table 2 | mCRP distribution in colon cancer patients stratified for serum CRP and MSI-status.







Prognostic impact of the CRP isoforms

Given the known prognostic role of systemic inflammation and the strong correlation between tissue-bound mCRP and circulating serum CRP, we sought to evaluate whether mCRP had an independent impact on survival outcomes within our cohort. As shown in Figure 3, patients with tumors exhibiting mCRP density above the ROC-curve identified cutoff value of tumor mCRP expression tended to perform poorer in terms of increased risk of CC death or recurrence compared with patients that had tumors with mCRP density below the optimal mCRP cutoff value, although this did not reach statistical significance. Nonetheless, elevated serum CRP was confirmed to be predictive of compromised survival and increased risk of recurrence within our cohort (Figure 3C).




Figure 3 | Prognostic value of tumor mCRP expression and serum CRP in colon cancer patients. (A) A receiver operating characteristics (ROC) curve was calculated to determine the optimal tumor mCRP cutoff value (marked by a bullet) defined as the point on the curve with sensitivity and specificity closest to 100%, corresponding graphically to the point with the minimum distance to the upper left corner (B) Risk of colon cancer death or recurrence above and below the optimal tumor mCRP cutoff value identified from the ROC curve. (C) Risk of colon cancer death or recurrence in CRP-high (serum CRP >30 mg/L) and CRP-low (serum CRP 0-1 mg/L) patients. The optimal mCRP cutoff value was defined.







mCRP colocalizes with neutrophils and endothelial cells in the TME

To elucidate potential functional roles of mCRP in the TME, we took a stepwise approach. First, by performing a correlation analysis of the quantified mCRP IHC results with the immune profiles obtained previously on the same patients and tumor areas, followed by double IHC and IF for mCRP and selected immune and endothelial markers. As shown in Figure 4 the most evident association was with the neutrophils, showing a highly significant correlation between mCRP and cd66b+ neutrophils (Spearman correlation 0.57, p<0.001). This was supported by double IHC demonstrating strong colocalization of mCRP and areas of neutrophil infiltration (Figure 5A). At the sub-cellular level, however, immunofluorescent labeling showed only occasional direct cellular overlap, but confirmed the pattern of close proximity, indicative of an interaction, and to a lesser extent, intracellular uptake of mCRP into the neutrophils.




Figure 4 | Correlating mCRP and selected adaptive and innate immune markers in colon cancer patients. Heatmap and corresponding table of Spearman correlations between mCRP and individual immune markers. Red color indicates positive correlation, blue indicates negative correlation, white indicates no correlation.






Figure 5 | Colocalization of mCRP with various components of the TME. Representative images from CC patients with elevated serum CRP and pronounced mCRP tumor expression. (A) Highly neutrophil infiltrated tumor area with strong mCRP expression. (B) Necrotic area within a tumor with high mCRP expression. (C) Colocalization of mCRP and macrophages. (D) Colocalization of mCRP and endothelial cells lining intratumoral vessels as well as some mCRP within the vessel lumen. (E) mCRP scattered diffusely as small granules within the connective tissue of the tumor stroma. (F) Tumor cell nuclei surrounded by mCRP (marked by arrows).



Moreover, mCRP seemed to coincide with areas of necrosis, with or without neutrophil infiltration, where non-specificity could be ruled out by negative control staining (Figure 5B).

Less evident, but still present, was colocalization of mCRP and CD68+ macrophages (Figure 5C). However, mCRP-positive macrophages seemed primarily to coincide with highly immune infiltrated areas in general, as the majority of macrophages present more globally dispersed within the tumor tissue showed less mCRP positivity, suggesting that mCRP might be an amplifier of the local inflammatory response.

Based on data from previous studies in cardio- and cerebrovascular diseases, demonstrating a direct interaction between mCRP and endothelial cells, we performed double immune stainings with mCRP and the specific endothelial marker CD34. Notably, mCRP co-localized with endothelial cells lining intratumoral vessels and was present within the lumen of some vessels, suggesting a systemic origin of the monomeric isoform (Figure 5D). Additionally, mCRP could be detected within the vessel wall of some mCRP/CD34-positive intratumoral vessels.

Interestingly, in some tumors, mCRP appeared rather scattered around in the tumor stroma, occasionally forming aggregates, but more often globally dispersed as small granules within the connective tissue, suggesting a potential interaction between mCRP and components of the ECM, although this was not directly evaluated by IHC (Figure 5E).





Positive colocalization of mCRP and tumor cells

Serendipitously, when examining the pattern of mCRP distribution, it became evident that some tumor cells were closely surrounded by mCRP, forming a halo-like coating around individual tumor cell nuclei (Figure 5F). To further elucidate this observation, we performed double immune stainings with mCRP and the gastrointestinal specific cytoplasmatic tumor marker pan-cytokeratin. Using double IHC and IF we were able to demonstrate colocalization and evidence of direct overlap of mCRP and tumor cells, indicating close interaction and/or intracellular uptake of mCRP, or potentially, mCRP expression by the tumor itself (representative images shown in Figure 6).




Figure 6 | Double immunofluorescence labeling of mCRP and tumor cells in colon cancer tissue. Left and middle panels: Unmixed images showing individual stains of mCRP (yellow) to the left and pan-CK positive tumor cells (teal) in the middle. Right panel: Composite image showing double positive mCRP+/pan-CK+ tumor cells (marked by arrows). DAPI (blue) was used for visualization of nuclei. Pan-CK, Pan-cytokeratin.








Discussion

In this study we explore the presence of the mCRP isoform and its correlation with innate and adaptive immune cells and serum levels of pCRP in a cohort of stage II and III CC patients. We report that the monomeric form of CRP (mCRP) is present within tumors and that the level of expression correlates strongly with the level of circulating pCRP. Additionally, mCRP expression is associated significantly with tumor infiltrating neutrophils. Importantly, mCRP was expressed exclusively within tumors whereas adjacent normal colon mucosa showed no mCRP positivity.

Persistent elevation of blood CRP levels alongside malignancies is increasingly recognized as an independent predictor of adverse outcomes, both in terms of compromised survival and treatment responses (1, 3, 26). Despite mounting evidence, generated primarily in cardiovascular and neurodegenerative disorders (12, 13, 15, 27, 28), for the existence of different isoforms of CRP with distinct biological properties and direct effects within tissue, this study is the first to apply this emerging concept into the clinical setting of cancer patients. The focus of our previous research has primarily been to understand the biology behind CRP as a biomarker, investigating whether elevated CRP might be a readout of a particular immunological phenotype of the TME. Hence, the idea that CRP itself, in its monomeric, modified form, is present within tumors and might act as a participant in the pathological process has added a new and intriguing layer to this hypothesis and may profoundly change the view on how the local inflammatory response in cancer potentially can be targeted.

Circulating CRP is a pentameric molecule with weak and primarily anti-inflammatory effects through its ability to activate the classical complement pathway, induce phagocytosis and delay apoptosis (10). The much more potent effector function of CRP, however, becomes evident first when pCRP dissociates into the monomeric form exhibiting strong pro-inflammatory properties (12). In cardiovascular disease, it has been shown that activated platelets and endothelial cells, particularly under ischemic conditions, play a pivotal role in the pCRP dissociation process and for the build-up of atherosclerotic plaques (29, 30). Specifically, mCRP and not pCRP, has been detected within atherosclerotic plaques and infarcted myocardium where it co-localizes with oxidized lipoprotein, macrophages and complement factors and is capable of inducing leucocyte migration and adhesion to the endothelium enhancing thrombus formation, excessive inflammation, and ultimately aggravate tissue injury (12, 29). Once formed, in vitro studies have shown that mCRP can be inserted into the cell membrane of endothelial cells and activate signaling pathways associated with both angiogenesis and inflammation (14, 29). In line with these findings, we found that mCRP colocalized with endothelial cells lining intratumoral vessels, supporting the hypothesis that endothelial cells, presumably activated by the tumor or the inflammatory microenvironment, is involved in the pCRP-mCRP dissociation process and may contribute to localizing the inflammatory response. Conceivably, newly formed mCRP can then either directly activate the endothelial cells resulting in enhanced leucocyte migration to the tumor, and/or as we demonstrate here, accumulate within the tumor tissue. This occurs particularly in systemically inflamed patients where mCRP may exert its pro-inflammatory effects through direct interaction with different cell types and components of the TME.

To elucidate possible functional roles of mCRP in the microenvironment of our colon tumors, we performed double immune stainings demonstrating prominent colocalization of mCRP and CD66b+ neutrophils. At the sub-cellular level, IF revealed occasional direct cellular overlap, indicating possible uptake of mCRP into the neutrophils, although the predominant pattern was that mCRP coincided with highly neutrophil infiltrated areas, suggesting a close relationship between the two. Given the fundamental role of neutrophil function in acute as well as chronic inflammatory conditions, possible direct effects of CRP on these cells have been of particular interest. Hence, in vitro studies have shown that mCRP can delay neutrophil apoptosis and enhance neutrophil adhesion to endothelial cells, which is critical for extravasation of neutrophils into inflamed tissue (31, 32). Additionally, following mCRP stimulation, Kreiss et al. found that neutrophils increased both gene expression and secretion of the pro-inflammatory cytokine IL-8 (33). Intriguingly, growing evidence indicates that IL-8 plays a pivotal role in the TME through the ability to stimulate tumor cell proliferation and promote epithelial-to-mesenchymal transition (EMT), thus facilitating tumor progression and metastasis (34).

We have previously shown that elevated circulating CRP associates with a neutrophil enriched and immunosuppressive TME (19). Together with these findings suggesting direct crosstalk between mCRP and neutrophils, this does not only reinforce a profound role for neutrophils in the microenvironment of tumors but adds new information on why neutrophils, particularly during a chronic inflammatory state, seem to be such potent players favoring a detrimental inflammatory response and subsequently how this potentially can be targeted.

Of note, we also observed that mCRP seemed to coincide with areas of necrosis, with or without neutrophil infiltration, showing a pattern of high mCRP expression within and in the vicinity of necrotic areas. This phenomenon could be related to the notion that mCRP can induce aberrant angiogenesis, which has been shown in infarcted brain tissue, resulting in leaky vessels that compromise sufficient blood supply to the tumor leading to necrosis (35). In cancer biology, necrosis is associated with poor prognosis and treatment resistance and has been linked to an immunosuppressive microenvironment, possibly through the release of damage-associated molecular patterns (DAMPs) from dying cells, which triggers an inflammatory response (36). Hence, the ability of mCRP to induce tumor necrosis could potentially contribute to a hostile and predominant immunosuppressive microenvironment supporting a more aggressive tumor phenotype.

Within this context it should be mentioned that a series of older studies conducted in various experimental, primarily murine, cancer models, using CRP, either in its pentameric form or injecting mCRP directly, found similar correlation with necrosis as demonstrated in the present study (11). Contrary to our hypothesis, though, the addition of CRP to the experimental models associated with tumor regression and anti-metastatic effects. However, within all these experimental set-ups CRP was applied only for a short period of time (weeks) and primarily as boosts with CRP injection on selected days. Hence, such system models would mimic an acute inflammatory response and not the situation during chronic systemic inflammation, which was the case for the patients within our cohort. In cancer patients with persistent elevation of blood CRP levels, the inflammation is proposed to be sustained due to the ongoing inflammatory stimulus from the evolving tumor that potentiates hepatic and potentially, tumor intrinsic CRP production, leading to the “wound that never heals”. Considering the pro-inflammatory effects of mCRP together with the capacity of activated cells to induce pCRP dissociation, persistent pCRP exposure may then result in excessive tumor inflammation and tissue damage ultimately facilitating tumor growth and exacerbation of the disease.

Previous studies have demonstrated that mCRP can interact with components of the ECM, such as collagen, fibronectin and laminin, which are integral parts of connective tissues playing a crucial role for tissue maintenance and homeostasis (11, 37, 38). In tumors, however, this highly dynamic network becomes dysregulated, and together with other components of the tumor stroma, contributes to a tumor permissive microenvironment. Importantly, low tumor-stroma ratio associates with poor survival and treatment outcome in multiple cancer types (39, 40). In our cohort, we found that mCRP, in addition to the above-described distribution pattern, often was scattered diffusely as small granules embedded within the stroma, unrelated to any particular cell type. Consistent with previous studies delineating the precise ligands for mCRP (5), this morphological pattern could indicate possible crosstalk between mCRP and components of the ECM. Given the putative pro-inflammatory properties of mCRP, such direct interactions could potentially contribute to excessive stromal formation. Apart from enlargement of the tumor, abundant ECM deposition has been linked to increased stromal stiffness, which subsequently can contribute to treatment resistance and favor tumor aggressiveness (40).

Serendipitously, when examining the pattern of mCRP distribution, it became apparent that some tumor cells were decorated by mCRP. Using double immune stainings with pan-cytokeratin as a tumor marker, we found evidence of direct overlap indicating close interaction and/or mCRP expression by tumor cells. Whether the positive mCRP/tumor staining depicts direct uptake of mCRP into tumor cells or represents an intrinsic feature that the evolving tumor acquires to support its own growth and formation of a tumor permissive microenvironment, remains elusive and should be expanded on in further studies.

Indeed, studies have shown that although the liver is the main source of CRP, extrahepatic production do exist (10, 41, 42). Specifically, macrophages, endothelial cells, smooth muscle cells as well as adipocytes and lymphocytes have been reported to synthesize CRP (10). Hence, we cannot rule out that the observed intratumoral mCRP is produced locally by inflammatory and/or tumor cells. The strong correlation with circulating serum CRP, however, indicates that the primary source of tissue-associated mCRP in our tumors was from systemic pCRP. Nonetheless, regardless of origin, given the evidence described above, persistent presence of mCRP within the tumor, which is considered an ongoing, non-resolving state due to the chronic nature of tumor-associated systemic inflammation, may potentially play a direct and active role in aggravating the localized inflammatory response. Notably, the versatile binding capacity of mCRP to a number of different cellular and non-cellular ligands, may potentially translate into multiple effects within the TME through its direct interaction with diverse targets that most likely will impact the evolving tumor.

This study has several limitations. Above all, it is a proof-of-concept study primarily performed for testing hypotheses and exploring a rather new and, in our opinion, underappreciated concept in clinical oncology, thus limiting the sample size. Hence, our findings need to be verified and further explored in larger studies, which we are currently conducting. Next, we used FFPE tissue and IHC to elucidate possible functional roles of mCRP within tumors. While this methodological strategy provides high morphological precision regarding localization of the applied markers, the ability to evaluate direct functionality is, however, limited. This aspect should therefore be addressed in other kind of experiments, preferentially using fresh tissue. Finally, our tumor samples, although whole slides, only represent a snapshot of the immunological process, and do not mirror the long-term conditions and temporal dynamics. Hence, serial biopsies will be valuable to further dissect and evaluate how mCRP affects the immune response over time and impacts tumor evolution.

Taken together, we provide evidence for the existence of the monomeric form of CRP in CC being expressed exclusively within tumor tissue, primarily in systemically inflamed patients. mCRP expression colocalized with neutrophils and endothelial cells as well as areas of necrosis indicating a direct role in the microenvironment of tumors. In line with findings from studies conducted in other diseases, we suggest mCRP as a potential tissue-associated player with capability of actively shaping and fueling the local tumor immune response, presumably by creating a more tumor permissive environment and negatively affect patient outcome. These findings, if verified in further studies, puts CRP in a new perspective, acting not only as a biomarker of unfavorable prognosis and outcomes in cancer, but also as an active mediator with direct effects within tumors, and opens a new and intriguing approach for targeting the TME.
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Objective

The aim of this study is to explore the prevalence and clinicopathological associations between anti-C1qA08 antibodies and anti-monomeric CRP (mCRP) a.a.35-47 antibodies and to explore the interaction between C1q and mCRP.





Methods

Ninety patients with biopsy-proven lupus nephritis were included from a Chinese cohort. Plasma samples collected on the day of renal biopsy were tested for anti-C1qA08 antibodies and anti-mCRP a.a.35-47 antibodies. The associations between these two autoantibodies and clinicopathologic features and long-term prognosis were analyzed. The interaction between C1q and mCRP was further investigated by ELISA, and the key linear epitopes of the combination of cholesterol binding sequence (CBS; a.a.35-47) and C1qA08 were tested by competitive inhibition assays. The surface plasmon resonance (SPR) was used to further verify the results.





Results

The prevalence of anti-C1qA08 antibodies and anti-mCRP a.a.35-47 antibodies were 50/90 (61.1%) and 45/90 (50.0%), respectively. Levels of anti-C1qA08 antibodies and anti-mCRP a.a.35-47 antibodies were negatively correlated with serum C3 concentrations ((0.5(0.22-1.19) g/L vs. 0.39(0.15-1.38) g/L, P=0.002) and (0.48(0.44-0.88) g/L vs. 0.41(0.15-1.38) g/L, P=0.028), respectively. Levels of anti-C1qA08 antibodies were correlated with the score of fibrous crescents and tubular atrophy (r=-0.256, P=0.014 and r=-0.25, P=0.016, respectively). The patients with double positive antibodies showed worse renal prognosis than that of the double negative group (HR 0.899 (95% CI: 0.739-1.059), P=0.0336). The binding of mCRP to C1q was confirmed by ELISA. The key linear epitopes of the combination were a.a.35-47 and C1qA08, which were confirmed by competitive inhibition experiments and SPR.





Conclusion

The combination of anti-C1qA08 and anti-mCRP a.a.35-47 autoantibodies could predict a poor renal outcome. The key linear epitopes of the combination of C1q and mCRP were C1qA08 and a.a.35-47. A08 was an important epitope for the classical pathway complement activation and a.a.35-47 could inhibit this process.
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Introduction

Systemic lupus erythematosus (SLE) is a systemic autoimmune disease with multiple autoantibodies. Lupus nephritis (LN) is the most prevalent secondary glomerulonephritis in China. LN is the one of the principal causes of morbidity and mortality among various major organ manifestations of lupus (1). The development of glomerulonephritis in SLE was associated with the presence of some specific nephritogenic autoantibodies, such as anti-double-stranded DNA (anti-dsDNA) antibodies (2–4), anti-Sm antibodies, anti-C1q antibodies (5–8), and anti-C-reactive protein (CRP) antibodies (9, 10), whereas more than 150 autoantibodies were reported in SLE. It is still controversial that which autoantibodies are associated with renal clinical and pathological activity and the renal outcome. At present, the exact immunological pathogenesis of SLE and LN is still unclear. It may be caused by apoptotic cell clearance encountering an immune complex in the kidney, which in turn causes complement activation to result in kidney damage.

C1q is the classical pathway promoter of complement activation and is the largest complement protein. C1q is composed of six subunits, each of which consists of three chains A, B, and C, and is divided into three parts: a head region, a collagen region, and a tail portion. C1q is the most positively charged protein in serum, and its ligands are diverse (11). The head region of C1 can be combined with antigen-antibody complex, apoptotic cells, CRP, and pentraxin-3 (PTX3), and the collagen region can be combined with C1r, C1s, and mCRP. The main physiological function of C1q is to clear immune complexes and apoptotic bodies and to exert different biological functions in combination with different ligands (12–15). Vanhecke D et al. confirmed that the linear epitope A08 located on the A chain is an important antigen recognition site for anti-C1q autoantibodies (16). Long-term follow-up studies using large cohorts in some studies have shown that anti-C1qA08 antibodies were associated with disease activity and prognosis in Chinese patients with LN (17). H. Jiang et al. demonstrated for the first time that CRP binds to C1q and that CRP mainly binds to peptides 14-26 of the C1q A-chain collagen region, which is basically identical to the amino acid sequence of the linear epitope of A08 mentioned above (18).

CRP has two opposite structural faces, the ligand binding surface, and the effective surface. When CRP binds to a ligand, its effect surface can bind to complement C1q, thereby activating the classical pathway (19). The pentameric CRP, which is expressed during body infection and systemic inflammation, is involved in the process of apoptotic cell clearance (12). With the dissociation of the pentameric structure, the conformation of the CRP subunit changes and exhibits an mCRP epitope (20). Studies have reported that damaged cell membranes can induce CRP dissociation (21). In the inflammatory microenvironment, mCRP is likely to exert pro-inflammatory effects in a “functional state”. As an acute-phase plasma protein, CRP can rapidly increase its concentration by 1000 times in inflammation (22, 23). SLE is a classic immunoinflammatory disease, but the concentration of CRP as a marker of inflammation is only slightly elevated or maintains normal levels during disease activity in SLE patients (24, 25). A previous report found that anti-mCRP antibodies were not only associated with disease activity but also with renal prognosis in LN (26), and a.a.35-47 seemed to be the most important epitope of mCRP (27).

This study investigated the associations of clinical, laboratory and pathological features and prognosis of LN with a panel of autoantibodies, including anti-C1qA08 and anti-mCRP a.a.35-47 antibodies in a large cohort of Chinese patients with LN. The combination of anti-C1qA08 and anti-mCRP a.a.35-47 antibodies could indicate higher renal disease activity and predict renal outcome. Studies on the interactions between C1q and mCRP were further explored to show their role in the development of LN.





Material and methods




Patients

Between January 2000 and July 2010, 90 patients with LN were diagnosed by renal biopsy and pathological examination at the First Hospital of Peking University and had complete clinical pathology and follow-up data. All patients were fulfilled the 1997 American College of Rheumatology (ACR) revised criteria for SLE (28). The SLEDAI score was used to evaluate the patient’s systemic disease activity (29, 30).

Informed consent was obtained from all the patients. The research was in compliance with the Declaration of Helsinki. The design of this work was approved by the local ethical committees. The composite endpoints were defined as death, end-stage renal disease (ESRD), ≥30% reduction from baseline estimated glomerular filtration rate (eGFR) or LN flares.

The serum of the patient was obtained on the day of the renal biopsy prior to the initiation of immunosuppressive therapy. At the same time, 60 healthy blood donors matched with the age and sex of the patients were selected as normal controls. Serum was stored in a refrigerator at -80°C after being packed to avoid repeated freezing and thawing. Kidney biopsy specimens were examined by immunofluorescence and electron microscopy. Pathological parameters, including activity indices (AI) and chronicity indices (CI), were determined by renal pathologists (31, 32).

The research was in compliance with the Declaration of Helsinki. It was approved by the ethics committee of Peking University First Hospital (No. 20161163).





Peptides synthesis

Biotinylated and nonbiotinylated peptides (>95% purity) were synthesized by GenScript. Peptides A08 (GRPGRRGRPGLKG) and B78 (PGKVGPKGPMGPK) were derived from the collagen like region (CLR) sequences of the C1q-A chain and the C1q-B chain, respectively. Peptide A08-C (GAPGKDGYDGLPG)was derived from the C1q-C chain and located at the N-terminal region homologous to peptide A08. It was used as a negative control peptide. Peptides 35-47 (VCLHFYTELSSTR) and 199-206 (FTKPQLWP), which were derived from the mCRP. The purified peptides were then confirmed by high-performance liquid chromatography for purity and by mass spectrometry to verify the correct sequence.





Detection of anti-C1qA08 and anti-mCRP a.a.35-47 antibodies by ELISA

The final concentration of avidin was 5μg/ml in a 96-well microtiter plate, and overnight at 4°C, and the avidin-free well was used as a non-antigen control. It was washed with PBST and then blocked with 0.1% collagen at 37°C for 1 hour. The biotin-labelled peptide A08/a.a.35-47 to 5 μg/ml was diluted with PBS, added to the plate, and incubated at 37°C for 2 hours. Avidin specifically binds to biotin to immobilize the peptide on the plate. The plasma sample (1:200) was added and diluted and incubated at 37°C for 1 hour. Alkaline phosphatase (AP)-labelled goat anti-human IgG (1:5000) was added and incubated for 1 hour at 37°C. Finally, after an alkaline phosphatase substrate solution added, the absorbance at 405 nm was measured with a microplate reader. The cut-off value was set as the mean +2SD of the 60 healthy blood donors.





C1q binding assays

The final concentration of C1q was diluted 5 μg/ml with carbonate buffer, and 100 μl of the coated 96-well microtiter plate was taken and incubated overnight at 4°C. Wells were washed with Phosphate Buffered Solution containing 0.1% TWEEN-20 (PBST) and blocked with 1% BSA/PBS for 1 hour. Different concentrations of mCRP were added at 37°C for 1 hour. In the competition assay, mCRP was incubated with different concentrations of the relevant peptides a.a.35-47 and a.a.199-206 at 37°C for 30 minutes in each well. Binding was detected with mCRP antibody and alkaline phosphatase (AP)-labelled goat anti-mouse IgG antibody (1:5000). The absorbance at 405 nm was measured. At the same time, mCRP 4 μg/ml was diluted with carbonate buffer, fixed in a 96-well microtiter plate, and incubated overnight at 4°C. Wells were washed with PBST containing 0.1% TWEEN-20 and blocked with 1% BSA/PBS at 37°C for 1 hour, and C1q was incubated with different concentrations of related peptides A08, B78, and A08-C for 37 minutes at 37°C to each well. Binding was detected using a C1q antibody and an alkaline phosphatase (AP)-labelled goat anti-rabbit IgG antibody (1:10000), and the absorbance at 405 nm was measured.

The interaction of C1q with mCRP and peptides a.a.35-47, a.a.199-206 was detected using the Biacore T200 direct assay. Next, the interaction of mCRP with C1q and peptides A08, B78, and A08-C were examined. CRP was immobilized on a CM5 chip, followed by a 200 s denaturing agent (8 M urea and 5 mM EDTA) at a flow rate of 30 μl/min to denature CRP to mCRP, then at a flow rate of 30 μl/min in a 0.05% P-20 The analyte was injected into the PBS and only the injection buffer was used as a negative control in the other channel.





Anti-C1qA08 antibody inhibited the binding of C1q to mCRP

The human complement component C1q (4 μg/ml) was first diluted with carbonate buffer and was coated on the wells of polystyrene microtiter plates. After blocking with 0.1% collagen at 37°C for 1 hour, each well was washed with PBS containing 0.1% TWEEN-20 (PBST). The mCRP (2 μg/ml) was added with different concentrations of C1qA08 mAb (17-9), preincubated for 30 min at 37°C, and then added to a 96-well microtiter plate. After washing, A08-specific antibody 3H12 (1:200) was diluted and added to the plate for 1 hour at 37°C. Alkaline phosphatase (AP)-labelled goat anti-mouse IgG was added and incubated for 1 hour at 37°C. The P-nitrophenyl phosphate (1 mg/ml; Sigma-Aldrich) was diluted in substrate buffer (1.0 M diethanolamine and 0.5 mM MgCl2 (pH 9.8). Then optical density was measured at 405 nm.





C3 deposition assay

C3 deposition assay was performed as previously described by Roumenina LT et al. (33). The recombinant α3(IV)NC1 (2 μg/ml) was first diluted with carbonate buffer and coated on the wells of polystyrene microtiter plates. After blocking with 0.1% collagen at 37°C for 1 hour, each well was washed with PBS containing 0.1% TWEEN-20 (PBST). Total IgG from patients with anti-glomerular basement membrane disease and positive anti-α3(IV)NC1 autoantibody were purified by a protein G column (34) and were diluted to 20 μg/ml in PBST for the binding of anti-α3(IV)NC1 autoantibody. The plate was washed with veronal buffered saline containing 0.1% TWEEN-20 (VBST), and then normal human serum was diluted 1:100 with VBST. The diluted serum was added with different concentrations of mCRP and a.a.35-47, preincubated for 30 min at 37°C, and then added to a 96-well microtiter plate. Incubate for 1 hour at 37°C. After washing, rabbit anti-human C3c antibody (1:10000) was diluted and added to the plate for 1 hour at 37°C. Alkaline phosphatase (AP)-labelled goat anti-rabbit IgG was added and incubated for 1 hour at 37°C. The P-nitrophenyl phosphate was used in the substrate buffer. Optical density was measured at 405 nm.





Statistical analysis

The data were analysed using SPSS 21.0 statistical software (SPSS, Inc, Chicago, IL, USA). Quantitative data were expressed as mean ± SD or median with a range minimum–maximum. For comparison of clinical features and pathologic data of patients, the 1-way analysis of variance. Spearman correlation was performed to analyse correlation. Kaplan-Meier curves were used to analyse prognosis. Univariate survival analysis was carried out with the log-rank test. Results were expressed as HR with a 95% CI. Statistical significance was considered P < 0.05.






Results




General patient data

Clinical data of 90 LN patients from the Peking University First Hospital were shown in Table 1. There were 15 (16.7%) male and 75 (83.3%) female patients with a median age of 29 (13 to 67) years. 20 patients were classified as class III (22.2%, including 8 as class III+V) and 70 as class IV (77.8%, including 16 as class IV +V). The demographic and clinical data were summarized in Table 1.


Table 1 | General clinical profiles of patients with lupus nephritis at renal biopsy.







The associations between anti-C1qA08 and anti-mCRP a.a. 35-47 autoantibodies and clinicopathologic features of LN patients

The cut-off values of the anti-C1qA08 antibodies and anti-mCRP a.a.35-47 antibodies were illustrated in Figure 1. In the discovery cohort, the anti-C1qA08 autoantibodies were detected in 55 of 90 (61.1%) patients, which was significantly higher than that in the normal healthy subjects (0/60, 0%, P < 0.0001). Anti-mCRP a.a.35-47 antibodies were detected in 45 of 90 (50.0%) patients, which were significantly higher than that in the normal healthy subjects (4/60, 6.67%, P < 0.001).




Figure 1 | (A) Comparisons of levels of anti-A08 antibodies in LN and healthy blood donors. (B) Comparisons of levels of anti-mCRP a.a.35-47 antibodies in LN and healthy blood donors.



The associations between with anti-C1qA08 antibodies and anti-mCRP a.a.35-47 antibodies and clinicopathologic features were shown in Tables 2; 3. Levels of anti-C1qA08 antibodies and anti-mCRP a.a.35-47 antibodies were negatively correlated with serum C3 concentrations ((0.5(0.22-1.19) g/L vs. 0.39(0.15-1.38) g/L, P=0.002) and (0.48(0.44-0.88) g/L vs. 0.41(0.15-1.38) g/L, P=0.028)). Levels of anti-C1qA08 antibodies were correlated with the score of fibrous crescents and tubular atrophy (r=-0.256, P=0.014 and r=-0.25, P=0.016, respectively).


Table 2 | Associations of anti-C1qA08 antibodies and anti-mCRP a.a.35-47 antibodies with clinical parameters.




Table 3 | Associations of anti-C1qA08 antibodies and anti-mCRP a.a.35-47 antibodies with renal pathology scores.



Further combined analysis of the two antibodies showed 36 cases of anti-C1qA08+/anti-mCRP a.a.35-47+ antibodies (double-positive antibody) and 26 cases of anti-C1qA08-/anti-mCRP a.a.35-47- (double-negative antibodies). The associations between double-positive and double-negative antibodies and clinicopathologic features were shown in Tables 4; 5. Serum concentrations of C3 and C4 in patients with double positive antibodies were significantly lower than that in the double negative group ((0.52(0.25-1.19) g/L vs. 0.39(0.15-0.98) g/L, P=0.004) and (0.12(0.03-0.22) g/L vs. 0.05(0.02-0.18) g/L, P<0.001), respectively), And the double positive antibodies in patients were negatively associated with fibrous crescent, tubular atrophy and IgG deposition (r=-0.210, P=0.017, r=-0.248, P=0.022, and r=-0.365, P=0.004, respectively).


Table 4 | Comparisons of clinical manifestations of patients with and without double positive antibodies.




Table 5 | Comparisons of pathological manifestations of patients with and without double positive antibodies.



Finally, we used Kaplan-Meier analysis to compare the renal survival between patients with and without anti-C1qA08 or anti-mCRP a.a.35-47 antibodies. We found that patients with anti-C1qA08 antibodies had significantly worse renal prognosis than those without (P=0.027, HR 0.143 (95% CI:0.502-17.003)) (Figure 2A); The survival rate of patients with anti-mCRP a.a.35-47 antibodies was worse than those without (P=0.059, HR 7.465 (95% CI:0.929-59.983)) (Figure 2B); Patients with double-positive antibodies had significantly worse renal prognosis than those with double-negative antibodies (P=0.036, HR 0.237 (95% CI:0.000-12.154)) (Figure 2C).




Figure 2 | Renal outcomes of patients with anti-A08 antibodies and anti-mCRP a.a.35-47 antibodies in LN (A) Comparison of renal outcomes between patients with and without anti-C1qA08 antibodies (B) Comparison of renal outcomes between patients with and without anti-mCRP a.a.35-47 antibodies. (C) Comparison of renal outcomes between patients with double-positive antibodies of anti-mCRP a.a.35-47 antibodies and anti-C1qA08 antibodies and those without.







Binding of mCRP to C1q by enzyme-linked immunosorbent assay and surface plasmon resonance

The ELISA method was performed to detect the binding of mCRP and C1q and the binding of their key epitopes, respectively. Firstly, the binding of C1q and mCRP was dose-dependent (Figure 3A).




Figure 3 | The binding epitopes of mCRP and C1q by ELISA. (A) C1q was immobilized on the ELISA plate, and then different concentrations of mCRP were added. The binding activity of mCRP to C1q was measured using mCRP-specific antibody 3H12. As the concentration of mCRP increased, the absorbance increased and was dose-dependent. (B) Fix the urea-denatured mCRP on the microplate, and different concentrations of peptides A08, B78, and A08-C were added to the plate. The inhibition of binding of C1q to mCRP was inhibited by 80% when 80 μg/ml of A08 was added. (C) Fix C1q on the microplate, then different concentrations of peptides a.a.35-47 and a.a.199-206 were added to the plate. We observed that a.a.35-47 significantly inhibited the binding of mCRP to C1q, and it inhibited by 90% when added to 80 μg/ml of a.a.35-47.



To further clarify the key epitope of the combination of the two proteins, it was known that the key linear epitope of the C1q antibody is A08, and the anti-C1qA08 antibody was related to the poor prognosis of LN patients. It may be used as a non-invasive “biology marker” that can predict the long-term prognosis of patients with LN. mCRP was coated on a 96-well microtiter plate, then C1q and different concentrations of related peptides A08, B78, and A08-C mixture were added (Figure. 3B). As the concentration of related peptides increased, A08 significantly inhibited the binding of C1q and mCRP. When it reached 80 µg/ml, it inhibited 80% of the binding. B78 also has a certain effect but was relatively weak, while A08-C had almost no influence. The key epitope of binding between mCRP and C1q was A08.

To further clarify the key epitopes on mCRP, C1q was coated on a 96-well plate, and then mCRP and different concentrations of related peptides as a.a.35-47 mixture and a.a.199-206 mixture were added (Figure 3C). As the peptide concentration increased, a.a.35-47 significantly inhibited the binding of mCRP and C1q. When the concentration of a.a.35-47 up to 80 µg/ml, the inhibition rate up to 90%, while a.a.199-206 had no effect. a.a.35-47 was the key epitope for mCRP and C1q binding.

We further used optical surface plasmon resonance (SPR) to verify the key epitopes of C1q-related peptides to which mCRP directly binded. Firstly, human C1q was coupled to the CM5 chip, and purified mCRP with a concentration gradient was injected, the combination of the C1q and mCRP was dose-dependent. (Figure 4A).




Figure 4 | The binding epitopes of mCRP and C1q by SPR method. (A) Fix C1q on the CM5 chip and add different concentrations of mCRP, KD=0.0737 nM. (B) To clarify the key epitopes of binding, CRP was coupled to the CM5 chip, 200 s of the urea-deforming agent was injected, and CRP was depolymerized into mCRP. Recombined peptides of different concentrations A08, KD=4.7 μM. The curve was dose-dependent. (C) Based on B, change A08 to B78, KD=3.5 mM, the binding was very weak, and the steady-state curve showed that the response value changes a little as the concentration increases. (D) Similarly, different concentrations of A08-C were injected, KD=0. mCRP was hardly combined with A08-C. (E) C1q was immobilized on a CM5 chip, and different concentrations of a.a.35-47 were injected, which was characterized by slow binding and fast dissociation. The steady-state curve was used to determine the binding to dose-dependent, KD=2.937 μM. (F) C1q was fixed on the CM5 chip and different concentrations of a.a.199-206, KD=0.89 mM was injected. Therefore, C1q mainly bound to a.a.35-47 of mCRP, and mCRP mainly bound to the A08 epitope of C1q.



To further clarify the binding epitope, mCRP was immobilized on the CM5 chip. However, mCRP was precipitated in an acetate buffer. We then coated the pentameric CRP on the chip, injected a certain amount of high-concentration deforming agent urea, and the CRP was finally converted into mCRP. And then injected different concentrations of peptides A08, B78, and A08-C. mCRP was mainly combined with A08 by comparing the KD value (Figures 4B-D). Then C1q was coated on the chip, and different concentrations of peptides a.a.35-47 and a.a.199-206 were injected. The comparison of KD values showed that C1q was mainly bound to a.a.35-47 of mCRP (KD=2.937×10-6) (Figures 4E, F).





Anti-C1qA08 antibody inhibited the binding of C1q to mCRP

C1q A08 mAb (17-9) can bind to eight or 10 amino acids of the C-terminus of A08. C1q was first coated on ELISA plates. mCRP was co-incubated with the anti-C1qA08 antibody and competed with C1q for binding. The binding of mCRP to C1q was significantly inhibited as the concentration of A08 antibody increased (Figure 5). When the anti-C1qA08 antibody was added at 80 µg/ml, the inhibition rate exceeded 50%. Thus, the anti-C1qA08 antibody could inhibit the binding of mCRP to C1q and also demonstrated that A08 was the two key binding epitopes.




Figure 5 | The anti-C1qA08 antibody inhibited the binding of C1q to mCRP. The addition of different concentrations of C1qA08 antibody, as shown by the graph could inhibit the binding of mCRP to C1q, and when 80 μg/ml anti-C1qA08 antibody was added, the inhibition rate exceeded 50%.







C3 deposition

Our results showed that a.a.35-47 was the key sequence on mCRP which mediated the binding of mCRP and C1q, while A08 was the key sequence on C1q which mediated the binding of C1q and mCRP. In LN, the classical pathway could be activated. We speculated that mCRP and a.a.35-47 might be involved in the activation of the classical complement pathway. In vitro, α3(IV)NC1 immune complex was immobilized onto microtiter wells, and 1% serum from healthy volunteers was added into wells. The complement can be activated by C1q binding to immune complexes and thus lead to the production of C3c. Different concentrations of mCRP were added to the serum in the subsequent experiments, and with the increase of the concentration of mCRP, the deposition of C3c decreased (Figure 6A). Similarly, different concentrations of a.a.35-47 were added to the serum, with the increase of concentration of a.a.35-47, the deposition of C3c decreased (Figure 6A). The above results demonstrated that mCRP could inhibit complement activation, and a.a.35-47 could also inhibit the complement activation. The inhibition rate could reach over 60% when 20 µg/ml mCRP was added to the serum. In addition, it elevated to more than 75% when 80 µg/ml mCRP was added to the serum (Figure 6B). The inhibition rate could reach over 40% when 20 µg/ml a.a.35-47 were added to the serum, while 40 µg/ml a.a.35-47 could inhibit 50% of activation (Figure 6C).




Figure 6 | Detection of C3c deposition. To assess whether mCRP and a.a.35-47 can affect the ability of C1q to activate the classical pathway of complement. (A) Adding different concentrations of mCRP, a.a.35-47, C3c deposition decreases as the concentration increases. (B) Different concentrations of mCRP were added. As the concentration of C3c decreased, the complement was inhibited. When the concentration of mCRP reached 20 μg/ml, it could be inhibited to 30%. (C) When different concentrations of a.a.35-47 peptide were added, C3c deposition decreased with increasing concentration, and complement was inhibited. When the concentration of a.a.35-47 reached 80 μg/ml, it could be inhibited to 30%. Therefore, mCRP and a.a.35-47 in the liquid phase could inhibit complement activation.








Discussion

LN is one of the most serious complications of SLE, with over 50% of SLE patients developing LN in China (35, 36). The complement system is widely considered to be a ‘double-edged sword’ in LN (37, 38), with complement activation promoting pathogen clearance, but also causing tissue damage due to immune complex deposition. C1q is an important component of the classical pathway to complement and can bind to ligands such as mCRP, IgG, and fibronectin, et al. Both autoantibodies against C1qA08 and mCRP a.a.35-47 showed influence on prognosis. But the interaction between C1q and mCRP is still under discussion.

In our study, anti-C1qA08 antibodies and mCRP a.a.35-47 antibodies were prevalent in patients with LN, which was in accordance with previous studies. Moreover, the double-positive group showed more severe hypocomplementemia, which indicated that complement activation might exist in the double-positive group. We further found that levels of anti-C1qA08 and anti-mCRP a.a.35-47 antibodies correlated with the score of IgG deposition, fibrous crescents, and tubular atrophy, which suggested that these two autoantibodies were associated with renal pathological lesions and suggested the pathogenic role of these two autoantibodies (39). More importantly, patients with both anti-C1qA08 antibody and anti-mCRP a.a.35-47 antibodies had a worse prognosis. The clinicopathological analysis suggested that these two antibodies might not only be biomarkers but also of importance in the pathogenesis of LN.

Thus, we tested the combination of the C1q and mCRP and the key epitope of the binding activity. The combination of C1q and mCRP was proved by ELISA and SPR. Whether it was coated by C1q and then added mCRP, or coated mCRP and added C1q, the binding could be detected in a concentration-dependent manner. At the same time, the SPR method directly detected the combination of the two proteins, and the results showed that it was in the form of fast binding and slow dissociation, and the dissociation constant was very small, which proved that the binding force was super strong. The binding force of the two proteins was so strong that it was difficult to dissociate, so we speculated that mCRP might be involved in the pathogenesis of LN through binding to C1q. Both C1q and mCRP were macromolecular proteins, so it was necessary to further clarify the binding site of the two proteins. We first studied the important epitopes of C1q and mCRP reported in the literature, and then we used the competitive binding assays to verify the bound epitopes. The results suggested that A08 was an important epitope for the binding of C1q to mCRP, and a.a.35-47 was an important epitope for the binding of mCRP to C1q. After that, SPR was used tentatively to combine the two peptides. However, it was failed because the peptide could be fixed. We then used the monoclonal antibody of A08 to further inhibit the binding of C1q and mCRP, which turned out that A08 was the main binding site of C1q and mCRP.

We used an A08-specific antibody 17-9 mAb inhibition assay to demonstrate that A08 was a key epitope for C1q binding to mCRP. The results showed that 17-9 mAb could significantly inhibit the binding of both, so A08 was the key epitope. The complement system exerted an important role in the clearance of immune complexes in different tissues, and it was an important pathogenesis involved in LN that the dysfunction for the clearance of immune complexes and apoptotic cells. The result from C3 deposition showed that mCRP and a.a.35-47 could inhibit the activation of complement classical pathway through binding to C1q, which might interfere with the clearance of immune complex or apoptotic cells afterwards.

The main limitation of the current study was that there was no antibody to a.a.35-47and therefore no direct inhibition assays for binding of a.a.35-47 and C1q were performed. More work needs to be done to clarify the associations of mCRP and C1q in the pathogenesis of LN.

In conclusion, a combination of anti-C1qA08 and anti-mCRP a.a.35-47 antibodies could better predict the prognosis of LN. The key linear epitopes of the combination of C1q and mCRP were a.a.35-47 and C1qA08. A08 was an important epitope for the classical pathway complement activation and a.a.35-47 could inhibit this process.
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C-reactive protein as the biomarker of choice to monitor the effects of exercise on inflammation in Parkinson’s disease
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Parkinson’s disease (PD), a heterogeneous disease with no disease-modifying treatments available, is the fastest growing neurological disease worldwide. Currently, physical exercise is the most promising treatment to slow disease progression, with evidence suggesting it is neuroprotective in animal models. The onset, progression, and symptom severity of PD are associated with low grade, chronic inflammation which can be quantified by measuring inflammatory biomarkers. In this perspective, we argue that C-reactive protein (CRP) should be used as the primary biomarker for monitoring inflammation and therefore disease progression and severity, particularly in studies examining the impact of an intervention on the signs and symptoms of PD. CRP is the most studied biomarker of inflammation, and it can be detected using relatively well-standardized assays with a wide range of detection, allowing for comparability across studies while generating robust data. An additional advantage of CRP is its ability to detect inflammation irrespective of its origin and specific pathways, an advantageous characteristic when the cause of inflammation remains unknown, such as PD and other chronic, heterogeneous diseases.




Keywords: C-reactive protein, Parkinson’s disease, inflammation, exercise, biomarker





Introduction

Physical exercise is a promising treatment to slow disease progression in various chronic, complex, heterogeneous diseases that share an inflammatory component, such as metabolic syndromes, type II diabetes, multiple sclerosis, Parkinson’s Disease (PD) and many others. Several ongoing intervention studies are assessing the effectiveness of multiple exercise modalities and intensities on disease progression (1–4). In this perspective, we will focus on PD.

PD is the fastest growing neurological disease worldwide and has no disease-modifying treatments. Despite the heterogeneity of its signs and symptoms, treatment of PD relies largely on dopaminergic medications to alleviate motor symptoms. However, over time, the effectiveness of these medications is challenged by continued disease progression and a rise in adverse effects (5, 6). A growing body of evidence supports the beneficial role of exercise in PD. In animal models of PD, exercise is neuroprotective (7) while in humans multiple exercise modalities reduce signs and symptoms of PD (8–10). However, the mechanisms by which exercise provides benefits in PD–as in many other diseases–remain unclear. Inflammation is an emerging component of PD pathogenesis that can be a target for neuroprotection and disease modification (11). Indeed, at least one study reports that chronic use of nonsteroidal anti-inflammatory drugs reduces the risk of PD by about 45%, suggesting that inflammation may play a pathogenic role in PD (12).

Several biomarkers, both individually and as multi-molecular panels, can be used to determine the presence of and quantify the severity of inflammation. Of these, the acute-phase protein C-reactive protein (CRP) is the most studied (13). Here, we elaborate on the reasons for selecting CRP as the biomarker of choice to monitor inflammation in response to exercise in PD and in studies examining the effect of exercise in other diseases with an inflammatory component (14).





C-reactive protein

Circulating levels of CRP increase rapidly during the acute-phase response, which can be initiated by infection, inflammation, or trauma (15). Inflammatory mediators such as the cytokine IL-6 induce transcription and translation of the CRP gene in hepatocytes (16), with other mediators and cell types also contributing to the rise in circulating levels of CRP (17–19). The biology and regulation of production of CRP have been extensively reviewed and we refer the reader to this vast literature for details (16, 20–24).

The designation of CRP as an acute-phase protein is misleading because levels of CRP (and of other positive acute-phase proteins) increase in virtually all conditions characterized by inflammation, irrespective of whether the course is acute or chronic. In response to an acute infection, CRP levels in peripheral blood can reach concentrations >1 g/L, i.e., thousands of folds up from the ≤1 mg/L observed in non-infected individuals (21). However, CRP levels increase more modestly, yet significantly and consistently, in a wide range of chronic, non-infectious conditions, such as cardiovascular disease (CVD), accelerated vascular aging, autoimmune diseases, obesity, Type 2 Diabetes, Alzheimer’s disease, and PD (14, 20, 25). In these conditions, CRP levels rarely reach the peak observed during acute infections, largely staying below 10 mg/L, but they signal the presence of low grade, chronic inflammation (26). Inflammaging, the presence of low-level chronic inflammation in older adults, is also associated with a modest but consistent elevation in CRP (27).





CRP in Parkinson’s Disease

Plasma and cerebrospinal fluid (CSF) CRP levels are associated with PD risk, prognosis, and symptom severity. A meta-analysis of 23 studies shows that individuals with PD have significantly higher CRP levels both in the peripheral circulation and in the CSF compared with matched healthy controls (13), indicating that either inflammation is a risk factor for PD or that PD leads to inflammation, and possibly both. Newly diagnosed PD patients have higher systemic CRP levels than people without PD, suggesting that inflammation is already present in the early stages of disease (28). Additionally, across the time course of the disease, patients with PD exhibit higher systemic and CSF CRP levels compared to healthy controls (13) and, independent of disease duration or symptom severity, baseline CRP levels in patients with PD are associated with risk of death and predicted life prognosis (29). CRP levels are also related to PD disease stage, as patients with higher Hoehn & Yahr scores, and therefore more severe motor symptoms, exhibit higher levels of systemic CRP (30, 31). One study found that CSF CRP concentrations correlate with motor symptom severity, measured using the Movement Disorders Society Unified Parkinson’s Disease Rating Scale (MDS-UPDRS) motor examination score (Part III), in male PD patients and with measures of cognitive performance in female patients, suggesting a possible sex dimorphism in CRP as a marker of inflammation in PD and/or in the pathogenic mechanisms of motor versus non-motor symptoms (32). Moreover, CSF CRP levels are higher in patients with PD-related dementia as compared to PD patients without dementia (33) and are also associated with severity of depression, anxiety, and fatigue in PD (33). Thus, despite the heterogeneous nature of PD, CRP–and therefore inflammation–is associated with many of its manifestations in terms of risk, progression, and symptom severity.





CRP: marker or maker?

There are many ways in which CRP may directly contribute to disease pathogenesis in PD, given its known role in the clearance of necrotic material, recruitment of the complement system, and more (34). However, epidemiological studies indicate that CRP is unlikely to play a major direct role in the pathogenesis of PD, similarly to what has been demonstrated in CVD. Genetic variants in the promoter of the CRP gene that modulate circulating levels of CRP have helped clarify the role of CRP in the pathogenesis of CVD. While elevated levels of CRP consistently predict adverse cardiovascular events, epidemiological studies demonstrated a lack of association between CRP genetic variants and CVD (30). That is, high CRP due to genetic variants without underlying inflammation does not increase the risk of CVD by itself, demonstrating that it is the underlying inflammation that contributes to disease risk, not CRP itself. Similarly, in PD, a large Genome-Wide Association Study failed to identify an association between CRP genetic variants and increased risk of PD (35). These studies indicate that while CRP predicts disease risk and progression, its participation in disease pathogenesis is questionable, at best. Thus, in PD, we should consider CRP as a marker rather than a maker, i.e., as a biomarker that detects the presence of inflammation and quantifies its severity rather than as a direct participant in disease pathogenesis.





CRP and physical exercise

In clinical studies, CRP is well established as a biomarker to monitor the effects of exercise on inflammation. Indeed, more than 400 randomized controlled trials in various populations and at least 80 systematic reviews or meta-analyses have evaluated the effect of different modalities and intensities of exercise on CRP levels. While there may be a short-lived increase in CRP levels after each exercise bout, since exercise can be an acute stressor, most studies indicate that over time physical exercise lowers CRP levels (7, 36), with aerobic exercise being the most beneficial, especially in older adults (36). Evidence suggests that physical exercise reduces CRP levels following a dose-response relationship, with higher intensity exercise causing a greater reduction in CRP over time compared to lower intensity exercise, and with longer interventions being more efficacious than those of shorter duration (37). Although no studies have yet examined the effect of exercise on CRP levels in PD, exercise, particularly aerobic interventions, counteract the increase in CRP that accompanies aging (27, 38). This is relevant to PD, as age is its primary risk factor (39–41), and can be described as a pre-PD state (39). Furthermore, exercise is a critical component in the prevention and management on Type 2 Diabetes, a condition that is associated with more severe symptoms and accelerated progression of PD and that shares inflammation as a pathogenic mechanism (14).





Discussion

There are several ongoing trials examining the effects of exercise interventions on PD (2, 4), including the Study in Parkinson’s disease of exercise phase 3 (SPARX3). SPARX3 is a Phase 3, multisite, randomized, two-arm (1:1 allocation), parallel group, evaluator-blinded, clinical trial to test the superiority hypothesis that high-intensity, endurance treadmill exercise slows the progression of the signs of PD compared to moderate-intensity endurance treadmill exercise (4). A change in the MDS-UPDRS Part III score is the primary outcome. Several biomarkers serve as secondary outcomes that might point to the mechanisms underlying the effects of exercise intensity in PD, including a potential reduction in inflammation (42).

In SPARX3, we could have chosen a variety of biomarkers to monitor inflammation in response to endurance exercise. Indeed, we plan to explore levels of cytokines and several other mediators in participants’ systemic circulation. However, several reasons led us to select CRP as the sole inflammation-related pre-specified outcome.

The fact that CRP is by far the most studied biomarker of inflammation, both in exercise and in PD as well as in many other diseases, will permit comparison between the findings of SPARX3 and those of hundreds of other studies. Moreover, compared to other mediators, CRP allows for better comparability across studies due to the higher standardization of the CRP assay compared to that of most cytokines and many other inflammatory mediators. Moreover, unlike most cytokines, levels of CRP can be reliably quantified even in the absence of inflammation, thus avoiding the clustering of values at the lower edge of the sensitivity curve that plagues most cytokine assays.

Lastly, and perhaps most importantly, CRP is nonspecific, meaning that it can detect the presence of inflammation, and quantify its changes, irrespective of the ultimate origin of the inflammatory response and of the mechanisms at play. This characteristic of CRP is very useful in PD, in which the cause and pathways of inflammation have not been identified. Similarly, because the mechanisms by which exercise reduces inflammation are also unidentified thus far, the lack of specificity of CRP becomes an asset. Studies that aim to investigate the location, triggers, and pathways of inflammation in PD, and the mechanisms by which exercise reduces inflammation, must quantify specific markers, such as individual cytokines. However, if the aim of a study is to determine whether inflammation is present and/or whether its severity can be altered through an intervention–as is the case in SPARX3–a nonspecific marker such as CRP is more appropriate, as its modulation is independent of the origin and characteristics of the inflammatory response. Thus, nonspecific is not always a dirty word, particularly when it comes to the interplay of PD, exercise, and inflammation. If SPARX3 demonstrates that endurance exercise is associated with reduced levels of CRP, as is our hypothesis, studies evaluating the mechanisms underlying this effect will be warranted.

For all the reasons outlined above, CRP should be utilized as the biomarker of choice for evaluating the response to exercise interventions in PD and other neurodegenerative diseases and chronic conditions. However, like any biomarker, there are limitations in the utility of CRP. First, CRP is sensitive to any form of inflammation, meaning that inflammation unrelated to PD, such as an infection, will increase CRP levels. This, however, is a challenge of nearly all inflammatory biomarkers, and not unique to CRP. Also, CRP levels are affected by genetics, and this will influence CRP levels irrespective of disease severity and exercise effectiveness. However, this can be overcome by averaging CRP levels across subjects to reduce the effect of genetic variations on CRP levels and/or by utilizing intra-subject longitudinal comparisons. Despite these limitations, we argue that CRP is the most effective biomarker for monitoring the effects of exercise interventions on the level of inflammation in PD and other conditions.





Conclusion

Researchers investigating the effects of physical exercise in PD and many other diseases are faced with lack of knowledge about the specific pathways in which inflammation is implicated both in disease pathogenesis and in the beneficial effects of the intervention. Here we argued that the current situation should not hamper progress in the field, that evaluating the effectiveness of exercise in PD and other conditions does not need to wait for mechanistic studies to elucidate such pathways. Indeed, choosing CRP as the biomarker of choice to monitor the state of inflammation during an intervention overcomes many of the limitations of current knowledge.
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C-reactive protein (CRP) has been one of the most investigated inflammatory-biomarkers during the ongoing COVID-19 pandemics caused by severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2). The severe outcome among patients with SARS-CoV-2 infection is closely related to the cytokine storm and the hyperinflammation responsible for the acute respiratory distress syndrome and multiple organ failure. It still remains a challenge to determine which of the hyperinflammatory biomarkers and cytokines are the best predictors for disease severity and mortality in COVID-19 patients. Therefore, we evaluated and compared the outcome prediction efficiencies between CRP, the recently reported inflammatory modulators (suPAR, sTREM-1, HGF), and the classical biomarkers (MCP-1, IL-1β, IL-6, NLR, PLR, ESR, ferritin, fibrinogen, and LDH) in patients confirmed with SARS-CoV-2 infection at hospital admission. Notably, patients with severe disease had higher serum levels of CRP, suPAR, sTREM-1, HGF and classical biomarkers compared to the mild and moderate cases. Our data also identified CRP, among all investigated analytes, to best discriminate between severe and non-severe forms of disease, while LDH, sTREM-1 and HGF proved to be excellent mortality predictors in COVID-19 patients. Importantly, suPAR emerged as a key molecule in characterizing the Delta variant infections.
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1 Introduction

The end of 2019 marked the beginning of a difficult period for humanity, the COVID-19 Pandemic, which put pressure on the health system all around the world. A new coronavirus, SARS-CoV-2 (severe acute respiratory syndrome coronavirus-2), first reported in Wuhan, Hubei, China, has widely spread, so that on January 30, 2020, the WHO declared a public health emergency of international interest, and a few weeks later (March 11, 2020) a global pandemic (1, 2).

In order to cope with the large numbers of COVID-19 patients during the peak periods of the pandemic waves, optimizing the hospital resources, by early discharging the patients at no risk of developing a severe form of disease, became a general necessity (1, 2). Since the pandemics’ beginning, it has been widely accepted that the acute respiratory distress syndrome (ARDS) was associated with the severe/critical forms of disease and represented the main cause of death. However, the general clinical features of SARS-CoV-2 infection were heterogeneous and non-specific, covering a large spectrum of respiratory, digestive, cardiovascular, renal, neurological or psychiatric clinical manifestations, and showing unpredictable evolution towards critical illness (respiratory failure, septic shock, and/or multiple organ dysfunction) even in some patients with initial mild or moderate symptoms (3, 4). In this context, only considering the clinical evaluation as a decisive criterion for the early but safe discharge of patients was not possible, and hence, the need and the general effort for establishing laboratory-derived biomarkers that would facilitate the identification of patients at risk for disease progression or fatal outcome (4, 5).

For the confirmed cases of SARS-CoV-2 infection, a series of routinely-investigated biomarkers, including C-reactive protein (CRP), leukocyte count, lactate dehydrogenase (LDH) and alanine transaminase (ALT), was associated with severe disease and mortality (5, 6). Importantly, the high serum levels of CRP, which are normally lacking in viral infections, but observed in the severe cases since the beginning of COVID-19 pandemic, may be explained by the high production of IL-6 accompanying the Macrophage Activation Syndrome (5–8). Consequently, COVID-19 patients developing ARDS have increased plasma levels of pro-inflammatory cytokines, such as interleukins-1 beta and -6 (IL-1β, IL-6), tumor necrosis factor alpha (TNF-α), chemokines—CXCL10 (IP-10), CCL2 (monocyte chemoattractant protein-1, MCP-1), and CCL3 (macrophage inflammatory protein-1 alpha, MIP-1α) (9, 10). These cytokines cause distinct positive feedback loops on other immune cells, contributing to recruiting them, generating an exponential growth of inflammation which ultimately leads to multiple organ damage (9–12). For instance, CCL2, despite being an important player in the antiviral defense, due to its overwhelming secretion caused by the SARS-CoV-2 infection, becomes one of the key contributors in generating ARDS and even death in patients with severe COVID-19 (13). Additionally, Sarif J. et al. identified the soluble urokinase plasminogen activator receptor (suPAR) as a key pathogenic circulating molecule linking the systemic hyperinflammation to a hypercoagulable status in severe and critical COVID-19 patients, and thus, suggested using suPAR as a predictor for disease severity and mortality (14). To counteract the hyperinflammation, the immune system starts then releasing pleiotropic molecules with anti-inflammatory properties, such as the hepatocyte growth factor (HGF) and the soluble form of the triggering receptor expressed on myeloid cells (sTREM-1), such as neutrophils, monocytes and macrophages. These molecules, being produced in high amounts, intensify the coagulation abnormalities and the multiple organ failure, and are associated with disease severity and poor clinical outcome in COVID-19 (15–17). Recent systematic evaluation and meta-analysis studies conducted for identifying valuable biomarkers of disease prognosis and treatment responses in COVID-19 patients, also reported the potential usefulness of fibrinogen, D-dimers or neutrophil-lymphocyte ratio (NLR) (6, 18, 19).

Despite having a generous diversity of inflammatory mediators involved in poor outcomes, it still remains a challenge to determine which of these above-mentioned cytokines or chemokines are the best predictors of disease progression and mortality in COVID-19 patients with various forms of disease, ranging from mild, moderate to severe or critical illness (3).

Being well aware of the important contribution that these biomarkers would have on the management of the SARS-CoV-2 infected patient, we set out to evaluate and compare the prediction efficiency of CRP, the best described biomarker during the COVID-19 pandemic, with the more recent reported modulators with pro-inflammatory (such as suPAR, MCP-1, IL-1β, IL-6, NLR, platelet-lymphocyte ratio (PLR), ESR, ferritin, fibrinogen, and LDH) and anti-inflammatory (sTREM-1 and HGF) properties in a group of patients confirmed with SARS-CoV-2 infection and stratified as mild, moderate and severe cases. Importantly, the cases were investigated between October 2021 and May 2022, time frame which comprised the transition period from Delta to Omicron variants (the end of 2021), and this allowed us to additionally report our biomarkers’ observations to distinct SARS-Co-V-2 variant infections. Here we identified that CRP was the best predictor of disease severity among our investigated biomarkers, with suPAR levels being correlated with Delta infection, while LDH, sTREM-1 and HGF proved to best discriminate between survivors and non-survivors.




2 Materials and methods



2.1 Study participants and serum collection

Blood samples were collected at St. Parascheva Clinical Hospital for Infectious Diseases (Iasi, Romania) between October 2021 and May 2022 from SARS-CoV-2 infected individuals at hospital admission. Patients’ inclusion criteria were: (1) adult patients of either sex; (2) SARS-CoV-2 infection confirmed by qRT-PCR tests through nasopharyngeal and oropharyngeal swab samples; (3) need for hospitalization; (4) either status of vaccination anti-SARS-CoV-2: yes or no; (5) given consent for the recruitment into the study. Exclusion criteria were as follows: (1) age < 18 years; (2) administration of anti-inflammatory medication prior hospital admission; (3) immunocompromised patients (e.g. HIV/AIDS, transplant, cancer), (4) pregnancy; (5) no inclusion in other clinical studies.

The patients were next stratified according to disease severity in mild, moderate and severe cases, based on the signs and symptoms at hospital admission, and according to the international clinical spectrum guidelines of SARS-CoV-2 infection. More precisely, the mild group comprised the cases with few symptoms (low fever, cough, myalgias, fatigue, anorexia) without evidence of viral pneumonia or hypoxia. The moderate group comprised the cases with clinical signs of pneumonia (fever, cough, dyspnea, fast breathing), but no signs of severe pneumonia, including SpO2 ≥ 90% on room air. In the severe group, we categorized the patients with clinical signs of pneumonia (fever, cough, dyspnea) plus one of the following: respiratory rate > 30 beaths/min; severe respiratory distress; or SpO2 < 90% on room air. The patients who were discharged from the hospital were designated as survivors, while those who died during hospitalization were named non-survivors or deceased. Since the first two cases of Omicron infection were officially reported in Romania on the 4th of December 2021 by the Romanian National Institute of Public Health (RNIPH), all the cases before 1st of December 2021 were categorized as Delta SARS-CoV-2 infections, and the cases hospitalized in December were excluded from our study. As from the 1st week of 2022, the Omicron variant of concern represented more than 60% of the nasopharyngeal/oropharyngeal swab samples sequenced by RNIPH (20, 21), the cases after 1st of January 2022 were categorized as predominantly Omicron infections.

Inclusion in the study did not influence the patients’ management and the therapeutic decision was left at the discretion of the attending physicians. This study has been reviewed and approved by the institutional ethics committees (St. Parascheva Clinical Hospital for Infectious Diseases, Iasi), and an informed consent was obtained from all the participants in this study. More precisely, 153 participants agreed for CRP and other pro-inflammatory biomarkers’ testing (fibrinogen, ferritin, LDH, NLR – neutrophil-lymphocyte ratio, PLR – platelet-lymphocyte ratio), of which 140 subjects also agreed for inflammatory cytokine profile (suPAR, sTREM-1, MCP-1, HGF, IL-1β, IL-6). The information related to age and gender was included in a database together with a unique identifier, in order to keep the sample’s identity unknown to the researcher. Overall patients’ characteristics are detailed in Supplementary Table 1.




2.2 Sample processing

Blood samples were collected in vacutainers with no anticoagulant and processed within 6 hours of receipt. More precisely, blood was spun at 2000 G for 5 min, and the serum was separated, while aliquots of 500 μl were kept for storage at -80°C until further analysis of the cytokines’ profile.

• for assessing CRP, classical inflammatory biomarkers and hematological parameters

The analysis of CRP, ferritin, complete blood count, coagulation profile (fibrinogen, D-Dimers, prothrombin index), multiple organ failure biomarkers (aspartate transaminase (AST), ALT, total bilirubin, urea, creatinine, potassium, sodium, ionized calcium, chloride) was performed immediately after serum separation at St. Parascheva Hospital Laboratory using designated in vitro diagnosis kits for the automated platforms Rx Imola and Cobas. CRP levels were detected using the automated immunoturbidimetric Randox Full-Range Assay on the RxImola platform with a wide measuring range of 1.8-1650 mg/L.

• for assessing the cytokine profile

The cytokine profiles were assessed at the Immunology Laboratory of St Spiridon County Emergency Hospital, Iasi. After thawing, the samples were centrifuged at 2,000 G for 5 min. The analysis of serum concentrations of various inflammatory cytokines/chemokines (sTREM-1, MCP-1/CCL-2, HGF, IL-1β, IL-6) was performed using a human pre-mixed multi-analyte kit (LXSAHM-05) from R&D systems and performed on a Luminex 100/200 analyzer. A 2-fold dilution was performed for all samples using the calibrator diluent RD6-52 before processing according to the manufacturer’s instructions. Briefly, 50 μl of standards and samples were mixed with 50 μl magnetic microparticle cocktail and left for a 2 hours incubation at room temperature on a horizontal orbital microplate shaker set at 800 rpm. Following a washing procedure comprising 3 washes and the use of a magnetic device designated to accommodate the microplate, 50 μl of diluted biotin-antibody cocktail were added to each well and the plate was incubated for 1 hour at room temperature on the shaker at 800 rpm. After another washing step, 50 μl of the diluted streptavidin-PE solution was added for 30 min at room temperature on the shaker. After a final wash, the microparticles were resuspended in 100 μl of wash buffer, incubated for 2 minutes and then the plate was read within 60 minutes. For suPAR analysis, the suPARnostic AUTO Flex ELISA kit from ViroGates (E001) was used. The samples were used undiluted. Briefly, 15 μl of standards, controls or samples were pre-mixed with 135 μl of conjugation working solution, mix from which 100 μl was further transferred to the ELISA plate and left for 1 hour incubation at room temperature in the dark. The plate was then washed 3 times with 250 μl of wash buffer using the TECAN hydroflex platform. Then, 100 μl of TMB (tetramethylbenzidine) solution was added to each well and the enzymatic reaction was stopped after 20 minutes. The plate absorbance was read at 450 nm with the reference filter of 650 nm using the TECAN reader infinite 200 pro.




2.3 Statistical analysis

Statistical analysis was performed using Graph Pad Prism, v5 (Graph Pad Software, San Diego, CA, USA) and SPSS, v25 (IBM SPSS Software, Chicago, IL, USA). Data are presented as scatter dots, bars with information about the mean and SEM, or box and whiskers plots. Each figure legend contains the relevant statistical information: the n, total number of participants, the significance p-value and the corresponding statistical tests performed. All data were checked for both normality and variance using the Shapiro-Wilk test. The parametric data were analyzed using the unpaired t-test and one-way ANOVA with Post-hoc Tukey’s Multiple Comparison test. The majority of the data were non-parametric and the statistical tests applied were: Mann-Whitney test (the non-parametric counterpart to unpaired t-test), and Kruskal-Wallis with Dunn’s Multiple Comparison test (the non-parametric counterpart to one-way ANOVA). Spearman’s correlation coefficients (R) were used to assess positive or negative associations between measured variables. R values between 0.2-0.39 were treated as weak, between 0.4-0.59 as moderate, and between 0.6-0.79 as very strong correlation factors. Each linear regression graph was performed using Graph Pad Prism v5 and shows the best-fit line with the 95% confidence band. The coefficient of determination R-squared (R2) was used as a goodness-of-fit measure and the F-test to determine the level of significance for each linear regression. The receiver operating characteristic (ROC) curves were generated in SPSS, v25 in order to compare the sensitivity (sn) vs. specificity (sp) across a range of possible cut-off values, and the area under those curves (AUC) was used as a measure of test performance. The optimal cut-off values were determined as previously described in (22). The Kaplan-Meier survival curves, together with the univariate and multivariate analysis, were also generated using SPSS, v25. The p values less than 0.05 was considered statistically significant.





3 Results



3.1 Serum CRP, suPAR, sTREM-1 and HGF levels increased in severe COVID-19 patients

Blood samples were collected from 153 SARS-CoV-2 infected patients in the first day of hospitalization, between October 2021 and May 2022. The patients were categorized based on disease severity (patients’ characteristics are displayed in Supplementary Table 1) in mild (14 cases [9.15%]), moderate (71 cases [46.41%]), and severe (68 cases [44.44%]) cases. All mild cases survived and were hospitalized for a median of 6 days (IQR 5-9), while the moderate severe patients registered a 2.82% death rate for a median of 10 days of hospitalization (IQR 10-12), which significantly increased among severe COVID-19 individuals, reaching 26.5% mortality rate and a hospitalization period of 13 days (IQR 8-18) (Figure 1A and Supplementary Table 1). The median age was 55 years (IQR 45.5-66) for mild cases, which increased to 67 (IQR 57-73) and 70 (IQR 57.5-79.5) for moderate and severe patients. Each group was further stratified by gender and the female to male ratios were 1.8, 0.78 and 0.79 for mild, moderate and severe COVID-19 patients, suggesting an increased risk for moderate and/or severe SARS-CoV-2 infection among male individuals (Odd Ratio of 2.3). In the mild group, 11 cases (78.6%) had increased serum CRP levels over the normal range of 0-5 mg/L, while 61 (85.9%) and 65 (95.6%) cases had abnormally increased CRP levels in the moderate and severe groups. More precisely, the serum CRP levels ranged from 12.59 mg/L [95% CI 2.52-22.66] in mild cases to 67.25 mg/L [95% CI 2.52-22.66] and 107.7 mg/L [95% CI 90.61-124.9] for moderate and severe patients, respectively (Figure 1B and Supplementary Table 2). The differences in CRP levels among the three groups of COVID-19 severity were significant for both female (p < 0.0001) and male (p = 0.0012) subgroups. These changes were sustained by similar changes in the serum levels of newly characterized biomarkers of systemic inflammation (suPAR, sTREM-1, HGF) and classical biomarkers (cytokines - IL-1β, IL-6, chemokines – MCP-1/CCL2, and hematological/biochemical markers – NLR, PLR, ESR, fibrinogen, ferritin and LDH) (Table 1).




Figure 1 | Serum profile of CRP and pro-inflammatory cytokines in mild, moderate and severe COVID-19 disease. (A) Patients’ discharge status (no disease, ameliorated symptoms or deceased) for each category of COVID-19 disease: mild, moderate, severe (***p < 0.001; chi-squared test). Serum levels of (B) CRP, (C) suPAR, (D) sTREM-1, (E) HGF, (F) MCP-1, (G) IL-1β, (H) IL-6 for each category of COVID-19 disease: mild, moderate or severe. The gray lines represent the mean ± SEM (****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05, ns – not significant; (A) chi-squared test; (B-H) Kruskal-Wallis with Dunn’s Multiple Comparison test).




Table 1 | The values of inflammatory biomarkers for each category of COVID-19 patients: mild, moderate and severe.



For instance, the serum suPAR levels showed 2.51- and 3.45-fold increases in moderate and severe cases, respectively, when compared to the mild SARS-CoV-2 infected patients (1.47 ng/mL [95% CI 1.17-1.77], p < 0.0001) with no significant differences among the female and male subgroups (Figure 1C). Interestingly, also the serum levels of soluble molecules with anti-inflammatory function, such as the soluble form of triggering receptor expressed on myeloid cells 1 (sTREM-1) and hepatocyte growth factor (HGF), showed similar significant increasing trends (p < 0.0001, and p = 0.0173, respectively). While sTREM-1 serum levels showed 1.97- and 2.42- fold increases in moderate and severe cases irrespective of gender (Figure 1D), the HGF levels largely depended on gender with 2.8- and 4.6-fold increases in moderate and severe female cases and only 1.7- and 2.3- fold increases in moderate and severe male patients when compared to the mild subjects’ values (238.6 pg/mL [95% CI 29.81-447.4] for females, and larger values of 534.9 pg/mL [95% CI 190.8-879.1] for males; Figure 1E and Table 1). The MCP-1/CCL2 values also described an increasing trend from mild to severe cases, but with no significant differences between the three groups (p = 0.1820, Figure 1F). On the other hand, IL-1β showed a similar 2.6-fold change irrespective of gender in the moderate and severe cases (p = 0.006) when compared to the mild group characterized by a mean value of 1.29 pg/mL [95% CI 0.67-1.91] (Figure 1G). IL-6 values, similar to HGF, showed significant increases among the three severity groups only for females (p < 0.0001), but with more prominent differences as the total levels varied from 2.64 pg/mL [95% CI 0.68-4.61] in mild cases to 18.78 pg/mL [95% CI 7.37-30.19] in moderate, and 46.26 pg/mL [95% CI 26.52-65.99] in severe COVID-19 patients (Figure 1H).

Among the classical hematological and biochemical inflammatory biomarkers, neutrophil-lymphocyte ratio (NLR), platelet-lymphocyte ratio (PLR), erythrocyte sedimentation rate (ESR), fibrinogen, ferritin, and lactate dehydrogenase (LDH) showed a general similar significant rising trend as the CRP levels from mild to moderate and then, to severe subjects (Figure 2). However, the described differences for NLR (p = 0.0001), PLR (p = 0.0346) and ferritin serum levels (p = 0.0003) were significant only for the subgroup of female patients (Table 1). The pro-inflammatory landscape noticed in the severe form of COVID-19 was hence associated with hematological changes, including the described increase of NLR and PLR values. The WBC had a general tendency to increase from mild to severe, and most importantly, both the total number and percentage of neutrophils and eosinophils increased at the expense of lymphocytes which significantly decreased from 1.29 x 103/μl (95% CI 0.94—1.64) in mild cases to 0.79 x 103/μl (95% CI 0.58-0.96) in severe patients. The platelet counts did not significantly differ among the three groups of subjects. The present data clearly show that CRP and the other investigated pro-inflammatory biomarkers gradually increase from mild to moderate and/or severe COVID-19 cases and this is supported by an expansion of neutrophils and eosinophils together with a reduction in the lymphocyte count.




Figure 2 | Serum profile of common pro-inflammatory biomarkers in mild, moderate and severe COVID-19 disease. Serum levels of (A) NLR (neutrophil-lymphocyte ratio), (B) PLR (platelet-lymphocyte ratio), (C) ESR (erythrocyte sedimentation rate), (D) fibrinogen, (E) ferritin, (F) LDH for each category of COVID-19 disease: mild, moderate or severe. The gray lines represent the mean ± SEM (****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05, ns – not significant; Kruskal-Wallis with Dunn’s Multiple Comparison test).






3.2 CRP levels are not influenced by age in COVID-19 patients

Next, we wondered whether the serum levels of CRP and of the other investigated inflammatory biomarkers vary according to age (Figure 3A). First, CRP and suPAR levels did not seem to be influenced by age in our study group (Figures 3B, C). Interestingly, significant correlations (total correlation R = 0.35, p < 0.0001) with patients’ age were noticed for sTREM-1 values for all three categories of mild (R = 0.68), moderate (R = 0.45) and severe (R = 0.21) cases. Indeed, when stratified by age, the subgroup of subjects older than 60 years constantly showed higher values of sTREM-1 (an average of 1.4-fold increase) in each subgroup: mild, moderate or severe (Figure 3D). Significant general correlations were also observed for NLR (p = 0.0016) and PLR (p = 0.0036) with a moderate value of 0.45 within the group of mild subjects (Figure 3A). A moderate variation with age was also observed in the mild group for HGF (R = 0.51, Figure 3E). Based on these observations, we can conclude that CRP and the majority of inflammatory biomarkers (except sTREM-1, NLR and PLR) had a weak variation by age in COVID-19 patients.




Figure 3 | Correlation of pro-inflammatory biomarkers with age in mild, moderate and severe SARS-CoV-2 infections. (A) Heat map of correlation coefficients (R) for each category of COVID-19 disease: mild, moderate, severe (0.2-0.39: weak; 0.4-0.59: moderate; 0.6-0.8 strong). (B) CRP levels, (C) suPAR levels, (D) sTREM-1 levels, and (E) NLR values in mild, moderate and severe COVID-19 patients stratified by age (younger or older than 60 years). The gray lines represent the mean ± SEM (***p < 0.001, **p < 0.01, *p < 0.05, ns – not significant; Kruskal-Wallis with Dunn’s Multiple Comparison test).






3.3 sTREM-1, HGF, ESR, fibrinogen and LDH best correlated with CRP in severe COVID-19 patients

To better picture the general landscape of CRP and of the other 12 biomarkers serum levels in moderate and severe COVID-19 patients, we further investigated the correlation coefficients between any combination of bio-signatures (Figure 4A). First, we noticed higher associations among CRP, suPAR, sTREM-1, HGF, MCP-1, IL-1β, IL-6 and NLR in the severe group when compared to moderate subjects. Next, CRP showed significant moderate correlation with sTREM-1 and HGF in both moderate and severe patients, while suPAR showed good correlations with sTREM-1, HGF and MCP-1 only in the severe group (Figures 4A–D). Interestingly, sTREM-1 showed moderate association with HGF, MCP-1 and IL-6 in the moderate group, but good and very good correlations with all the above-mentioned biomarkers in severe cases (Figure 4E). When investigating the correlations with classical hematological and biochemical inflammatory signatures, we observed a clear association of ESR, fibrinogen, LDH with CRP in both moderate and severe patients (Figure 5). These results suggest that the severe form of COVID-19 is characterized by a strong pro-inflammatory phenotype, and most importantly, by a clear association between CRP and sTREM-1, a recently described biomarker of COVID-19 severity and mortality.




Figure 4 | Regression statistics describing the association between CRP and other pro-inflammatory biomarkers in moderate and severe cases of SARS-CoV-2 infection. (A) Heat map of correlation coefficients (R) for each category of COVID-19 disease: moderate (left-bottom corner) and severe (right-upper corner). Linear regression analysis for (B) CRP and suPAR levels, (C) CRP and sTREM-1 levels, (D) CRP and HGF levels, and (E) sTREM-1 and MCP-1 levels in, moderate and severe COVID-19 patients (****p < 0.0001, **p < 0.01, *p < 0.05, ns – not significant; Spearman test). The blue lines and dots correspond to moderate cases, while the green lines and dots state for severe cases.






Figure 5 | Regression statistics describing the association between CRP and classical pro-inflammatory biomarkers in moderate and severe cases of SARS-CoV-2 infection. Linear regression analysis for CRP and (A) ESR, (B) fibrinogen, (C) ferritin, and (D) LDH in moderate and severe COVID-19 patients (****p < 0.0001, ***p < 0.001, **p < 0.01, ns – not significant; Spearman test). The blue lines and dots correspond to moderate cases, while the green lines and dots state for severe cases.






3.4 SARS-CoV-2-infection with Delta variants, compared to Omicron, induced higher inflammatory responses

As the Delta SARS-CoV-2 infection was associated with a higher death rate worldwide when compared to the other variants (23), we next aimed to investigate the differences, if any, in our selected inflammatory biomarkers. Indeed, in our group of investigated patients, the death rate was 15% among the Delta-infected individuals, and lowered to 9% for the Omicron-infection (Supplementary Figure 1). Interestingly, the most prominent difference was noticed for the serum suPAR levels, where significantly higher levels were observed for the Delta variant infections in both moderate and severe cases (moderate cases: 4.61 ng/mL for Delta vs. 1.9 ng/mL for Omicron; severe cases: 5.74 ng/mL for Delta vs. 2.37 ng/mL for Omicron), Figure 6A and Table 2. Importantly, CRP and most of the other biomarkers showed overall higher values for the Delta infection compared to the other variants (Figures 6B–G). Among those, HGF, IL-1β and fibrinogen showed significant differences in the group of moderate COVID-19 cases. For instance, HGF levels reached 580.8 pg/mL [95% CI 327.5-1610] in the Delta moderate infection compared to 299.2 pg/mL [95% CI 195.7-625.1] in the Omicron infection. For fibrinogen, increased levels were noticed in 87% of the Delta infected individuals compared to only 48% for the Omicron infections. A similar trend was also observed for ESR and LDH (Supplementary Figure 2). Most of these described differences were significant in the case of moderate disease severity. Interestingly, these differences were attenuated in the severe COVID-19 cases. In accordance with an overall higher pro-inflammatory response induced by the Delta variant, the percentage of severe cases was also increased (50% of severe cases within the Delta infection group vs. 34.5% of severe cases within the Omicron group; p = 0.0015; Figure 6H).




Figure 6 | Serum profile of CRP and pro-inflammatory cytokines in Delta and Omicron SARS-CoV-2 infections. Serum levels of (A) suPAR, (B) CRP, (C) sTREM-1, (D) HGF, (E) MCP-1, (F) IL-1β, (G) IL-6 for each category of SARS-CoV-2 infection: Delta or Omicron. The gray lines represent the mean ± SEM (****p < 0.0001, *p < 0.05, ns – not significant; two-tailed Mann-Whitney test). (H) Patients’ discharge status (no disease, ameliorated symptoms or deceased) for each category of SARS-CoV-2 infection: Delta or Omicron (ns – not significant; chi-squared test).




Table 2 | The values of inflammatory biomarkers for each category of COVID-19 patients (mild, moderate and severe) based on SARS-CoV-2 variant infection, Delta or Omicron.






3.5 CRP and pro-inflammatory cytokines’ levels at hospital admission were higher in the severe COVID-19 patients who did not survive

Since most of the deceased patients were from the severe category of COVID-19 patients (26.5% mortality rate), we next wondered which were the discrepancies, if any, between the severe subjects that survived and those who died. For CRP, the mean values were higher with 45% in the deceased group compared to the survivors’ group (Figure 7). Similarly, suPAR, sTREM-1, and IL-1β initial levels were higher by 45-50% in the deceased group, while HGF, MCP-1, and IL-6 initial serum levels were even higher, showing an increase of 75-80% compared to the survivors’ group (Figure 7 and Supplementary Table 3). Importantly, among the hematological and biochemical inflammatory biomarkers, only LDH showed a significant increase in the deceased group, but only of 29% (Supplementary Table 3). These data reveal that the initial high levels of CRP and cytokines correlated with an increased mortality risk.




Figure 7 | Serum profile of CRP and pro-inflammatory cytokines in severe COVID-19 patients stratified based on survival. Box and whiskers representation of (A) CRP, (B) suPAR, (C) sTREM-1, (D) HGF, (E) MCP-1, (F) IL-1β, (G) IL-6, and (H) LDH serum levels for each category of SARS-CoV-2 severe infection: survived or deceased (**p < 0.01, *p < 0.05, ns – not significant; two-tailed Mann-Whitney test).



As vaccination could have influenced the outcome of patients, we also evaluated the vaccination status among the subjects included in this study. For the mild group, 9 out of 14 cases were vaccinated (64.3%), while the rate of vaccination was significantly lower among moderate and severe cases (22.5% and 17.6%, respectively, Supplementary Figure 3A). Among severe cases, no differences in the vaccination rates were observed between survivors and non-survivors (Supplementary Figure 3B). Consistently, no positive association between the vaccination status and mortality emerged (Supplementary Figure 4), probably also due to the relatively low percentage of general vaccination rate of only 24% in our study group. No consistent significant laboratory differences were noticed between previously vaccinated and non-vaccinated subjects for each category of disease severity (Supplementary Table 4).




3.6 CRP associated with severe COVID-19, suPAR with Delta variant, while sTREM-1, HGF and LDH with mortality prediction

We next aimed to investigate which of the inflammatory biomarkers were associated with disease severity, SARS-CoV-2 Delta variant and mortality prediction. Among all the markers, the best correlation with the severe form of COVID-19 was observed for the serum CRP levels (R = 0.415, p < 0.001, Figure 8A), results confirmed also by the ROC analysis (AUC = 0.720, 95% CI 0.625-0.816, p< 0.0001). A cut-off value of 76.07 mg/L for CRP yielded a sensitivity of 0.66 and a specificity of 0.71 (Table 3). For predicting the severe form of COVID-19, higher AUC values were achieved when CRP was analyzed together with the other inflammatory markers which also showed significant independent associations (Model1_1). The association of CRP with cytokines (suPAR, sTREM-1, HGF, IL-6 – Model 1_2) gave a similar AUC value as the association of CRP with the classical inflammatory biomarkers (NLR, PLR, ESR, fibrinogen, ferritin, LDH – Model 1_3): 0.766 (95% CI 0.678-0.855, p < 0.0001) vs. 0.769 (95% CI 0.680-0.857, p < 0.0001) – see Figure 8B and Supplementary Table 5. Importantly, CRP analyzed together with any of the following markers, suPAR, sTREM-1 or HGF reached significantly higher AUC values (0.744, 0.738, and 0.731, respectively) than CRP alone. To validate these observations, we also performed univariate and multivariate analysis for the above established cut-off values in relation to age (older than 60 years), gender and vaccination status. As shown in Supplementary Table 6, only CRP and NLR could serve as independent predictors for disease severity.




Figure 8 | Distinct pro-inflammatory biomarkers associate with disease severity, Delta variant infection or increased death rate. (A) Heat map of correlation coefficients of pro-inflammatory biomarkers with disease severity, Delta variant infection or deceased status. ROC curves generated for the (B) association of CRP and other pro-inflammatory biomarkers with severe COVID-19, (C) association of suPAR and other pro-inflammatory biomarkers with Delta variant infection, (D) association of LDH and other inflammatory biomarkers with mortality. The mathematical models from (B–D) are detailed in Supplementary Tables 3–5, respectively. (E) Kaplan-Meier survival curves for each category of COVID-19 patients: mild, moderate and severe.




Table 3 | Statistical evaluation of pro-inflammatory biomarkers in association with severe COVID-19.



When examining the inflammation caused by the Delta variant, suPAR levels showed the highest correlation (R = 0.548, p < 0.0001) and an outstanding AUC value of 0.912 (955 CI 0.860-0.963, p < 0.0001). For suPAR, the cut-off value of 3.24 ng/mL yielded a sensitivity of 0.77 and a specificity of 0.91 (Table 4). All the other markers showed moderate or low differentiation capacity between Delta and Omicron infections (Figure 8C and Supplementary Table 7). As shown in Supplementary Table 8, the multivariate analysis also confirmed that suPAR could indeed serve as an independent discriminator between the two variant infections (Delta vs. Omicron).


Table 4 | Statistical evaluation of pro-inflammatory biomarkers in association with Delta variant infection.



The best predictors for mortality were represented by the initial values of LDH, HGF, sTREM-1, followed by suPAR and IL-1β serum levels. This observation resulted from computing both the correlations and AUC values for those biomarkers, and the identified cut-off values were: 380 U/L for LDH, 5.2 ng/mL for suPAR, 803 pg/mL for HGF, 334 pg/mL for sTREM-1, and 3.44 pg/mL for IL-1β (Table 5). Importantly, the association of LDH with the other biomarkers yielded an improved AUC value of 0.851 (95% CI 0.769-0.933, p < 0.0001) when compared to LDH alone (AUC 0.809, 95% CI 0.710-0.907, p < 0.0001), see Figure 8D and Supplementary Table 9. The Kaplan-Meier survival curves confirmed these observations, as the severe COVID-19 patients (Figure 8E) and those with values higher than the indicated cut-off scores had a poorer prognosis than those with mild/moderate disease or lower values (Supplementary Figures 5, 6). Furthermore, we performed univariate and multivariate Cox regression analysis, and identified that LDH could serve as a promising independent prognostic factor for patients with COVID-19, as shown in Table 6.


Table 5 | Statistical evaluation of pro-inflammatory biomarkers in association with mortality.




Table 6 | Univariate and multivariate Cox regression analysis of paraclinical and clinical variables in COVID-19 patients.



At this point we were able to conclude that the initial values of distinct inflammatory biomarkers are good or excellent predictors for disease severity (e.g., CRP), Delta variant infection (e.g., suPAR) and mortality (e.g., LDH, sTREM-1, HGF, suPAR).




3.7 Disease severity and mortality associated a higher rate of comorbidities: thrombocytopenia, diseases of the circulatory system and liver

As the panel of our inflammatory biomarkers did not yield outstanding associations with disease severity and mortality, we hypothesized that additional criteria might have influenced the COVID-19 disease evolution. Thus, we next investigated the comorbidities’ rate among severe and non-severe patients or between those that survived or died. As expected, more comorbidities were present in severe subjects, and among those, the endocrine and metabolic disorders, together with liver diseases showed an increasing trend, while the diseases of circulatory system yielded a significant rise from 65% in non-severe cases to 80% among severe subjects (Figure 9A and Supplementary Figure 7A, B). When comparing the survivors’ group with the deceased one, we noticed significant changes among the rate of thrombocytopenia and other blood diseases (from 21% in the survivors’ group to 45% in the deceased group) and liver diseases (showing an increase from 5% to 21% in deceased subjects, who showed either cirrhosis, fatty liver or hepatic failure – Figures 9B, C and Supplementary Figures 7C, D). Next, we investigated the mortality prediction given by CRP and inflammatory cytokines (those biomarkers that yielded significant differences among survivors and deceased individuals in the severe group). Among those, suPAR and IL-6 generated the highest AUC values of 0.748 and 0.763, respectively. A combined model of all inflammatory biomarkers reached a similar AUC of 0.757 (Model 4_1), while when combined with the presence of comorbidities (Model 4_2) the prediction model reached an excellent AUC of 0.824 (Supplementary Table 10). These data are valuable as they point out the importance of comorbidities in influencing the COVID-19 evolution in severe patients.




Figure 9 | Comorbidities associated with COVID-19 severity and mortality. Differences in comorbidity rates (A) between non-severe and severe COVID-19 patients, (B) between survived and deceased COVID-19 patients, and (C) between survived and deceased severe COVID-19 cases (*p < 0.05, ns – not significant; chi-squared test). D = Diseases of the blood involving the immune mechanism (anemia, purpura and other hemorrhagic conditions), E = Endocrine and metabolic disorders, I = Diseases of the circulatory system, K = Diseases of liver and gallbladder.



As the fatal outcome could also be influenced by the therapeutic management, we next investigated the effect exerted by the anti-inflammatory therapy on the survival rate among COVID-19 severe cases. Thus, we categorized the severe cases based on the therapeutic strategies applied by physicians: 18 patients received Tocilizumab, an anti-IL-6 monoclonal antibody, in the first hours-days of hospital admission (median 0 days [IQR 0-1]), 30 patients received Anakinra, an IL-1R antagonist, at a median of 2 days after hospital admission, and the rest 20 severe cases were not administered any of the above anti-interleukin therapies (thus, being designated as the non-AIT group) – Supplementary Tables 11, 12. The anti-interleukin therapy did not prove significant beneficial effects on the overall survival rate, with Anakinra treatment apparently associating a higher death rate of 43% (Supplementary Figure 8A and Supplementary Table 11). Interestingly, the group of severe cases receiving Tocilizumab had higher levels of ferritin and LDH at hospital admission than the non-AIT group, and comprised 4 non-survivors out of 18 subjects. On the contrary, the group of cases receiving Anakinra had higher levels of multiple inflammatory biomarkers compared to the non-AIT group, including CRP (median value of 144.9 mg/L), suPAR (median value of 5.98 ng/mL), sTREM-1 (median value of 380.7 pg/mL), fibrinogen, ferritin and LDH (Supplementary Figures 8, 9 and Supplementary Table 12). Importantly, no statistical differences in co-administered medications or co-morbidities were observed among the three analyzed groups of severe cases (Supplementary Table 12).




3.8 Discussions

Multiple studies reporting the immunological, hematological, biochemical and coagulation perturbations caused by COVID-19 have emerged during the past 2 years, delineating the hyperinflammatory state that culminates with the cytokine storm and the multiple organ system failure, which are associated with a high risk of mortality [systematically reviewed by Qin et al. (6)]. Interestingly, many of these studies have centered their investigations on certain parameters and tackled their potential associations with disease severity, mortality or comorbidities (24, 25). For instance, separate studies, collected in a recently published systematic review and meta-analysis, have identified a general pro-inflammatory hypercytokinemia profile (IL-1β, IL-6, IL-8, IL-10, IL-18, TNF-α, IFN-y, MCP-1), augmented by high serum levels of CRP and ferritin, hematological abnormalities (dominated by lymphocytopenia and neutrophilia), coagulation dysfunction (indicated by increased D-dimer, fibrinogen and abnormal APTT and PT) and multiple organ injury (revealed by increased LDH, creatinine, urea, AST, ALT, total bilirubin), to be associated with COVID-19 severity and/or mortality (6). Additional studies, have focused on disparate biomarkers, investigating either the role of suPAR in relation to vascular inflammation, thromboembolism and progression to respiratory failure and disease severity (26–30), the role of sTREM-1 as a sepsis biomarker and mortality predictor (15, 16, 31, 32), or how upregulation of HGF, an anti-inflammatory cytokine, predicted ICU admission and death probability (17, 33, 34). It is worth mentioning that many of these investigations compared severe and non-severe, and hardly discriminated between mild and moderate COVID-19.

Importantly, the present study analyzes CRP, one of the first-identified and best-investigated biomarkers during the COVID-19 pandemics, together with the other above-mentioned biomarkers at hospital admission, and compares their efficiencies in predicting disease severity and mortality. Moreover, we also delignated the biomarkers’ profiles in two distinct groups of COVID-19 patients: Delta or predominantly-Omicron infections. First of all, CRP is normally lacking in viral infections; however, the macrophage activation syndrome which characterizes COVID-19 causes the pro-inflammatory hypercytokinemia profile which results in increasing the CRP synthesis by hepatocytes (11, 35). Elevated CRP levels lead to activation of endothelial cells and macrophages, stimulation of complement system via the classical route and inhibition of apoptosis of neutrophils, pathophysiological changes that exacerbate the vascular inflammation and thrombotic complication events which culminate with the cytokine storm (7, 11, 35). Indeed, recent studies have reported that elevated CRP together with higher D-Dimers and fibrinogen serum levels characterize the hyperinflammation and hypercoagulable states seen in severe and/or deceased COVID-19 patients (7, 36). Additional observational studies have reported higher CRP, NLR and LDH values in non-survivors, and their association with an increased risk of developing acute respiratory distress syndrome, cytokine release syndrome and sepsis (reviewed in (35). Importantly, several studies have found that high CRP levels (> 100 mg/L) were associated with higher odds for ventilator requirements (OR 2.5) and upgrade to ICU (OR 3.2), or even increased mortality rate (77.4% compared to 22.6% characterizing the group of cases with CRP < 100 mg/L) (8, 37). Interestingly, in a cohort study conducted on 2782 COVID-19 subjects, the serum CRP levels above 108 mg/L were associated with a 32.2% mortality rate (compared to only 17.8%, as seen for those with lower CRP values) and a 1.8-fold higher risk for disease severity (7). Importantly, high CRP levels associated with increased LDH and creatinine values as predictors for disease severity and death in other coronavirus infections, SARS in 2003 and MERS in 2012 (38–40). In influenza pneumonia (H1N1, H7N9), a high CRP value also correlated with disease severity, proving to be an independent predictor of mortality in the H7N9 infection, while leading to the cytokine storm characterized by elevated IL-6, MCP-1, and IP-10 levels (41, 42).

In our study we have shown that the mean serum CRP levels evolved from 12.59 mg/L in mild cases to 67.25 mg/L and 107.7 mg/L in moderate and severe patients, respectively. Among moderate cases, 25.4% had CRP values above 100 mg/L at hospital admission and survived, while the 2 deceased subjects had the CRP levels less than 100 mg/L. Among the severe cases, 39.4% of the COVID-19 subjects with high CRP (> 100 mg/L) died, while the mortality rate was only 14.3% among the cases with CRP less than 100 mg/L. In our study group (153 COVID-19 patients), the general mortality rate varied form 6.9% for CRP < 100 mg/L to 25.5% for cases with CRP > 100 mg/L. Importantly, the CRP values varied significantly between survivors (96.19 mg/L [95% CI 77.13-115.3]) and non-survivors (139.8 mg/L [95% CI 103.6-176], p = 0.0307), and a cut-off value of 79.12 mg/L yielded a sensitivity of 0.765 and specificity of 0.604 for mortality prediction. The CRP values further significantly correlated with immunological changes (marked increase of the pro-inflammatory biomarkers IL-1β, IL-6, MCP-1, with more pronounced changes in females than in male subjects) hematological abnormalities (increased WBC, neutrophilia, lymphopenia and eosinopenia with elevated NLR, PLR), hypercoagulation (increased D-Dimers, fibrinogen, and suPAR), and end-organ damage (high LDH, urea, AST).

Referring to hypercoagulation with venous thromboembolic events (VTE), recent studies have pointed out that the traditional markers such as D-Dimers and fibrinogen are less reliable than suPAR in predicting VTE in COVID-19 (30). The uPAR is a glycosylphosphatidylinositol-anchored membrane protein bound to immune cells (monocytes, macrophages and activated T cells), fibroblasts and endothelial cells. During inflammation, uPAR is cleaved and the soluble form, named suPAR, is released into circulation, and acting as a “damage-associated molecular pattern” (DAMP), it exerts local vascular inflammation or distal immune effects (26, 43). Elevated suPAR concentrations have been reported in other viral infections caused by hepatitis C and B viruses, HIV or Hantavirus, where it showed correlation with disease severity and mortality (44–47). SuPAR was also shown to be a discriminator of COVID-19 severity and a predictor of hospitalization time, findings which we have confirmed in our study (27–29). Additionally, we identified the mean serum values in mild, moderate and severe COVID-19 cases that followed a gradual increasing trend: 1.47 ng/mL, 3.68 ng/mL, and 5.06 ng/mL. Of interest, the suPAR levels showed the highest difference between Delta and Omicron cases: mean values of 5.21 ng/mL vs 2.09 ng/mL. Additionally, we have identified suPAR as a good independent discriminator between non-survivors and survivors, with a cut-off value of 5.2 ng/mL yielding a sensitivity of 0.765 and a specificity of 0.780. As the suPAR levels corroborate with cardiovascular diseases (CVD) (48), it is important to mention that no significant differences were notice in the CVD comorbidities among severe and non-severe COVID-19 subjects or survivors and non-survivors.

As an indirect readout of hyperinflammation, we further considered investigating the serum levels of anti-inflammatory molecules, such as sTREM-1 and HGF. Interestingly, the high CRP levels were also associated with the up-regulation of both these two biomarkers that play central roles in modulating inflammation. For instance, TREM-1 is a recently characterized pathogen recognition receptor (PRR) constitutively expressed on the surface of peripheral neutrophils and monocytes, but also by macrophages, epithelial and endothelial cells (31, 49, 50). Upon TLR signaling, its expression is up-regulated to further amplify the pro-inflammatory innate immune responses, by activating its downstream effectors such as PLCγ, MAPK and PI3K which promote the synthesis and release of inflammatory cytokines/chemokines (51, 52). During sepsis and hyperinflammation, TREM-1 activity is enhanced, leading to overactivation of macrophages that start to release metalloproteinases that are believed to proteolytically cleave the membrane TREM-1 and generate its soluble form, sTREM-1 (15, 53). During these pathological processes, sTREM-1 is believed to be additionally produced by macrophages and neutrophils as a splicing variant (54). Of interest, sTREM-1 act as a decoy for unknown TREM-1 ligands, thus counteracting the inflammatory cytokine release. Similarly, the synthesis of HGF, a pleiotropic cytokine, is up-regulated in macrophages and mesenchymal cells by pro-inflammatory cytokines such as IL-1β, TNF-α and IFN-γ (55–57). Importantly, HGF acts by promoting lung tissue repair through inhibiting the apoptosis of endothelial and epithelial cells, and plays a predominantly anti-inflammatory role by reducing IL-6 secretion at the expense of IL-10 production by macrophages (57–59). HGF has been previously shown to be also increased in severe cases of H1N1-induced pneumonia (60). Both sTREM-1 and HGF have been identified as predictors for disease severity and poor outcome in patients with COVID-19 (15–17, 31–34).

In our study we highlighted a gradual increase from mild to severe cases for both these two biomarkers, sTREM-1 and HGF. For instance, sTREM-1 mean values ranged from 147 pg/mL in mild cases to 289 pg/mL and 355 pg/mL in moderate and severe subjects, respectively. For HGF, the mean values from mild, to moderate, and severe were: 357 pg/mL, 819 pg/mL, and 1157 pg/mL. Importantly, sTREM-1 showed a very strong correlation with MCP-1 levels, while serum HGF strongly correlated with IL-1β in severe cases. They also showed significantly higher values in non-survivors compared to survivors (50% and 80% increase for sTREM-1 and HGF, respectively). While the sTREM-1 values were the same between the Delta and the predominantly-Omicron infected groups, the HGF values were significantly higher in the Delta group.

When comparing these inflammatory biomarkers for predicting the disease severity, the serum CRP levels at hospital admission best discriminated between severe and non-severe cases, followed by the LDH levels. For discriminating between Delta and Omicron infections, the suPAR levels showed the most prominent differences between these two variant infections with 64.3% of Delta cases with values over 4 ng/mL (the upper limit of the normal range) compared to only 5% of Omicron cases, observation which reassures the previous studies reporting lower rate of thromboembolic events in Omicron-infected individuals. Interestingly, when investigating the prediction capacity for poor outcome, LDH proved an excellent discrimination capacity, followed by HGF, sTREM-1 and suPAR in our study group.

As age might influence the serum levels of our investigated biomarkers (6), we further stratified the COVID-19 patients in two categories, younger or older than 60 years. Of all biomarkers, only sTREM-1 serum levels showed consistently higher values in the older groups of mild, moderate and severe subjects. We also noticed discrepancies between females and males: the females subjects showed more prominent significant changes with disease severity than male individuals. We could speculate that this is happening as males are known to exhibit higher basal inflammation and a weaker response against a stimulus, while displaying less efficient antioxidant mechanisms. These physiological differences might also contribute to the increased risk for males of developing severe forms of COVID-19 and a worse overall outcome, when compared with females. Nevertheless, the higher frequency of comorbidities observed in the severe group of subjects, including metabolic disorders and diseases of the circulatory system, might have contributed to the initial higher serum values of the here-in investigated inflammatory biomarkers.

Our study has also some limitations, including the sample size limited to 153 COVID-19 patients. However, the patient cohort was well-characterized due to the prospective design of the study, with proper review for all medical records and comorbidities, and assessment of clinical/paraclinical variables. Additionally, we should mention that not all the cases included in the Omicron group were confirmed by sequencing. Still, the predominantly-Omicron group comprised the cases admitted to the hospital in a time-frame when a general reduction in the Delta variant infections was nationally confirmed by the Romanian National Institute of Public Health (20, 21). Of note, larger cohort studies are needed to further confirm our described observations.

Overall, our data clearly state an important hyperinflammatory phenotype associated with disease severity characterized by enhanced serum levels of CRP, MCP-1, IL-1 and IL-6. When comparing this disease profile with the effect obtained upon vaccination, several differences were detected. For instance, in our previous study (22), while comparing the humoral responses following dual BNT162b2 vaccination in naïve or previously-infected SARS-CoV-2 individuals, a previous natural infectious status was associated with increased anti-SARS-CoV-2 antibody titers accompanied by increased IL-1 and IL-6, but lower levels of CRP and MCP-1. This serum profile reflects rather an effective polarization of the immune response towards Th2 with augmented specific-antibody generation, while minimizing the effects of the Th1 arm on cellular immunity, indirectly mirrored by reduced inflammation with lower CRP and MCP-1 levels following vaccination in primed subjects. Importantly, the severe cases of COVID-19 investigated in the present study associated a major increase in the CRP and MCP-1 serum levels assisted by enhanced suPAR, sTREM-1 and HGF values. The levels of these mentioned inflammation modulators were extremely higher in non-survivors and this molecular profile might also explain the coagulation abnormalities and the higher rate of hematological comorbidities (thrombocytopenia and anemia) characterizing these subjects at hospital admission. Starting from these observations, several questions emerge for potential studies to be tackled in future research. For instance, is it a stronger Th2 response, with humoral immunity assisted by a lower Th1-induced pro-inflammatory phenotype, beneficial for minimizing disease severity and mortality in SARS-CoV-2-infected patients? Preliminary reported data have indeed suggested that early treatment of COVID-19 with drugs targeting IL-1 (using an IL-1 receptor antagonist) or IL-6 (using humanized anti-IL-6 receptor monoclonal antibodies) proved to be beneficial, by reducing the mortality rate among severe cases of COVID-19 (11, 29, 30, 61). The retrospective analysis of our cohort of severe patients did not reveal significant improvement in the survival rate of those exposed to therapies targeting IL-6 (Tocilizumab) or IL-1 (Anakinra). However, the initial laboratory tests indicated a higher pro-inflammatory response in those patients compared to the subjects not exposed to such therapies, thus causing difficulties in achieving solid conclusions. It is most likely that the reported death rate among severe patients to be underestimated considering the expected beneficial effects of the applied anti-interleukin therapies. Importantly, no significant differences in the basal laboratory tests were observed among non-vaccinated or previously vaccinated subjects (which encountered only for 24%), in the context of a national vaccination rate of 40%.

To conclude, our data are of importance, as this is the first study to our knowledge that analyzes and compares CRP with the other 12 key predictors of disease severity and mortality, previously reported for COVID-19 (including suPAR, sTREM-1, HGF, MCP-1, LDH), while including mild, moderate and severe cases. Thus, we were able to identify that the CRP serum levels, among all investigated biomarkers, best discriminate between severe and non-severe subjects, while suPAR showed significant higher values in Delta-infections, and LDH proved to be an excellent predictor for mortality in COVID-19.
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C-reactive protein (CRP) is well-recognized as a sensitive biomarker of inflammation. Association of elevations in plasma/serum CRP level with disease state has received considerable attention, even though CRP is not a specific indicator of a single disease state. Circulating CRP levels have been monitored with a varying degree of success to gauge disease severity or to predict disease progression and outcome. Elevations in CRP level have been implicated as a useful marker to identify patients at risk for cardiovascular disease and certain cancers, and to guide therapy in a context-dependent manner. Since even strong associations do not establish causality, the pathogenic role of CRP has often been over-interpreted. CRP functions as an important modulator of host defense against bacterial infection, tissue injury and autoimmunity. CRP exists in conformationally distinct forms, which exhibit distinct functional properties and help explaining the diverse, often contradictory effects attributed to CRP. In particular, dissociation of native pentameric CRP into its subunits, monomeric CRP, unmasks “hidden” pro-inflammatory activities in pentameric CRP. Here, we review recent advances in CRP targeting strategies, therapeutic lowering of circulating CRP level and development of CRP antagonists, and a conformation change inhibitor in particular. We will also discuss their therapeutic potential in mitigating the deleterious actions attributed to CRP under various pathologies, including cardiovascular, pulmonary and autoimmune diseases and cancer.
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Introduction

The prototypic acute-phase reactant C-reactive protein (CRP), discovered as a protein that precipitates C-polysaccharide of Streptococcus pneumoniae, has long been recognized as a sensitive biomarker of inflammation (1). Elevations in baseline serum CRP level have been detected in numerous pathologies, and have been suggested to being useful to monitor disease progression. CRP has received considerable attention as a diagnostic and prognostic marker in autoimmune diseases (2, 3), cardiovascular diseases (4–6), chronic kidney disease (7), cancer (8) and COVID-19 (9, 10) as well as for guiding therapy (8, 11). Although there is a continuing debate over whether CRP is primarily a passive indicator of inflammation or is a “culprit” mediating disease (12–18), CRP plays important roles in host defense against invading pathogens, autoimmunity and inflammation. CRP exhibits many, often conflicting pro- and anti-inflammatory activities (14, 19–21), which makes delineating its pathogenetic roles even more challenging. Results from structure-function studies challenge the long-held and rather simplistic view of CRP as a stable pentameric protein and identified conformationally distinct forms, including native pentameric CRP (pCRP) and modified/monomeric CRP (mCRP), which exhibit distinct functional properties and may explain many of the opposing biological activities attributed to CRP (21, 22). CRP synthesis, structure and biological activities have been reviewed in detail elsewhere (19, 21, 23–25). In this review, we aimed to critically assess the competing views on the role of CRP isomers in disease pathogenesis and therapy, focusing on recent advances that may provide a rationale basis for guiding therapy and/or therapeutic targeting of CRP isomers to limit inflammation underlying various diseases.





CRP expression, structural properties

Native CRP is member of the pentraxin family, an evolutionarily highly conserved class of pattern recognition molecules. The human CRP gene, located on chromosome 1, q23-q24 encodes for a CRP subunit of a single polypeptide chain of 206 amino acids (23). CRP is composed of five identical non-covalently bound subunits forming a planar ring with a central pore (23). The two opposite faces of the pentamer, and thus each protomer, have distinct binding properties. The A-face binds and activates complement C1q, whereas the B-face contains the Ca2+-dependent binding pocket for phosphocholine, expressed by bacterial, fungal and eukaryotic cells (24, 26). CRP also binds to nuclear antigens, the oxidized LDL receptor, apoptotic cell membrane, glycan components of microorganisms, and many other ligands (24, 27, 28), though some of these interactions have been disputed.

Native CRP is predominantly synthesized in hepatocytes under transcriptional control by cytokines (IL-6 and to a lesser extent IL-1β and TNF-α), the transcription factors hepatic nuclear factor (HNF) 1α and HNF3 as part of the “reorchestration” of hepatic gene expression in response to infection or tissue injury (19), promoter methylation and a distal enhancer (29). Hepatic secretion of pCRP accounts for rapid increases in serum pCRP levels during the acute-phase reaction. The serum half-life of pCRP is about 19 h under both physiological and pathological conditions (30), thus directly reflecting the rate of its hepatic synthesis. Ethnicity, sex and polymorphism in the apoliprotein E and CRP genes are known to influence baseline serum pCRP levels in humans (31, 32). CRP gene polymorphism influences gene expression and may predispose to systemic lupus erythematosus (31), but do not appear to be associated with increased risk for cardiovascular diseases (33, 34). Additionally, the kidney has been reported as a second site of pCRP formation in humans (35). Expression of CRP mRNA and pCRP synthesis has also been detected in the diseased vessel wall, coronary artery bypass grafts and neurons (35–37). The contribution of these sites to circulating pCRP remains to be investigated.

Under physiological conditions, pCRP appears to exist in a NaCl concentration-dependent pentamer-decamer equilibrium (38). Another form of CRP, characterized by multiple-size lettuce-like structures of about 300-500kDa, were detected in the serum of obese patients (39). The origin and pathological significance of these CRP forms are not known.





Elevated plasma CRP levels

Although not specific for a single disease process, CRP is commonly used as a static measurement and CRP levels have been correlated with disease activity and to some degree, severity and prognosis in several diseases. CRP has been promoted as an independent predictor of cardiovascular events and metabolic syndrome (40–42), though the association is considerably weaker than previously thought (43, 44). The data from Mendelian randomization studies (33, 34) coupled with animal studies with injection of human pCRP and transgenic mice over-expressing human CRP may support an association between CRP and cardiovascular disease, but provide no direct evidence for a causative role for pCRP. In the Dallas Heart study hs-CRP was not independently associated with atherosclerotic burden in the coronary artery and abdominal aorta (45), whereas the REVERSAL trial reported that lower hs-CRP levels were independently and significantly correlated with atherosclerosis progression (46). Other studies have concluded that hs-CRP likely serves as a biomarker of vascular inflammation underlying atherosclerosis (14, 44). Thus, whereas the potential of therapeutic targeting of pCRP in cardiovascular disease remains unresolved, hs-CRP has clinical usefulness in guiding therapy as discussed below.

Other clinical studies reported positive correlation between elevated plasma CRP levels and myocardial infarct size (47), reduced lung function in chronic obstructive pulmonary disease (48) or the severity of COVID-19-evoked respiratory distress (49, 50). Higher plasma CRP levels were found to predict flares in systemic lupus erythematosus (2) and to portend poor prognosis in melanoma (51). Patients with non-small cell lung cancer who received the immune checkpoint PD-1 inhibitor nivolumab, early increases in hs-CRP and IL-6 were predictive for the efficacy of treatment (52). Nivolumab evoked a CRP flare-response (defined as a rapid, more than twofold increase in CRP levels followed by decrease below baseline values within 3 months) in about 25% of patients with metastatic renal cell carcinoma and this was associated with significant tumor shrinkage and improved 1-year survival rate (53).

The association of CRP with prognosis should, however, be interpreted with caution as an indication of direct causal contribution of CRP to disease pathogenesis. A definitive way to test this is the use of compounds that specifically block binding of CRP to its ligands and/or receptors to assess its pro-inflammatory effects in vivo.





Modulation of the inflammatory response by CRP isomers

While pCRP has been postulated to be stable under physiological conditions (24), compelling evidence indicates that CRP exists in conformationally distinct forms and conformational changes in pCRP results in expression of potent pro-inflammatory activities (Figure 1) (21). The mild acidic environment within inflamed tissues confers pCRP binding specificities for factor H (55) and conformationally altered proteins, such as oxidized LDL and complement C3b (56) that do not bind to pCRP at physiological pH. Binding of circulating pCRP to phosphocholine or phosphoethanolamine head groups of membrane lipids expressed on the surface of activated platelets or apoptotic cells induces the formation of a partially dissociated pentamer (pCRP*), which then dissociates into the monomeric subunits, mCRP (57–59). pCRP* and mCRP exhibit potent pro-inflammatory activities, including stimulation of IL-8 secretion from neutrophils and human coronary artery endothelial cells (60, 61), promote neutrophil adhesion to platelets and endothelial cells (62, 63), delay neutrophil apoptosis (64) and trigger extrusion of neutrophil extracellular traps (65), characteristic features of the inflammatory response. pCRP* binds and activate complement C1q (66), which, in turn, can amplify pre-existing inflammation and tissue damage (21, 57, 67). Accumulation of pro-inflammatory CRP isoforms with in inflamed/injured but not in healthy tissues, and local expression of mCRP, for example within arteriosclerotic plaques (68) and in circulating microparticles (69, 70) would ensure localization of inflammation (57) and precipitate tissue injury (21).




Figure 1 | Proposed model for regulation of the inflammatory response by conformationally distinct CRP isomers. In the circulation, native CRP exists in a disc-shaped pentameric form (pCRP) and exhibits predominantly anti-inflammatory activities (e.g. opsonization) that are critical for clearance of invading bacteria and damaged cells by phagocytes. Thus, pCRP may limit further damage and prevent autoimmunity. Mild acidosis within the inflammatory locus unmasks additional binding sites in pCRP for complement factor H, which modulate coagulation and for conformationally altered proteins, thereby promoting their removal. Binding of pCRP to phosphocholine or phosphoethanolamine head groups exposed on the surface of activated or damaged cells, or microvesicles, leads to formation of a partially dissociated pentamer (pCRP*) followed by dissociation into its monomeric subunits (mCRP). Unlike pCRP, pCRP*/mCRP exhibit potent pro-inflammatory actions, including stimulation of thrombus formation, activation of endothelial cells, monocytes, platelets and neutrophils, neutrophil and monocyte adhesion to endothelial cells, enhanced formation of neutrophil-platelet and platelet-monocyte aggregates, production of pro-inflammatory cytokines IL-1β and IL-6, and extrusion of neutrophil extracellular traps (NET). These may contribute to excessive, non-resolving inflammation and to aggravation of tissue injury. This multistep mechanism would uncouple the local effects of pCRP*/mCRP from those of circulating pCRP, therefore contribute to localization of inflammation. Of note, microvesicle-associtaed pCRP*/mCRP may contribute spreading the inflammatory reaction to distant sites. EC, endothelial cells; mCRP, monomeric CRP; NETosis, extrusion of neutrophil extracellular traps; pCRP, pentameric CRP; pCRP*, partially dissociated pentameric CRP; PMN, polymorphonuclear neutrophil granulocytes. Modified from Wu et al. (21) and Filep (54).



While purified human pCRP itself does not evoke inflammation when injected into healthy individuals (71), it can amplify tissue injury in animal models, induce the expression of adhesion molecules and production of IL-6 and IL-8 (24, 72–75). Caution should be exercised in interpreting these observations because many of these effects can be attributed to contaminants (endotoxin or the preservative sodium azide) in commercial CRP preparations not to pCRP itself (13, 21). By contrast, other studies documented pCRP protection against the assembly of the terminal complement attack complex (27) and bacterial sepsis (76), reversal of proteinuria in autoimmune mice (77), and prevention of autoimmunity (78). Recently, pCRP was found to reduce immune complex-triggered type I interferon response, consistent with a protective action in systemic lupus erythematosus (79). This action was lost in mCRP, further highlighting the complexity of regulation of immune response by CRP isomers in autoimmune diseases.

CRP isomers bind to distinct receptors. Thus, pCRP binds primarily to the low affinity Ig receptor FcγRIIa (CD32) and to some extent to the high affinity IgG receptor FCγRI (CD64) on phagocytes and endothelial cells (21, 80), and αIIbβ3integrin on platelets (81), whereas mCRP binds to FcγRIIIb (CD64) on phagocytes and lipid rafts on human endothelial cells (82).

The concept of activation-induced conformational changes could explain why pCRP itself is not pro-inflammatory in the absence of infection or tissue injury. Conformational changes in pCRP, and generation of pCRP* and mCRP, would unmask “hidden” pro-inflammatory activities that may collectively amplify the initial inflammatory signal evoked by infection or tissue injury, leading to exacerbation of tissue damage and more severe disease (21, 73). However, further studies are needed to explore the clinical importance of mCRP or other CRP conformers.





CRP as a target for therapy




Therapeutic lowering of serum CRP

The association of persisting modest elevations in plasma CRP level (detected by high sensitivity assays) with chronic diseases has attracted considerable clinical interest and often contradictory interpretations. CRP is generally recognized as a biomarker of ongoing inflammation and to a varying degree as a predictor of clinical outcome. Although conclusive evidence for a causal role for pCRP (and/or CRP isomers) is still lacking, lowering pCRP levels is widely anticipated to reduce the adverse effects attributed to CRP. Indeed, several approaches have been developed and tested for lowering plasma pCRP level or countering CRP`s actions (Table 1).


Table 1 | CRP targeting strategies.



Observational studies reported a relationship between life style changes, encouraging cessation of smoking, weight loss, more physical activity and Mediterranean diet, with concurrent reduction in hs-CRP levels and the risk for future cardiovascular events (83–86). Studies with angiotensin converting enzyme inhibitors, angiotensin II (type I) receptor blockers, vitamins E and C, and the anti-platelet agents clopidogrel and aspirin, yielded conflicting results in regard with their efficiency to lowering hs-CRP levels (94, 107). Unlike insulin, the anti-diabetic drugs rosiglitazone and pioglitazone have been found to significantly decrease serum CRP, though the molecular mechanisms and the potential clinical benefits remain largely unknown (94).

Evidence derived mainly from trials with statins support the potential value of hs-CRP for primary and secondary prevention of cardiovascular disease, though this notion still remains controversial. The landmark JUPITER trial demonstrated the benefits of rosuvastatin therapy in primary prevention as well as the utility of hs-CRP for identifying a population at risk for cardiovascular disease (88–90). A new meta-analysis from the PROMINENT, REDUCE-IT and STRENGTH trials (which were originally designed to test triglyceride-lowering) showed that inflammation, and thus hs-CRP is more tightly linked than LDL cholesterol to future adverse effects in patients already on statins (91). Limitations of this analysis include the effects of confounding bias (e.g. high intensity statin use and diabetes) and lack of attention to primary versus secondary prevention (108). These concerns notwithstanding, the meta-analysis would argue for routine hs-CRP testing to assess residual inflammatory risk (109) and a combined approach to aggressive lipid-lowering and inflammation-inhibiting therapy with colchicine, IL-1 or IL-6 inhibitors or bempedoic acid (91, 93).





Antisense oligonucleotides

Another approach to reduce CRP production is the use of antisense oligonucleotides (ASO) to specifically inhibit mRNA translation in particular in the liver, the predominant site of pCRP synthesis (23) where ASOs have a propensity to accumulate (110). Lowering plasma CRP level with rat-specific ASO ISIS 197178 was associated with reduction of infarct size and improved cardiac function in a rat model of myocardial infarction (111). Human-specific ASO ISIS 353512 reduced neointima formation in human CRP transgenic mice subjected to carotid artery ligation (98). In healthy subjects, ASO ISIS 329993 (ISIS-CRPRx) reduced by about 70% of the peak plasma CRP response to endotoxin challenge without affecting cytokine production and coagulation (100). Treatment with ISIS-CRPRx of patients with rheumatoid arthritis also decreased plasma CRP level, but did not reduce disease activity (99). Unexpectedly, another ASO, ISIS 353512 increased IL-6 and CRP levels in healthy volunteers (112), illustrating the challenges with CRP-ASO therapy.





Selective CRP apheresis

Another strategy to investigate pathogenetic roles for pCRP (and arguably other CRP isomers) is reducing plasma pCRP level by selective apheresis, which appears to be a relatively simple, efficient and clinically safe approach (49, 113). In this protocol, patients are subjected to a 4-6 h extracorporeal circuit and blood plasma is applied to phosphocholine-linked resin. A case report and studies on small cohorts of patients with ST elevation myocardial infarction (STEMI) demonstrated efficient lowering of plasma CRP levels (47, 102, 114, 115). However, results from the multi-center pilot CAMI-1 (CRP Apheresis in Acute Myocardial Infarction-1) study were inconclusive in regard with correlation of reduced CRP levels with myocardial infarct size (47) because the study was not randomized. The ongoing trials on the effects of CRP apheresis on the course of STEMI (NCT04939805) and ischemic stroke (CASTRO-B, NCT03884153) are anticipated to address this issue. There are several case reports with mixed results on reducing lung injury with CRP apheresis in patients with COVID-19-evoked respiratory distress syndrome (49, 103–105). The subsequently planned trial on pulmonary, myocardial and/or renal injury in COVID-19 (NCT04898062) has been withdrawn [https://www.clinical.trials.gov, as of June 4, 2023].

Similar to other CRP lowering strategies, the fundamental question whether the beneficial effects can be attributed to lowering pCRP level directly or to reduction of formation of conformationally altered CRP secondary to reduced availability of the parent molecule pCRP remains unanswered. While short-term reductions of plasma CRP levels may be beneficial under certain circumstances, markedly lower CRP levels over prolonged periods of time may impair antimicrobial defense, and thus augmenting the risk of bacterial or viral infection. Whether this would limit the clinical utility of CRP apheresis and what plasma CRP levels after CRP apheresis will be still sufficient to support innate defense functions remain to be investigated.





Small molecule CRP inhibitors

Two distinct CRP targeting strategies have been developed. In 2006, the Pepys group has designed and synthesized the first small-molecule inhibitor of CRP (72). The bivalent compound, 1,6-bis(phosphocholine)-hexane (bis-PC) bridges the phosphocholine-binding pockets on the B-face of two separate CRP pentamers, bringing the phosphocholine-binding surfaces together in a parallel fashion (72). The resulting decamer structure stabilizes conformation of pCRP and prevents binding of other ligands to the B-face. Bis-PC has also been reported to inhibit dissociation of pCRP to mCRP on the surface of circulating microparticles isolated from the blood of patients with myocardial infarction (69). Pretreatment with bis-PC abolished the increase in infarct size and cardiac dysfunction produced by injection of human pCRP in a rat model of myocardial infarction (72). A controversy exists whether rat CRP can activate rat complement and whether rat factor H, the native complement-control protein, could interact with human CRP (116, 117). Hence, the translational implication of these observations remains to be clarified. Binding of CRP decamers to Fcγ receptors or possible deposition of large CRP complexes might trigger immune reactions, thereby limiting the therapeutic use of bis-PC. This compound is apparently no longer being considered for clinical development [http://pentraxin.word-press.com/rd-programs/].

Considering the role of native CRP in host defense, therapies aimed at reducing serum pCRP level would likely impair defense mechanisms and predispose to infection. Thus, an attractive alternative approach is to selectively block expression of pro-inflammatory properties “hidden” in pCRP without interfering with its protective functions. As a proof of this concept, Zeller et al. (65) developed a low molecular weight monovalent compound C10M [3-(dibutyl amino)propyl) phosphonic acid]. C10M binds to the phosphocholine binding pocket of pCRP and prevents pCRP binding to phosphocholine residues exposed on the surface of activated or damaged cells or microvesicles, and subsequently the formation of pCRP*/mCRP (65). Apart from the occupied phosphocholine binding pocket, the B-face remains accessible to other ligands, including misfolded or aggregated proteins or proteins whose secondary structure is predominantly β-sheet (56) as well as neutrophils. Consistently, C10M inhibited pCRP*/mCRP-stimulated activation of monocytes and neutrophils, extrusion of neutrophil extracellular traps (NETs), monocyte adhesion to activated endothelial cells, and formation of platelet-monocyte aggregates (65). C10M reduction of pCRP*/mCRP-triggered, presumably ROS-dependent NET release (i.e. via the suicidal pathway) could contribute to preventing NET-mediated tissue damage under pathological conditions (54, 118). Importantly, C10M did not impair antibacterial host defense as evidenced by unaltered pCRP opsonization-mediated phagocytosis of bacteria by monocytes and neutrophils (65). Furthermore, C10M efficiently suppressed tissue deposition of human pCRP*/mCRP and monocyte accumulation within the affected organs in murine models of renal ischemia-reperfusion and allograft rejection of hindlimb transplants (65). Consistently, C10M significantly improved renal function following ischemia-reperfusion, and prevented premature loss of allograft transplants driven by human pCRP. While these findings would indicate the functional importance of mCRP, further studies are needed to distinguish the effects of CRP antagonists on endogenous CRP and injected human CRP in these and other experimental models.






Concluding remarks

CRP is a well-established biomarker of inflammation and much written about its association with disease state. Circulating hs-CRP may identify patients at risk, predict disease progression and outcome, and guide therapy in a context-dependent manner. Nevertheless, since even strong associations do not establish causality, further studies are clearly warranted to elucidate its potential pathogenic roles. Activation-induced conformational changes in pCRP would unmask “hidden” pro-inflammatory properties as opposed to the largely protective role of pCRP. CRP lowering strategies yielded promising, but often inconclusive data on altering disease progression. Development of CRP antagonists, and in particular recent development of a phosphocholine mimetic that binds to pCRP and inhibits conformation change-mediated expression of pro-inflammatory activities without impairing pCRP’s defense function, should facilitate future investigations into the full spectrum of the roles of CRP isomers in inflammatory pathologies. This approach has the potential of opening a novel therapeutic avenue for preventing or limiting the deleterious actions attributed to CRP.
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Human C-reactive protein (CRP) binds to lipophosphoglycan (LPG), a virulence factor of Leishmania spp., through the repeating phosphodisaccharide region. We report here that both major components of promastigote secretory gel (PSG), the filamentous proteophosphoglycan (fPPG) and the secreted acid phosphatase (ScAP), are also ligands. CRP binding was mainly associated with the flagellar pocket when LPG deficient Leishmania mexicana parasites were examined by fluorescent microscopy, consistent with binding to secreted material. ScAP is a major ligand in purified fPPG from parasite culture as demonstrated by much reduced binding to a ScAP deficient mutant fPPG in plate binding assays and ligand blotting. Nevertheless, in sandfly derived PSG fPPG is a major component and the major CRP binding component. Previously we showed high avidity of CRP for LPG ligand required multiple disaccharide repeats. ScAP and fPPG only have short repeats but they retain high avidity for CRP revealed by surface plasmon resonance because they are found in multiple copies on the phosphoglycan. The fPPG from many species such as L. donovani and L. mexicana bound CRP strongly but L. tropica and L. amazonensis had low amounts of binding. The extent of side chain substitution of [-PO4-6Galβ1-4Manα1-] disaccharides correlates inversely with binding of CRP. The ligand for the CRP on different species all had similar binding avidity as the half maximal binding concentration was similar. Since the PSG is injected with the parasites into host blood pools and phosphoglycans (PG) are known to deplete complement, we showed that CRP makes a significant contribution to the activation of complement by PSG using serum from naive donors.
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1 Introduction

Leishmaniasis is a zoonotic disease caused by the Leishmania genus of protozoan parasites and a major neglected tropical disease, with 500,000 to 900,000 estimated new cases and 18,700 fatalities per year (1). It affects diverse mammalian species and is transmitted by female Phlebotominae sand flies during bloodmeal feeding attempts.

During the insect stage and during the infection of mammalian hosts the parasites produce a variety of phosphoglycan structures that aid in their survival and virulence (2). These include the relatively well studied membrane-associated lipophosphoglycan (LPG) ligand. However, parasites also produce proteophosphoglycans (PPG) including filamentous proteophosphoglycan (fPPG) and secreted acid phosphatase (ScAP) in the infected sand fly. The secreted PPGs are introduced into the feeding site as part of the promastigote secretory gel (PSG) alongside mammalian-infectious metacyclic promastigotes and sand fly saliva. Studies using knock out of LPG1 or LPG2 (3) have shown a complicated virulence phenotype differing in different parasites, for instance, LPG deficiency in Leishmania major (4) and Leishmania infantum (5) suggests virulence in mammalian infection studies but Leishmania mexicana did not (3, 6).

Proteophosphoglycans share similar glycan moieties to LPG, as shown by the cross-reactivity of many antibodies between LPG and the PSG components fPPG and ScAP (7). ScAP and fPPG have high carbohydrate contents, which form more than 70% of their molecular weight. While their exact function is currently unknown, PSG injected with or without saliva promotes cutaneous leishmaniasis infection in murine studies, suggesting that PSG may be a virulence factor (8, 9). The main component of PSG and PPG is fPPG, a mucin-like molecule. The types and structures of the phosphoglycans show some similarities but also significant differences between species in terms of when expressed, glycan content and whether secreted or membrane bound. ScAP, while not the primary constituent of PPG, is associated with fPPG and the subunits are hard to dissociate from the polymer structure (10). The potential role of PSG in establishing human infection remains an underreported field of study, particularly in light of the likely importance of the early immune response to the determination of Leishmaniasis outcome.

Among possible innate recognition molecules, CRP has been shown to bind to Leishmania surface LPG (11). Classically CRP is known to bind in a calcium dependent way to phosphorylcholine (PCh) which is a common component in a variety of fungal, bacterial and parasitic products. In this manner, CRP acts as an important innate immune activator of the classical complement pathway via CRP (12, 13). In the case of Leishmania, CRP binds with high affinity in a calcium dependent manner to the phosphorylated galactose mannose disaccharide repeat found in Leishmania LPG (11). High affinity interactions required between 3 and 10 repeats of [-PO4-6Galβ1-4Manα1-] when provided as chemically synthesised soluble form (14). This interaction with LPG has biological relevance for a number of reasons. It can lead to increased uptake into macrophages under physiological conditions, although this may not lead to increased killing but rather aid the parasite in establishing infection (15). In addition, the binding of the CRP to the surface of the parasite has also been shown to help the parasite initiate transformation in L. mexicana (16) and L. donovani (17). CRP interaction with LPG thus has importance in infection of the mammalian host from the sand fly.

This report now investigates the potential interaction of CRP with the PSG phosphoglycans. Whilst the longer LPG from metacyclic parasites shows greatly increased binding to CRP compared to ‘non-infectious log phase promastigotes’ both these have much greater length than that reported for the phosphoglycans of ScAP and proteophosphoglycans that have typically an average of 2-3 repeats (10). Individual soluble synthetic structures were shown to have only weak ability to interact with CRP (14). However, we demonstrate here that the interaction of CRP with proteophosphoglycan is high avidity when these short repeats of [-PO4-6Galβ1-4Manα1-] are presented in multiple sites on the extended structure.

One way in which the interaction of CRP might alter infection rates and/or survival of the parasite is through the complement pathway. Importantly CRP binding of a ligand does not inevitably lead to complement activation as seen recently for a phosphorylcholine substituted glycoprotein ES-62 (18). The LPG is a known activator of complement particularly to extended LPG in metacyclic forms causing deposition of C3b but without damaging the parasite (19). This is in contrast to logarithmic phase parasites which are all rapidly killed by complement. It is already known that a potentially important role of secreted PPGs in PSG such as fPPG and ScAP is the activation and depletion of complement. PPG injected into a mouse could dramatically deplete complement by 90% within 30 minutes (20). The potential mechanisms of this could be classical or lectin pathway mediated as the activation was calcium dependent but a role for CRP was not assessed. Here we show that using naive donor sera CRP makes a significant contribution to the total complement activation by the proteophosphoglycan thereby implicating a role in complement depletion.




2 Methods



2.1 Purification of proteophosphoglycan

Parasites of Leishmania mexicana (MNYC/BZ/62/M379); Leishmania major (LV39; (MRHO/SU/59/P); Leishmania donovani (MHOM/ET/67/HU3); Leishmania panamenensis (MHOM/PA/67/BOYNTON); Leishmania infantum (MHOM/BR/76/M4192); Leishmania amazonensis (LV79: MPRO/BR/72/M1841); Leishmania aethiopica (MHOM/ET/84/KH); Leishmania tropica (MHOM/AF/2015/HTD7) were cultured as described (21). Lipophosphoglycan (LPG) and phosphoglycan deficient L. mexicana were a kind gift from Dr Thomas Ilg. The LPG-deficient mutant (lpg1−/–) lacks the LPG1 gene, which encodes a galactofuranosyltransferase required for synthesis of the LPG glycan core, rendering them deficient in LPG alone whilst L mexicana lpg2-/- lacks all repeating phosphodisaccharide. Selection antibiotics hygromycin (20 μg/ml) and phleomycin (2.5 μg/ml) were added to the culture medium (3, 6) for deficient L mexicana mutants lpg1-/- and lpg2 -/-. L. mexicana (ΔlmScAP1/2) and an add back of ScAP2 were a kind gift of Dr Wiese (22) which employed a similar selection antibiotic pressure but including G418 (10µg/ml) in the add back.

Culture supernatants were clarified by centrifugation at low speed (800g) and passed through an anion exchange column (DE52) equilibrated in 20 mM Tris-HCl, 100 mM NaCl, pH 7.5 at a rate of 2 ml/min and eluted in 20 mM Tris-HCl, pH 7.5 containing 500 mM NaCl (23). Following anion exchange, material was pelleted by ultracentrifugation at 100,000 g, 4°C for 4 hours in a Ti90 rotor and the pellet washed and resuspended in PBS.

A further step to remove more hydrophobic fractions such as LPG used hydrophobic interaction chromatography. Pelleted PPG was adjusted to 1 M ammonium sulphate via dilution with concentrated ammonium sulphate solution (10 M NH2SO4, 1:9 v/v ratio relative to material and added to a 5 ml column of octyl-Sepharose equilibrated in 20 mM Tris-HCl, 1 M NH2SO4, 5 mM EDTA, pH 7.5. This was followed by low ionic strength Tris-buffered saline (10 ml, 20 mM Tris-HCl, 100 mM NaCl, pH 7.5), Tris-buffered saline (20 ml, 20 mM Tris-HCl, pH 7.5) and then propan-1-ol (20%, 70% v/v) which eluted more hydrophobic glycans such as LPG. Quantification was based on A280 (Nanodrop) which correlated with the carbohydrate assay using the phenol-sulphuric acid method (24). PPG material was dialysed and stored at -80°C in 20 µl aliquots. The purified PPG was confirmed to be high molecular weight (above 100kD) and heterogeneous by SDS PAGE and detection by Stains-all and confirmed as phosphoglycan using Western blotting with CA7AE (22).

The biotinylation of PPG was performed using a method using NHS-LC-biotin in pH 9.6 carbonate buffer described previously (23). Labelled material was repurified by anion exchange on DE-52 as used for purification with extensive washing to remove unreacted biotin. Plate assays showed biotin-PPG and PPG had similar CRP binding dose response (data not shown).




2.2 CRP and biotinylated CRP

Human CRP and recombinant CRP were purified as described previously (18). Rat CRP was purified using phosphorylcholine (PCh) Sepharose by the same protocol. CRP was biotinylated at a neutral pH as described for the reagent NHS-LC-biotin (Thermofisher) to prevent CRP denaturation. The CRP biotin was repurified on PCh-Sepharose to remove non-binding protein with extensive washing to remove unreacted biotin.




2.3 PPG-pentraxin plate binding assays

Purified PPG (0-3 µg/ml) in PBS pH 7.4 was coated onto 96 well microtiter plates (Immulon™ 2 HB 96-Well Microtiter EIA Plate, ImmunoChemistry Technologies, LLC). Biotinylated and affinity purified CRP (0-3 µg/ml) in HBSC-BSA was added and the plates were incubated at room temperature for 1 hour. For inhibition assays, PCh chloride (Sigma-Aldrich) or EDTA (10 mM) or MgCl2 (0.5 mM) and 10 mM EGTA or CRP depleted serum (5% v/v) was added at the CRP incubation stage. After washing with HBSC, the bound CRP was detected with streptavidin HRP (Biosource diluted 1 in 15,000) and 3,3′,5,5′-Tetramethylbenzidine (TMB, 0.1 mg/ml) in phosphate-citrate buffer (0.05 M, pH 5.0) with hydrogen peroxide (0.006% v/v) added following an HRP-conjugated antibody incubation stage. The subsequent colour change reaction was stopped with H2SO4 (2 M, 15 µl). The plate was read at wavelength 450 nm with subtraction of the reference wavelength at 405 nm (Titertek Multiskan MCC/340). Alternatively native pure CRP was used and detected with primary antibody rabbit anti-CRP (Dako: 1:800) followed by HRP-conjugated Goat anti-rabbit IgG (Bio-Rad, 1:3000) in HBSC-BSA. Mouse CRP binding was examined using the same buffer system and plates but using mouse CRP and affinity purified goat anti-mouse CRP (both R and D).




2.4 Western/ligand blot and protein gel staining

SDS-PAGE was performed using an extended 4% stacking gel layer in combination with a 6% or 10% resolving gel layer with reducing conditions. The molecular weight standards used were prestained, broad range (10-250 kDa, New England Biolabs).

Gels were then transferred by semi-dry blotting to PVDF membranes. Membranes were blocked with PBST containing 2% (w/v) BSA at 4°C o/n. Membranes were incubated with CRP biotin (1 µg/ml) or CRP (as shown in Figures) in TBST containing 0.5 mM CaCl2 and 1% (w/v) BSA for 1 hour at room temperature and after 3 washes in the same buffer, bands where CRP bound were visualised with streptavidin alkaline phosphatase (AP) (1 in 500; SA5100 Vector labs) or anti-CRP-AP and colorimetric detection with substrate BCIP/NBT as described (18). Detection of phosphoglycan repeated disaccharide was performed using 1:1000 CA7AE (GeneTex) then followed by 1:30,000 anti-mouse IgM-AP (Sigma).




2.5 Surface plasmon resonance

Polycarboxylate chips with high charge density (Xantec, C30M) were washed and activated with EDC and NHS for 7 minutes. 0.5 mM aminodesthiobiotin in 10 mM sodium maleate buffer pH 6.8 was added at a flow rate of 2 µl/min for 40 minutes to give 150 RU attached. Reactive groups on both test and control surfaces were blocked with 1 M ethanolamine pH 8.0. Neutravidin (10 μg/ml) in calcium-containing HEPES buffer (HBSPC) was then immobilised on the desthiobiotin surface of both test and control surface to give a further 150 RU. Biotin labelled purified fPPG was then added at 20 µg/ml till 220 RU was attached to the test well only. CRP was flowed over at 30 µl/min for 3 minutes at various concentrations in HBSPC buffer containing 0.5 mM CaCl2 and dissociation assessed for 5 minutes before CRP was dissociated with HBS containing 10 mM EDTA. In other experiments, inhibitors were added with the CRP or other proteins. Between each addition, the chip was washed with HBS containing 10 mM EDTA.

Analysis was performed using BiaEval 4.1.1. Control flow cells were subtracted and traces overlain. Kinetic data was obtained using simultaneous ka/kd 1:1 Langmuir analysis which achieved a good fit at low ligand immobilization.




2.6 Serum CRP depletion

Carboxylated Magnetic beads (Mobitec-beads, 100μl) were washed into PBS buffer. N-(3-Dimethylaminopropyl)-N′-ethylcarbodiimide (10 µl, 10 mg/ml) was added to the beads and left to incubate at room temperature on a rocker for 5 minutes. Chicken anti-CRP IgG antibody (1 mg/ml, 25 µl, Norwegian Antibodies) was added and left to incubate and cross-link overnight at room temperature. Blocking of remaining active cross-linking sites was achieved by incubation in 0.1 M glycine buffer (pH 8.3) for 1 hour at room temperature. Beads were washed into phosphate-buffered saline pH 7.4 with BSA (1% w/v) then washed into HEPES-buffered saline (20 mM HEPES, 150 mM NaCl, pH 7.4) with 0.5 mM CaCl2 (HBSC) and stored at 4°C. Whole serum from normal, healthy donors collected under ethical approval (100 µl) was mixed with the anti-CRP beads and allowed to incubate on a rocker at 2°C for an hour immediately prior to experiments. Typical reduction in CRP concentrations were 50-95% determined using a sandwich ELISA for CRP (25).




2.7 Complement assays



2.7.1 C1q capture assay

An immune complex capture assay (18) was used to measure complex formation between CRP and different CRP ligands, including PPG or control PCh-BSA. Purified C1q (Calbiochem, 10 µg/ml was coated onto 96 well microtiter plates (Immulon 4 HBX, Thermo Fisher Scientific) at 4°C overnight. Plates were incubated with BSA (3% w/v) and Tween 20 (0.05% v/v) in PBS for non-specific site blocking at room temperature for 2 hours. Serum was obtained from healthy donors under informed consent at London School of Hygiene and Tropical Medicine (ethical approval 10672/RR/3680). Serum was diluted (1:20 v/v) with CRP (1 µg/ml) and BSA (1% w/v) in veronal-buffered saline (VBS) with 0.15 mM CaCl2 and 0.5 mM MgCl2, with or without EDTA (10 mM). CRP ligand (fPPG, PCBSA) was added at a range of concentrations (0-3 µg/ml), and the plate was incubated at room temperature for 1 hour. Detection step was performed with a sheep anti-CRP conjugated with horseradish peroxidase (1:2000).




2.7.2 3d deposition assay

To assess C3 convertase formation, an existing protocol to detect the C3 convertase downstream product C3d was adapted (18). L. infantum or L. mexicana fPPG (4 µg/ml) or PCh-BSA (0.4 µg/ml) was diluted in PBS and immobilised on 96 well microtiter plates (Immulon™ 2 HB 96-Well Microtiter EIA Plate, ImmunoChemistry Technologies, LLC). Ligand concentration was chosen to allow equivalent CRP binding as determined by previous CRP-ligand ELISA.

All additions were done with the reagents, serum and microtiter plate on ice. Donor serum was added to the wells (1:100 dilution) in GVBSCaMg (VBS with 0.2% v/v gelatin, 0.15 mM CaCl2 and 0.5 mM MgCl2), or GVBSEDTA (VBS with 10mM EDTA) or GVBSEGTAMg (VBS with 10mM EGTA plus 0.5 mM MgCl2) with or without additional purified CRP (0.4 µg/ml). Plates were brought up to a uniform temperature in a water bath (37°C) and incubated for 20 minutes. For C3d detection, plates were incubated with primary biotinylated anti-C3d antibody (1:1000) followed by HRP conjugated streptavidin (1:15000) in HBSC-BSA.




2.7.3 iC3b deposition assay

Assay was performed as for C3d assay but plates were washed and iC3b detected with 1 µg/ml biotinylated antibody to neoepitope of iC3b (Quidel) followed by streptavidin-HRP (Invitrogen).





2.8 Immunofluorescent (confocal) microscopy

106 lpg1-/- and WT parasites were washed with PBS and incubated in M199 medium containing 10 µg/ml CRP, control media only or media with CRP and 15 mM EDTA for 1 hour at room temperature. Parasites were centrifuged and fixed in 4% (w/v) PFA, washed and 2.5 x 105 parasites, air dried onto slides. Slides were rehydrated and stained with rabbit anti human CRP (Calbiochem) followed by anti-rabbit IgG FITC (Dako) both for 1 hour with washing between stages. The slides were dried and counterstained with vectorshield + DAPI and coverslips attached. Slides were visualised using the Zeiss LSM880 confocal microscope.





3 Results



3.1 L. mexicana PPG binds to CRP

Purified fPPG was heterogeneous and high molecular weight as previously described (23). This material was adsorbed onto a microtitre plate and CRP showed strong binding with a half maximal binding seen at 30 ng/ml (Figure 1A) with significant binding detected at less than 1 ng/ml CRP. This binding was not inhibited by the presence of 5% (v/v) CRP-depleted serum indicating a lack of competition by other serum proteins at any CRP concentration (Figure 1B). Although most LPG is removed at the hydrophobic interactions stage of purification, to confirm that CRP binding was not due to contamination by small quantities of LPG we also showed binding to PPG from a mutant lacking LPG (lpg1-/-) (Figure 1C). In contrast, the same preparations from the LPG2 mutant that lacks all addition of phosphoglycan to any protein or lipid showed no binding of CRP (Figure 1C). As expected for an interaction with the major ligand binding site on CRP, the relatively lower affinity ligand soluble monomer phosphorylcholine (PCh) significantly inhibits CRP-binding in a competitive manner (Figure 1D). The binding was inhibitable completely with either EDTA or EGTA Mg (Figures 1A, B) consistent with the calcium dependent binding site seen previous for binding of CRP to LPG (11, 14).




Figure 1 | (A–E) CRP binds to L. mexicana fPPG. (A) CRP binds to fPPG in a calcium but not magnesium dependent manner. (A) L. mexicana wild-type fPPG (1 μg/ml) was immobilised on microtitre plates and biotin-conjugated CRP (0- 2.0 μg/ml) was added in the presence of Ca2+ (0.5 mM) (•); EDTA (10 mM) (▲) or Mg2+ (0.5 mM) EGTA (10 mM)(■). CRP binding was detected using HRP conjugated Streptavidin (1:15000) and TMB substrate (OD 450 nm). (B) Serum components do not compete with CRP binding. As in (A) but 5% (v/v) CRP depleted serum was added. (C) CRP binding to fPPG is independent of LPG. Biotinylated CRP (0 - 1.0 μg/ml) binds to immobilised L. mexicana fPPG coated at 0.3 μg/ml from WT (•) and lpg1-/- mutant (■) but not Ipg2-/- mutant (▲). (D) PCh competition inhibits CRP binding to fPPG. As in (A) but in the presence (■) or absence (•) of added PCh (10 mM). n=3. Error bars represent standard deviation. (E) Biosensor analysis of CRP binding to L. mexicana fPPG biotin immobilised onto neutravidin surface. 185 RU of neutravidin captured 340 RU of biotinylated fPPG. CRP (0.6- 40 μg/ml) was added for 3 minutes followed by 5 minutes dissociation. Traces show dose response of binding at two-fold dilutions after control flow cell subtraction.






3.2 Kinetics of CRP PSG interaction by SPR

Binding of CRP to immobilised L. mexicana fPPG (Figure 1E) was examined over a range of CRP concentrations utilising the calcium dependency to allow complete elution of CRP between associations. As previously reported for other ligands, CRP shows complex interaction kinetics as expected for a pentamer binding to a ligand that is also potentially multimeric (18). The analysis used a low density of fPPG on the surface to reduce interaction of surface bound molecules. This low ligand density allowed analysis using simple 1:1 binding model with good fit (Figure S1A).The off-rate (kd) was 1.57e-3 +/- 3x10-5s-1 and on rate 4.3 x105 +/- 5 x 103 M-1 s-1 Overall avidity was estimated at 3.6 x 10-9 M consistent with the nanomolar CRP concentrations at which CRP binds in plate assays. fPPG from L. mexicana LPG deficient (lpg1-/-) mutant with PPG but no LPG also bound in SPR experiments (data not shown).




3.3 The major CRP binding component of the purified fPPG is the ScAP component

CRP was also shown to bind to the fPPG when separated by electrophoresis and transferred to membrane and the membrane was probed with CRP. Binding in the resolving gel was consistent with the molecular weight of ScAP. Binding to the material in the stacking gel could be to the filamentous proteophosphoglycan or to the acid phosphatase as this is strongly associated with the fPPG (10).

Therefore we used a mutant of L. mexicana that lacks both secreted acid phosphatases (ΔlmScAP1/2) and an add back of ScAP2 (22). The filamentous phosphoglycan is also a ligand as the mutant still retained binding in the stacking gel by blotting which could only be the fPPG (Figure 2A). Quantitation of relative binding by microtitre plate binding assay confirmed the reduced CRP binding to the ScAP deficient PPG (Figure 2B). Binding of CRP was partially restored in the add back as seen in both assays (Figures 2A, B). In the add back, the amount of restored CRP binding was low, consistent with the plate binding assays but clearly associated with the ScAP2 that generated a band in the region of 200 kDa (Figure 2A). This suggested that the ScAP was a major ligand for CRP binding in the fPPG.




Figure 2 | CRP binds to ScAP and fPPG from L infantum and L. mexicana (A) Binding of CRP to L. mexicana Wt, ScAP/-; and ScAP/-ScAP2 fPPG separated by SDS gels and transferred to membrane. fPPG (3μg) was separated on 10% gels with stacking gel and transferred to PVDF membranes. Lane 1 membranes were probed with CA7AE and anti-mouse IgM to detect repeating disaccharide. Lanes 2 - 6 were probed with CRP and anti-CRP except Lane 5 which was a no CRP control. L. mexicana WT (Lanes 1, 2 and 5), △lmScAP1/2 (Lane 3), △lmScAP1/2 + ScAP2 (Lane 4), L infantum WT probed with CRP (Lane 6). (B) ScAP provides the majority of CRP binding capacity in purified phosphoglycan. Dose-Response of binding of purified CRP (0 - 1.0 μg/ml) to immobilised L. mexicana fPPG (WT)(•), △lmScAP1/2 (■) △lmScAP1/2 + ScAP2 (▲). In both (A, B), CRP binding was detected using rabbit anti-CRP antibody, HRP-conjugated goat anti rabbit antibody and TMB substrate (OD 450nm). n=4. Error bars represent standard deviation. Statistical comparison was performed for ScAP deficient versus add-back (△lmScAP1/2 vs △lmScAP1/2 + ScAP2). *p<0.01 ** p<0.001.






3.4 CRP binding to PPG from different Leishmania species shows similar high avidity but different ligand density

We examined the binding to fPPG derived from different Leishmania species. The species included were 5 from the Old World and 3 from the New World and are shown in these groups in Figures 3A where binding was performed with a dose response of CRP to a constant PPG on the plate. In contrast, the panels in Figure 3B show the binding of a constant CRP to a range of ligand coating. The dose response of CRP binding to all parasites (Figure 3A) suggests that the ligand is of a similar high avidity for most parasites since the half maximal binding concentration (1-20 ng/ml) was similar for most species. High amounts of CRP binding represented a greater density of sites and binding to different species varied considerably at constant CRP (Figure 3B), for example, L. donovani had approximately 2 orders of magnitude more bound CRP than L major. There was no link between Old and New World species, nor did CRP binding appear different between species that cause different clinical presentation (visceral, cutaneous, or mucocutaneous). Previous studies by Thomas Ilg had characterised the proteophosphoglycan structures of different Leishmania species and correlated this with reactivity to monoclonal antibodies. A major factor in differences between species was side chain substitution, with strongest binding seen to those species that had little side chain substitution (discussed later).




Figure 3 | (A) fPPG from different Leishmania species exhibit widely varying CRP binding capacities. Dose response of binding of purified CRP (0 - 1.0 μg/ml) to fPPG (0.3 μg/ml) from different Leishmania species immobilised on microtitre plates. Bound CRP was detected using anti-CRP HRP. Left hand panels Old World species: Right hand panels New World Species. (B) CRP binding to varied fPPG coating concentrations with a constant CRP concentration (0.3 μg/ml). Highly substituted phosphoglycans (C3-galactose) L tropica; L amazonensis, Low or absent side chain substitution L panamenensis, L donovani, L infantum, L mexicana. L aethiopica has substitution on C-2 of mannose. Error bars represent standard deviation n=3.



The binding of CRP in plate assays was confirmed by the ligand blotting assays which showed a large amount of binding to material in the separating gel consistent with binding to ScAP (Figure S2). L. donovani and L. panamenensis PPG had particularly high binding capacity. L. tropica as in the plate assays displayed very little CRP binding activity.




3.5 CRP of other mammalian species also binds to repeating disaccharide

To determine if CRP interaction with phosphoglycan was restricted to human CRP or a feature of wider mammalian CRP we tested binding and showed that rat CRP bound strongly to the fPPG in a calcium dependent way (Figure S3). This analysis used a higher surface density of fPPG and a different immobilization chemistry on the chip surface. The rat CRP binding was calcium dependent but showed a lower number of available sites than human CRP but a slower off-rate. We saw little interaction with human SAP which was previously shown not to bind to LPG nor to hamster female protein an SAP homologue. A further control confirmed that these proteins purified on PCh were not binding to PCh as a monoclonal antibody to PCh (TEPC15) did not bind to fPPG (data not shown). Although CRP in mice is relatively low in concentration and sex dependent, the low concentrations required for binding are within physiological concentrations and we tested recombinant mouse CRP binding to PSG from different species. The order of binding was in broad agreement with that seen for human CRP (Figure S4).




3.6 CRP binding to PPG in lpg1-/- parasites is located to the flagellar pocket

In order to locate the CRP ligand in the LPG deficient and wild type parasites we performed immunofluorescent detection of ligand on live mutant and wild type parasites. The wild type showed strong and even binding across the surface of the parasite (Figure 4B) consistent with previous data for L. donovani (11). In contrast the lpg1-/- strain showed staining that was localised close to the flagellar pocket (Figure 4A). In order to observe this, the methodology was altered to reduce washing post CRP addition. If the parasites were centrifuged and resuspended in wash buffer then we observed numerous punctate staining particles separate from the parasites consistent with detached secreted PPG CRP complex (data not shown).




Figure 4 | L. mexicana WT binds CRP all over surface in contrast to lpg1-/- mutant binding at flagellar pocket. (A) L. Mexicana Ipg1-/- and (B) L. Mexicana WT parasites were incubated with CRP and gently washed before fixing and CRP detected rabbit anti human CRP followed by anti-rabbit IgG FITC. DAPI was used as a counterstain. Images from left to right; phase contrast, DAPI, CRP immunofluorescence; merged Upper panels with CRP, lower panels without CRP.






3.7 CRP binding to native sand fly derived proteophosphoglycan (PSG) is mainly to fPPG

Although CRP binds to the purified cultured parasite fPPG, it was important to determine the binding to the physiological native promastigote secretory gel (PSG) found in infected sand flies. Previously it was shown that in L. mexicana the sand fly PSG was mainly composed of fPPG and there was little ScAP (26). PSG is associated with the parasites in the sand fly but also introduced at sand fly bites, therefore PSG was generated by microdissection and tested for binding to the CRP. Consistent with the limited ScAP presence we saw little binding to 200 kDa but very strong binding to the stacking gel and fPPG (Figure 5). This suggests that the main ligand in sand fly PSG was fPPG in contrast to the purified PSG from cultured parasites. Since the PSG from infected sand flies also contains Leishmania parasites the presence of LPG is detected as a broad band at around 50 kDa.




Figure 5 | Native sandfly derived PSG and fPPG is a strong ligand for CRP. Sand fly PSG (0.5 μg/ml Lane 1) and purified fPPG (0.5 μg/ml Lane 2) from parasites were run on a 10% resolving gel with an extended stacking gel and transferred to PVDF membrane and probed with CRP-biotin (1 μg/ml) and streptavidin AP (1/500).






3.8 CRP binding to PSG activates complement

It was previously shown that L. infantum fPPG when injected with parasites caused an increased local survival of parasites (9) and L. infantum phosphoglycan is implicated in parasite virulence (5). fPPG and ScAP from L. infantum and L. mexicana bound CRP in a similar way (Figures 2, 3). A proteophosphoglycan from L. mexicana amastigotes with similar carbohydrate structure to fPPG including repeating disaccharide was previously shown to deplete complement (20). Therefore, we chose fPPG from both these parasites to explore the ability of bound CRP to activate complement.

Using a capture assay with C1q attached to the plate and addition of serum containing CRP there was no observed binding of CRP to the C1q until fPPG addition which then generated a complex with the C1q. This showed a dose response as expected (Figure 6A). L. tropica did not lead to CRP binding to C1q consistent with the fPPG from this species failing to interact with CRP previously (Figures 3A, B). This interaction would be expected to lead to complement activation. This was confirmed when L. mexicana fPPG was used as a ligand in activation product assays that showed deposition of C3bi or C3d was by the classical pathway (Figure 6B). Classical pathway activation was increased by addition of CRP and reduced when CRP was partially depleted (Figure 6C). The depletion of CRP we achieved was only partial (50-95%) and the strong binding of CRP to its ligand suggests that the CRP would still have some contribution to the overall complement activation in depleted sera. Nevertheless, it was possible to demonstrate that a significant proportion of the activation of complement in serum was mediated by CRP. The lack of phosphoglycan and CRP ligand in L. mexicana lpg2-/- mutant resulted in a lack of CRP dependent complement activation (Figure S5). When CRP was added to individual sera and C3d activation was assayed there was a clear and consistent increase in activation apparent across different individual sera (Figure 6D). Activation was similar or greater than that for a PCh-BSA positive control, a known strong ligand for CRP mediated complement activation. The background activation by fPPG was however also variable suggesting that potentially a cross-reacting antibody was present in some sera.




Figure 6 | CRP contributes to fPPG mediated complement activation. (A) CRP that has bound to fPPG in fluid phase can be captured on C1q coated plates. Plates were coated with C1q. CRP (1 μg/ml) was added with different amounts of fPPG (0-3 μg/ml) and complex binding to the surface was detected with anti-CRP. Error bars represent standard deviation (n= 3) L. aethiopica (•) L. infantum (■) L. donovani (▲) L. tropica (▼). (B) fPPG from L. mexicana or L. infantum activates complement through the classical pathway and CRP. Microtitre plate assays of complement activation by fPPG from L. mexicana or L infantum coated at (2 μg/ml). Wells with immobilised fPPG were incubated with serum (1:100 dilution) for 20 mins at 37°C in the presence (filled bars) or absence (shaded bars) of additional purified CRP (0.4 μg/ml) in VBS Mg Ca buffer, or EDTA (5mM) or and Mg EGTA. Deposited C3bi or C3d was detected with biotinylated antibody followed by streptavidin HRP. C3bi mean and s.d, n=6. C3d Mean and s.d, n=4 *p<0.05; ** p<0.01; **** p<0.001; ns not significant..(C) Depletion of CRP in serum decreases the classical complement activation in response to L. mexicana fPPG. Methods as in (B), but with whole serum and partially CRP depleted serum compared at the same dilution. (D) Variation in CRP mediated fPPG classical complement pathway activation in multiple donors. Added CRP (0.4 μg/ml) increases complement activation measured through C3d deposition as in (A) in response to fPPG coated at 0.4 μg/ml and PChBSA (0.1 μg/ml) and PChBSA in the presence and absence of additional purified CRP. Paired t test on 7 donors.







4 Discussion



4.1 CRP binding to ScAP and proteophosphoglycan

Previously we demonstrated CRP binding to the extended repeating disaccharide of LPG. Here we have demonstrated the CRP can also bind with high avidity to multiple short disaccharides expressed on a backbone of a high molecular weight glycoprotein. Although previously we observed weak binding of CRP to soluble short repeats of the disaccharide in solution (14), the binding to multiple such structures on fPPG or ScAP was able to generate affinities similar to those seen previously to LPG. Although serum did not inhibit binding to the repeating disaccharide suggesting that CRP is the only major serum protein interacting with this epitope, CRP is not the only serum protein that binds to fPPG and the glycan structures present which include sidechain and cap structures. These include antibody and mannose-binding lectin (MBL) which have been detected by us using methods such as immunoprecipitation and others such as MBL which bound to amastigote PPG (aPPG) containing similar phosphoglycans to fPPG (20). The relative contribution of innate activators may vary considerably between Leishmania since we have shown that fPPG from L. mexicana and L. infantum bind much lower amounts of MBL than some other species such as L. donovani. The binding was consistent with the known binding properties of CRP in terms of calcium dependency and phosphorylcholine inhibition, in addition the kinetics showed that the avidity of binding was largely related to a slow off-rate (Figure 1E).

The observation that rat and mouse CRP binds L. mexicana fPPG is interesting, showing the phenomena is not restricted to human CRP although this observation needs extending to further species. Rat CRP has interesting binding features in that it binds to PCh but does not require the amino regions of the choline. In contrast, the HFP which is a homologue of SAP but also binds to phosphocholine in addition to phosphoethanolamine (27) did not bind.

For purified fPPG we observed that most of the binding was to the ScAP component despite being a minor component in terms of amount produced (22). fPPG having less binding for CRP is possible due to differences in the glycosylation of the PPG which has shorter Gal-Man repeats compared with ScAP and more frequent end capping that could mask the availability of the short repeat structure (28). However, the purification involved column separations and it is quite plausible that this process has enriched the lower molecular species at the expense of fPPG rich complexes trapped due to size by affinity media. The major ligand in PSG from sand flies was fPPG as very little binding was seen in resolving gels corresponding to ScAP. This does not rule out some binding in the stacker gel being due to ScAP but since fPPG is the major component this indicates that the major ligand in the gel is fPPG. The fppg1 gene is present in most Leishmania and fPPG has been shown in L. mexicana, L. major, L. amazonensis, Leishmania braziliensis, L. tropica and L. aethiopica (29). The gel of PSG from infected sand flies also contains LPG as expected, revealed by CRP and CA7AE binding. CRP binds to the glycan of many PPGs but these may not always form filament networks as reported for L. donovani (30). Differences in size of fPPG and developmental changes have been shown for L. major, L. mexicana and L. donovani (31). There was no evidence for binding to other phosphoglycans such as aPPG or pPPG2 (32), since we did not examine amastigotes nor is aPPG a likely ligand since repeating disaccharide monoclonal LT6 does not bind (28).




4.2 Secretion of proteophosphoglycan

The secreted polymer fPPG has previously been shown to be located and polymer proposed to assemble in the flagellar pocket (30) so that we expected that fPPG would be localised here and this was demonstrated in LPG deficient parasites and shown to be quite different to the pattern for wild type LPG containing parasites where the LPG ligand is located over the whole parasite surface. Our data showed localisation of the secreted fPPG to the flagellar pocket in contrast to a previous study when L. donovani was analysed (33). In this study using an antibody generated to a protein part of fPPG the whole surface was also found to be labelled but there is little evidence elsewhere for the presence of fPPG bound to the surface. However, alternative carbohydrate substituted variants may be possible and there was heterogeneity in fPPG observed in our studies and elsewhere. Membrane PPGs (mPPG2) have been reported but do not appear to be a major feature in L. mexicana in terms of CRP binding as seen in the lack of CRP binding to the membrane in fluorescent micrographs of lpg1-/- parasites and consistent with structure discussed earlier.




4.3 Inverse correlation of binding and side chain substitution

Previous analysis of CRP binding to different Leishmania species showed strong binding to L. donovani LPG and others whilst some others only showed very weak or lack of binding to LPG. The binding was correlated inversely with the presence of LPG side chain substitution on the repeating disaccharide regions which hindered access to the disaccharide (34). Monoclonals generated against phosphoglycan structures show strong similarity in their ability to bind proteophosphoglycan and LPG from the same parasite (6, 35). In addition, comparison of the LPG and PPG side chains characterised by anion exchange HPLC show essentially the same pattern of structure for LPG and PPG but for L. mexicana the PPG contained much less side chain (23). Therefore, we hypothesized that CRP binding to PPG from different Leishmania would show the same pattern of binding as seen for LPG. L. donovani LPG is classified as type I with no side chain substitution and therefore we predicted that L. donovani PPG would be a strong binder as was found. Also in the Viannia subgenus, L. braziliensis and L. panamenensis have little side chain substitution (36) and L. panamenensis was found to be a good binder of CRP. In other reports L. braziiensis procyclic forms have side chain substitution but the metacyclic forms do not (37). The binding to L. donovani was also interesting because it had much longer repeat units (up to 32) on the ScAP analogous to that seen in LPG (38). L. infantum is devoid of side chain in the procyclic LPG form but has some in the metacyclic stage (39) and most strains of L. infantum are type I but variability is seen in certain strains (40).

L. tropica LPG (classified as type 2) has been shown to be highly substituted with almost all repeating units substituted at the C-3 position of the galactose with structures that are longer and often terminated with arabinopyranose (41). L. amazonensis has a high proportion of C-3 Gal positions substituted with chains of 2-3 sugars (42) and notably does not have significant binding to the CA7AE antibody that binds to repeating disaccharide repeats. Both these would suggest that CRP would have poor binding as indeed was demonstrated. Another LPG type 2 is L. major but this parasite shows considerable variation between strains for side chain substitution (41). It was observed that the side chain substitution of the L. major fPPG was less than that observed for the LPG from the same parasite, perhaps leading to significant CRP binding in these studies compared to L. tropica which did not bind.

L. aethiopica is known to be a type 3 LPG with substitution of a single mannose on the C-2 of mannose of the LPG repeats (41). It was previously suggested that this substitution site would have considerable effects on the conformation of LPG and its backbone which was supported by the failure of monoclonals to the repeating disaccharide to bind to this parasite LPG (43). CRP bound strongly to this fPPG, suggesting the different conformation of the repeating disaccharide allows CRP binding.

Phosphoglycans including the repeating disaccharide appear to be a feature across the Leishmania spectrum and most recently were confirmed in Leishmania (Mundinia) enriettii (44). However, there is no information about Leishmania (Sauroleishmania) tarentolae. The good correlation between low side chain substitution of Leishmania PPGs and strong CRP binding is consistent with the presence of the genes responsible for phosphoglycan synthesis, particularly those responsible for repeating disaccharide and side chain substitution (SCGs and SCGR families) in different species (45).




4.4 Complement activation by PSG

Given the role of PPG in depleting complement and that it aids parasite survival it was important to know if CRP activated complement at and beyond the C3 stage when binding to a phosphoglycan. Previously we showed that binding of CRP to another glycan structure terminating in a phosphorylcholine substituted onto an N glycan of filaria parasites effectively bound C1q and was able to generate C4b. However, this did not efficiently activate C2 and thus did not lead to an active C3 convertase but did functionally deplete complement (18). This property was related to the mobility of the glycan. For filaria, the lack of complement activation was important since any inflammatory response is damaging to survival, however infectious Leishmania is largely resistant to complement attack. It is not surprising therefore that the parasite generates material capable of strong activation of complement. PPG injected into a mouse could dramatically deplete complement by 90% within 30 minutes (20) and lasted for 24 hours. Whilst the mouse is unusual in that CRP is present at low levels even during inflammation the levels are sufficient to bind to the fPPG. Whilst there is little evidence for CRP or other innate proteins such as MBL or innate antibody having a role in killing metacyclic infectious promastigotes, these experimental systems may be too simplistic and do not rule out other roles for such activation in terms of altering survival in vivo.

It was previously shown that infection with L. amazonensis promastigotes caused a reduction in complement in mice. Complement-depleted mice showed a reduced inflammatory response and cell infiltrate and phagocytosis along with an increased parasite burden (46). A recent paper reported that L. infantum promastigotes activated both the classical and alternative pathways to different extents in different sera (dog, cat, and human) but each caused functional depletion of both pathways (47). Sandfly infection would be a better evaluation rather than footpad inoculation to evaluate fPPG and parasites and fPPG has been reported to be involved in several cell responses in the infected host (48), thus CRP may also have influence on responses other than complement or other responses indirectly through the complement effect. CRP makes a significant contribution to the activation of complement seen to the fPPG in human serum. Although significant data was generated with addition and depletion, our methodology for CRP depletion and addition was only partially effective with residual CRP in depleted sera and normal non supplemented sera still able to provide some activation. Thus, the relative contribution of CRP may be underestimated. Whilst normal CRP concentrations (less than 10 µg/ml) are sufficient to cause strong binding to PPG, concentrations are usually high in Leishmania patients (49).

These data demonstrate CRP-PPG interactions can have a role in parasite infection in sand flies when CRP is ingested as part of the blood meal. Effects of the blood meal are complex and have significant effects on infectivity and parasite differentiation and infectivity (49). This may be further complicated because insects have complement-inactivation mechanisms to protect their own epithelium which will affect the parasite susceptibility to blood meal derived complement (50). CRP may alter the physiological state of the phosphoglycan and/or the interaction with the parasite.

In conclusion, we found CRP is able to bind both ScAP and fPPG that make up PSG. CRP binding to PPGs from different Leishmania species is inversely correlated with side chain substitution, similar to previously seen for CRP binding to LPG. The CRP-PPG interaction is able to activate and deplete complement. Though the current study focuses on the role of CRP within the human host, these interactions may also be applicable to the sand fly vector.
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The differing roles of the pentameric (p) and monomeric (m) C-reactive protein (CRP) isoforms in viral diseases are not fully understood, which was apparent during the COVID-19 pandemic regarding the clinical course of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection. Herein, we investigated the predictive value of the pCRP and mCRP isoforms for COVID-19 severity in hospitalized patients and evaluated how the levels of the protein isoforms changed over time during and after acute illness. This study utilized samples from a well-characterized cohort of Swedish patients with SARS-CoV-2 infection, the majority of whom had known risk factors for severe COVID-19 and required hospitalization. The levels of pCRP were significantly raised in patients with severe COVID-19 and in contrast to mCRP the levels were significantly associated with disease severity. Additionally, the pCRP levels remained elevated for at least six weeks post inclusion, which was longer compared to the two weeks for mCRP. Our data indicates a low level of inflammation lasting for at least six weeks following COVID-19, which might indicate that the disease has an adverse effect on the immune system even after the viral infection is resolved. It is also clear that the current standard method of testing pCRP levels upon hospitalization is a useful marker for predicting disease severity and mCRP testing would not add any clinical relevance for patients with COVID-19.
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Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is the agent of the COVID-19 pandemic and gives rise to mild or moderate symptoms in most infected individuals. However, 10-15% progress to severe disease with pneumonia, acute respiratory distress syndrome (ARDS), and multiple organ failure. SARS-CoV-2 infection activates innate and adaptive immune responses, which can lead to uncontrolled inflammation, a so called “cytokine storm”, which is advocated as a key pathogenetic factor in severe COVID-19 (1). Among the factors induced by the infection is the C-reactive protein (CRP), an acute-phase protein mainly produced in the liver by hepatocytes (2). While CRP levels are typically low in healthy individuals, the level of this protein can increase significantly in the presence of inflammation, making it a widely used and valuable diagnostic biomarker for e.g., inflammatory diseases such as rheumatoid arthritis (RA), and bacterial infections (3, 4).

CRP is initially produced and released into the bloodstream in its pentameric isoform (pCRP), which can irreversibly dissociate to a monomeric isoform (mCRP) at sites of inflammation. In an inflammatory setting the pCRP isoform binds phosphatidylcholine on the surface of microorganisms and damaged host cells and this leads to its degradation to mCRP (5). The two different isoforms of CRP exhibit distinct characteristics and can have both pro-inflammatory and anti-inflammatory functions depending on the specific disease context and cell types involved (6–9). The mCRP induces higher levels of inflammatory factors including nitric oxide, C-X-C motif chemokine ligand 8 (CXCL8), and monocyte chemoattractant protein 1 (MCP-1) in immune cells such as neutrophils compared to pCRP and support the recruitment of immune cells to areas of inflammation (10–12). The CRP isoforms can bind a variety of ligands, including complement component 1q (C1q), Fcγ-receptors (Fcγ-R), as well as nuclear antigens (13, 14). pCRP has been found to bind to both Fcγ-RI and Fcγ-RIIa, while mCRP has been suggested to bind with higher affinity to Fcγ-RIII (5). The different binding affinities of mCRP and pCRP to Fcγ-Rs may contribute to their differential functions and deposition on different immune cells. There are indications that pCRP is more potent at activating the complement system and promoting clearance of microorganisms by immune cells compared to mCRP (15). In addition, the ratio of pCRP to mCRP may be altered in certain disease states, such as sepsis and systemic lupus erythematosus, where an increase in mCRP levels has been observed (4, 7).

In patients with severe COVID-19 a significant increase in pCRP levels has been observed compared to patients with mild disease (16–19), and pCRP levels have been linked to increased mortality in COVID-19 (20). Indeed, elevated pCRP levels reflect the hyperinflammatory response, which is a major clinical manifestation of severe COVID-19 that might lead to severe lung damage and death (21). In addition, several of the elevated inflammatory markers in patients with COVID-19, e.g., interleukin-6 (IL-6), tumor necrosis factor (TNF), and ferritin have been found to correlate positively with pCRP levels (22). In a recent study mCRP levels were shown to independently associate with COVID-19 severity (23).

The aims of the current study were to determine if pCRP and mCRP levels are associated with COVID-19 disease severity to establish if they can be used as biomarkers, and to assess the levels of pCRP and mCRP over time in hospitalized patients with COVID-19. We found that while pCRP levels were higher in patients with severe/critical COVID-19, the mCRP levels were similar between patients with mild/moderate and severe/critical disease. Additionally, both pCRP and mCRP were increased at the two-week follow-up, with pCRP levels remaining elevated for at least six weeks, suggesting that the inflammation still is ongoing, likely due to the damage caused by the initial high level of inflammation triggered by the SARS-CoV-2 infection.





Materials and methods




Demographics and clinical characteristics of patients

Hospitalized COVID-19 patients (N=62) were included in the study from August 2020 to May 2021 as soon as possible following admission to the Department of Infectious Diseases at the Vrinnevi Hospital, Norrköping, Sweden. Healthy, SARS-CoV-2 RNA negative controls (N=31) were recruited among health care workers at the Vrinnevi Hospital, Norrköping, Sweden. The study protocol was approved by the Swedish Ethical Review Authority (Decision number 2020–02580). Oral and written informed consent was obtained from all participants.

At inclusion in the study, a panel of clinical markers, including CRP, lactate dehydrogenase (LDH), and numbers of neutrophils, monocytes, and lymphocytes, was assessed (Table 1). In addition, data concerning smoking habits, medication, body mass index (BMI), and co-morbidities such as diabetes, cardiovascular disease, renal failure, and chronic pulmonary disease was collected. The patients were divided into two groups based on disease severity and according to the NIH COVID-19 patient treatment criteria, including symptoms, oxygen saturation in room air, clinical findings, and chest imaging, and also taking into account the highest level of care (pandemic department, intermediate or intensive care unit). The first group included cases with mild/moderate disease (mild, without oxygen supplementation at pandemic department, and moderate with oxygen supplementation ≤5 L/min at pandemic department). The second group included cases with severe/critical disease (severe, with oxygen supplementation > 5 L/min supplemented by high-flow nasal oxygen (HFNO) or continuous positive airway pressure (CPAP) at pandemic department or intermediate care unit, and critical with treatment in intensive care unit with or without mechanical ventilator) (24).


Table 1 | Clinical characteristics and analytical variables of hospitalized patients with COVID-19.



Additional clinically relevant data regarding the levels of soluble urokinase plasminogen activator receptor (suPAR) and viral load in nasopharynx samples were drawn from previously performed studies and used as clinical parameters (6, 25).





pCRP and mCRP measurements

Serum samples from the hospitalized patients taken at inclusion 2-week, and 6-week visits, and from healthy controls, were assessed for pCRP and mCRP. Levels of pCRP were measured using a turbidimetry high sensitivity technique at the routine clinical chemistry department, at Linköping University Hospital.

Levels of mCRP were measured using an in-house sandwich enzyme-linked immunosorbent assay (ELISA) as previously described (7). Briefly, 96-well plates were coated overnight with a goat anti-human mCRP polyclonal antibody diluted in PBS and thereafter blocked overnight at 4°C with PBS containing 1% bovine serum albumin (PBS-BSA). Patient samples and standards of different concentrations of recombinant mCRP were added to the plate and incubated for 2h at room temperature. A mouse anti-human mCRP monoclonal antibody (8C10) diluted 1:200 in PBS-BSA was then added and incubated for 90min at room temperature, followed by incubation with a goat anti-mouse IgG antibody conjugated with horseradish peroxidase (Abcam (ab6789), Waltham, MA, USA). After an hour incubation at room temperature, substrate solution (3,3′,5,5′ tetramethylbenzidine) was added. The reaction was stopped using 1M H2SO4 and optical density measured at 450nm. Reagents for the mCRP ELISA (goat anti-human mCRP and the monoclonal 8C10 anti-mCRP antibody (26) were kindly provided by Drs. Lawrence Potempa and Ibrahim Rahab (Roosevelt University, Schaumburg, IL, USA).





Statistical analyses

Statistical differences between pCRP and mCRP levels in the two severity groups were calculated in GraphPad Prism 9.4.0 using Mann-Whitney test. ANOVA with Dunn’s multiple comparisons test was performed using GraphPad Prism version 8.0 for Windows, GraphPad Software, San Diego, California USA, www.graphpad.com.

Univariate analysis was done either by Fisher’s exact test for binary variables or Mann-Whitney U test for continuous variables using SPSS version 27. Multivariate logistic regression was performed with the variables: BMI, suPAR, neutrophil to lymphocyte ratio, LDH, and viral load at inclusion, which were included in the model after being associated with disease severity at p < 0.1 level after univariate analysis (6).






Results




Clinical characteristics of COVID-19 patients

A total of 62 hospitalized patients with COVID-19 were included in this study. They comprised 41 males and 21 females, with a median age of 57.5 years. The two severity groups (mild/moderate and severe/critical) were of equal size (N=31). Length of hospital stay, corticosteroid therapy, body mass index, neutrophil count, NLR, suPAR, viral load, and LDH levels differed significantly between the groups (Table 1). The median age in the control group was 45 years old. The cohort is well characterized (6, 25, 27, 28) and reflects characteristics and co-morbidities commonly seen in hospitalized patients with COVID-19.





Hospitalized patients with severe/critical COVID-19 had significantly higher levels of pCRP at inclusion compared to mild/moderate disease

The levels of pCRP and mCRP were measured in blood samples taken from hospitalized patients with COVID-19 at inclusion (Figure 1). pCRP exhibited a significant difference between mild/moderate and severe/critical disease (Figure 1A), whereas there was no difference in mCRP levels between the severity groups (Figure 1B). Next, we performed a multivariate analysis using variables that associated in a univariate analysis; BMI (aOR 1.23, p=0.011), suPAR (aOR 1.47, p=0.046), neutrophil to lymphocyte ratio (aOR 1.074, p=0.29), LDH (aOR 1.2, p=0.23), and viral load; (aOR 7.04, p=0.054 for Ct value <30). pCRP did not associate with disease severity (adjusted odds ratio (aOR) 1.003, p=0.53) in this multivariate model. Nonetheless, comparing pCRP levels against only COVID-19 severity showed pCRP levels in COVID-19 patients to be a predictor for disease severity, supporting the use of pCRP as a biomarker.




Figure 1 | CRP isoforms in patients with COVID-19, stratified based on disease severity. Serum samples were taken from COVID-19 patients (N=62) upon hospitalization and assayed to determine the levels of circulating pCRP (A) and mCRP (B). Mann-Whitney U test was used for statistical comparison. *P ≤ 0.05, ns, non-significant.







Persistence of elevated pCRP levels for at least 6 weeks in hospitalized patients with COVID-19

Levels of pCRP and mCRP in serum samples collected from COVID-19 patients at inclusion, and at the 2-week, and 6-week follow-up were measured by turbidimetry high sensitivity assay and ELISA, respectively. pCRP levels in patients with COVID-19 were significantly increased at inclusion compared to healthy controls (Figure 2A). The pCRP levels decreased significantly between the inclusion and 2-week timepoint, and also between the 2-week and 6-week timepoints. Of note, pCRP levels were still significantly higher at the 6-week timepoint compared to the controls (Figure 2A). There were also significantly higher mCRP levels at inclusion and the 2-week time points compared to the healthy controls despite a significant drop between these two timepoints (Figure 2B). The mCRP levels had reached the level of healthy controls at the 6-week timepoint (Figure 2B). Although mCRP levels were significantly elevated as seen for pCRP, they returned more quickly to normal levels in circulation.




Figure 2 | CRP isoforms are sustained for different length of time following hospitalization for COVID-19. Serum samples were taken from healthy controls (N=31) and COVID-19 patients at hospitalization (N=62). Follow up samples were taken at 2 and 6 weeks. All samples were assayed for pCRP (A) and mCRP (B). Statistical testing was done by one way ANOVA with Dunn’s multiple comparisons test. *P ≤ 0.05, **P ≤ 0.01, ****P ≤ 0.0001. Inc, inclusion; 2W, 2 weeks; 6W, 6 weeks; HC, healthy controls.








Discussion

During the COVID-19 pandemic numerous biomarkers were evaluated for their ability to predict the severity of the SARS-CoV-2 infection. Here we investigated the pCRP and mCRP levels within a cohort of hospitalized COVID-19 patients throughout 2020 and 2021 in Sweden, to determine if both isoforms of CRP could be useful prognostic indicators for serious disease. We found pCRP but not mCRP levels were associated with COVID-19 disease severity, and the pCRP data is in line with multiple previous studies (16–19). Our mCRP data is not in line with a recently published study (23), in which mCRP was shown to have a better prognostic value for COVID-19 severity than pCRP.

Although pCRP is mostly considered to be a marker of inflammation, bacterial infection or sepsis, it was established early on that pCRP levels increase during SARS-CoV-2 infection (17, 18, 20, 23). Persistent elevated plasma levels of pCRP are found in chronic inflammatory diseases such as rheumatoid arthritis (3), type 2 diabetes mellitus, and Parkinson’s disease (29), and in chronic obstructive pulmonary disease (30). Whether mCRP levels are elevated in these diseases is not known, but mCRP has been implicated to play a pathogenic role in cardiovascular disease where it is detected in atherosclerotic plaques, and to cause neuroinflammation where it is found in the affected neuronal tissue (31–33). Consequently, mCRP is likely deposited in the inflamed lung tissue in patients with severe COVID-19. Therefore, in circulation, pCRP with its dynamic range is a better biomarker for COVID-19, whereas mCRP could be of more relevance to measure in the inflamed airway.

Of note, the elevation of pCRP following SARS-CoV-2 infection was sustained for a longer time compared to mCRP. Elevated pCRP levels are observed after acute COVID-19 infection, in people suffering from so-called ‘Long COVID’ (34), and our data here suggests that they are elevated even in convalescent people who do not have that specific syndrome. We also found a long-term elevation of circulating pCRP following the resolution of the infection and healing of the airways. We have previously shown that immune cells such as T cells, dendritic cells and monocyte subsets are affected up to 6 months after COVID-19, with an ongoing low level of inflammation, probably due to tissue damage and repair of the airways (27, 28). The elevated levels of pCRP may be a part in this ongoing inflammation, and further research should elucidate more of the mechanisms behind this. Work is also needed to clarify if mCRP plays any role in the ongoing inflammation, as one would expect from a modulator of inflammatory responses. It is of interest that the elevation of pCRP is more prolonged than that of mCRP, suggesting that the post-COVID immune environment is supportive for the production of pCRP but there is less dissociation into its monomeric form.

We used the National Institute of Health (NIH), USA COVID-19 patient treatment criteria (24) to stratify our patients according to disease severity, which could be one reason for the lack of association between mCRP levels and severity of COVID-19 in our study compared to the findings by Molins et al, which classified severe disease as intensive care admission and/or in-hospital mortality (23). Seeing that there were few mild and critical ill cases among our hospitalized COVID-19 patients, including patients might have improved the predictive power of mCRP, as similar studies used a cohort with a greater proportion of patients with mild and fatal disease (23). Additionally, it would have been of interest to investigate a wider range of inflammatory markers including cytokines. The cytokine storm is a well-described aspect of a severe SARS-CoV-2 infection and cytokines such as IL-6 and TNF have been shown to correlate to COVID-19 severity (22, 35). To date, there are no commercially available mCRP tests that can be employed efficiently in the clinical routine blood testing. Considering this, and the lack of correlation between mCRP and disease severity in our study, it appears unlikely that mCRP will make a better diagnostic test or be more useful as biomarker than pCRP in the clinical setting. In conclusion, in a cohort of hospitalized patients with COVID-19 we found that the inflammation, as shown by elevated pCRP levels, lasted for more than 6 weeks after SARS-CoV-2 infection. This indicates that COVID-19 gives rise to adverse effects on the immune system that last even after the viral infection has resolved. It is also clear that the clinical pCRP testing of COVID-19 patients upon hospitalization is a useful biomarker for predicting COVID-19 severity, as has been demonstrated here and by several studies (16–19) and would not be improved by additional analysis of mCRP levels.
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Background

C-reactive protein (CRP) levels are elevated in patients with abdominal aortic aneurysms (AAA). However, it has not been investigated whether CRP contributes to AAA pathogenesis.





Methods

CRP deficient and wild type (WT) male mice were subjected to AAA induction via transient intra-aortic infusion of porcine pancreatic elastase. AAAs were monitored by in situ measurements of maximal infrarenal aortic external diameters immediately prior to and 14 days following elastase infusion. Key AAA pathologies were assessed by histochemical and immunohistochemical staining procedures. The influence of CRP deficiency on macrophage activation was evaluated in peritoneal macrophages in vitro.





Results

CRP protein levels were higher in aneurysmal than that in non-aneurysmal aortas. Aneurysmal aortic dilation was markedly suppressed in CRP deficient (aortic diameter: 1.08 ± 0.11 mm) as compared to WT (1.21 ± 0.08 mm) mice on day 14 after elastase infusion. More medial elastin was retained in CRP deficient than in WT elastase-infused mice. Macrophage accumulation was significantly less in aneurysmal aorta from CRP deficient than that from WT mice. Matrix metalloproteinase 2 expression was also attenuated in CRP deficient as compared to WT aneurysmal aortas. CRP deficiency had no recognizable influence on medial smooth muscle loss, lymphocyte accumulation, aneurysmal angiogenesis, and matrix metalloproteinase 9 expression. In in vitro assays, mRNA levels for tumor necrosis factor α and cyclooxygenase 2 were reduced in lipopolysaccharide activated peritoneal macrophages from CRP deficient as compared to wild type mice.





Conclusion

CRP deficiency suppressed experimental AAAs by attenuating aneurysmal elastin destruction, macrophage accumulation and matrix metalloproteinase 2 expression.
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Introduction

Abdominal aortic aneurysms (AAA) are local dilation of aortic segments particularly infrarenal aorta resulted from media destruction and diagnosed when the diameter exceeds 50% of adjacent aortic diameter (1). AAAs progress asymptomatically but fatal upon premature rupture with an estimated annual death of 100,000 worldwide (1–3). While poorly defined, inflammation is crucial in AAA pathogenesis (1, 4).

C-reactive protein (CRP) is an acute inflammatory protein and increases dramatically in response to almost tissue injury, infection and inflammation, thus being used as an inflammatory marker in clinic (5–9). CRP binds phosphorylated choline of pneumococcal C-polysaccharides, activates classical complement pathway or interacts with the Fc gammaR1/2 (FcγR1/2) receptor, altogether promoting the clearance of pathogens and cellular debris (10). CRP also modulates the function of immune cells including macrophages and lymphocytes (11–15). Thus, CRP is important for both host defense and human disease pathogenesis by regulating innate and adaptive immunity.

In clinical AAAs, it has been reported that the CRP levels were positively associated with aneurysm diameter (16–20). CRP was also highly expressed in aneurysmal as compared to non-aneurysmal aortas (21). Additionally, serum CRP levels have been used for helping AAA diagnosis as well as predicting clinical outcomes following AAA repair (22, 23). However, it has not been investigated whether CRP mediates AAA pathogenesis. Therefore, this study assessed the influence of CRP deficiency on experimental AAA formation and progression in the intra-aortic elastase infusion-induced AAA model.





Materials and methods




Mice

CRP deficient mice were previously generated using CRISPR/Cas9 and homologous recombination technology to knock-in a STOP cassette at the ATG site of the CRP gene on C57BL/6 genetic background) at Shanghai Biomodel Organism Science & Technology Development Co., Ltd (Shanghai, China) (24). CRP deficient and C57BL/6 wild type (WT) mice were used for all experiments. The use and care of animals in this study were approved by the Laboratory Animal Management Committee of Xi’an Jiaotong University, Xi’an, China (No. 2022-623).





Identification of CRP deficient mice

Genomic DNA was extracted from tail tips of less than 3 weeks old mice. Genotyping was conducted using the polymerase chain reaction (PCR) assay and gene-specific primer set. PCR primers were sense primer P1, (GCAGTTGGCCAGGGAAAGTT) and antisense primer P2 (CATGATCAGAAGGCACCAGAGTAG) for WT allele (PCR product size: 552 base pairs) and sense primer P1 and antisense primer P3 (CCTCGCCGGACACGCTGAA) for targeted allele (PCR product size: 637 base pairs), respectively. Quantitative real-time reverse transcription- polymerase chain reaction (qRT-PCR) was assessed CRP mRNA levels in liver tissues using the primers (Table 1). Western blotting analysis was utilized to determine CRP protein expression. Antibodies for Western blotting were a goat anti-mouse CRP polyclonal antibody (1:4000, Cat#: BAF1829, R&D Systems, Inc, Minneapolis, MN, USA), a rabbit anti-mouse β-actin polyclonal antibody (1:10000, Cat#: bs-0061R, Bioss Technology, Beijing, China), and an horseradish peroxidase-conjugated donkey anti-goat polyclonal antibody (1:5000, Cat#: EK030, Zhuangzhi Biological Technology, Xi’an, China) or goat anti-rabbit polyclonal antibody (1:10000, Cat#: bs-40295G, Bioss Technology) (25).


Table 1 | Primer sequences used for qRT-PCR assay.







AAA creation in mice

Male CRP-deficient and WT control mice at 9 weeks of age were used for experiments. AAAs were induced in infrarenal aorta under sterile condition using porcine pancreatic elastase (PPE) infusion method as previously described (26–28). Briefly, mice were anesthetized by 2% isoflurane inhalation, and a laparotomy was created to expose the infrarenal aorta. Mice were infused with PPE solution for 5 minutes (1.5 units/mL, Cat#: E-1250, Sigma-Aldrich, St Louis, MO, USA) through the aortotomy in temporarily controlled infrarenal aortic segment using a pressure pump (29). Thereafter, aortotomy and laparotomy were sequentially closed using 10-0 and 6-0 silk sutures, respectively. Mice were recovered, housed in individual cages, and monitored daily for morbidity and mortality.





Measurements of aneurysmal aortic diameters

External infrarenal aortic diameters were measured in situ using a digital microscope. Briefly, infrarenal aortic segment was photographed immediately prior to (baseline) and 14 days following PPE. Maximal external infrarenal aortic diameters were determined using Motic Image Plus 3.0 ML software (Motic Electric Group Co., Ltd, Xiamen, China). An AAA was defined as a more than 50% increase in external diameter over the baseline level (29).





Immunostaining of CRP in experimental aneurysmal aorta

Mice were euthanized by carbon dioxide inhalation 14 days following PPE infusion. Aortas were harvested, embedded in optical cutting temperature compound, sectioned (6 μm) and fixed with cold acetone. Infrarenal aortas from naïve WT mice were processed identically and served as non-aneurysmal controls. Frozen sections were stained with hematoxylin and eosin (H&E) and a standard streptavidin peroxidase immunohistochemical method for the assessment of morphological alterations and CRP protein expression, respectively. Reagents for CRP tissue immunostaining were a rabbit anti-mouse CRP polyclonal antibody (1:200, Cat#: bs-0155R) and normal rabbit IgG (1:200, Cat#: bs-0295P) from Bioss Technology. Other reagents were biotinylated goat anti-rabbit IgG antibody (1:400, Cat#: BA-1000) and AEC substrate kit (Cat#: SK-4200, Vector Laboratories, Inc, Newark, CA, USA) and streptavidin-peroxidase conjugate (1:200, Cat#: 016-030-084, Jackson ImmunoResearch, West Grove, PA, USA).





Histological analysis of medial elastin degradation and smooth muscle cell depletion in aneurysmal aortas

H&E and Elastic van Gieson (EVG) staining were performed frozen aortic sections to assess general morphological changes and elastin contents, respectively. To assess SMC retention, frozen aortic sections were sequentially stained with a goat anti-SMC α-actin polyclonal antibody (1:200, Cat#: NB300-978, Novus Biologicals, Centennial, CO, USA), a biotinylated rabbit anti-goat IgG antibody (1:400, Cat#: BA-5000, Vector Laboratories, Inc) and streptavidin-peroxidase conjugate (1:200, Cat#: 016-030-084, Jackson ImmunoResearch), and staining was visualized using the AEC substrate kit (Vector Laboratories, Inc). Elastin fragmentation and SMC loss were scored as the grade I (mild) to IV (severe) using a histological grading system as reported previously (26–31).





Immunohistochemical staining for leukocytes, angiogenesis and matrix metalloproteinases in aneurysmal aortas

A standard biotin-streptavidin-peroxidase method was used for all immunohistochemical staining. Reagents used in this study were monoclonal antibodies against CD68 (macrophages, 1:200, clone #: FA-11, Cat#: 137002), CD4 (CD4+ T cells, 1:200, clone #: GK1.5, Cat#: 100402), CD8 (CD8+ T cells, 1:200, clone #: 53-6.7, Cat#: 100702), B220 (B cells, 1:200, clone #: RA3-6B2, Cat#: 103202) and CD31 (1:200, clone#: 390, Cat#: 102402) (all above mentioned primary antibodies from Biolegend Inc, San Diego, CA, USA), goat anti-mouse polyclonal antibodies against MMP2 (1:200, Cat#: AF1488, R&D Systems) and MMP9 (1:200, Cat#: AF909, R&D Systems), a biotinylated goat anti-rat secondary antibody (1:400, Cat#: BA-9400, Vector Laboratories, Inc) or rabbit anti-goat IgG secondary antibody (1:400, Cat#: BA-5000, Vector Laboratories, Inc), and streptavidin-peroxidase conjugate (1:200, Cat#: 016-030-084, Jackson ImmunoResearch) (27–32). Macrophage accumulation was scored as the grade I to IV, and the densities of CD4+ T cells, CD8+ T cells, B220+ B cells and angiogenesis were quantified as the number of positively stained cells or neovessels per aortic cross section (ACS) (30). MMP expression levels were quantified as a positively stained area percentage of aortic wall using WinRood 6.5 image software, Mitani Co. Ltd., Tokyo, Japan.





Measurements of macrophage activation in vitro

Primary macrophages were isolated from 8 weeks old WT and CRP deficient mice 3 days following intraperitoneal injection of 3% thioglycolate and suspended in RPMI-1640 medium containing 10% fetal bovine serum and 1% penicillin/streptomycin. Following 6 hours activation with lipopolysaccharide (LPS, 50 ng/mL, Cat#: L2630, Sigma-Aldrich) or incubation with vehicle at 37°C, 5% CO2 for 6 h, cells were harvested. For interleukin-4 (IL-4) stimulated experiment, macrophages were treated with IL-4 (10 ng/mL; Cat#: 214-14, PeproTech, Inc. Cranbury, NJ, USA) or vehicle for 16 hours. Total RNA was extracted with RNAiso Plus (Cat#: 9109), and complementary DNA was synthesized PrimeScript RT kit (Cat#: RR036A) (all from Takara Bio Inc, Kusatsu, Shiga, Japan) and amplified using RealStar Green Power mix (Cat#: A311-10; GenStar, Beijing, China) and gene-specific primers (Table 1). mRNA levels were quantitated as fold changes in relative to vehicle-treated macrophages.





Statistical analysis

All statistical analyses were performed using the GraphPad software Version 9.0 (Boston, MA, USA). Data on continuous variables were presented as either mean ± standard deviation if normally distributed, and statistical significance was tested using Student’s t-test, or one, two–way ANOVA followed by two group comparison tests. Otherwise, data were given as median and interquartile range, and statistical significance was determined using nonparametric Mann-Whitney test. Statistical significance level was set at p<0.05.






Results




CRP protein is increased in experimental aneurysmal aortas

To examine whether CRP protein expression is altered in aneurysmal aortas, we stained aortic frozen sections from aneurysmal (PPE-infused) and non-aneurysmal WT mice. As depicted in Figure 1, rare or no positive staining was not seen in non-aneurysmal aorta. In contrast, an intense and diffusion CRP staining was noted in aneurysmal aortas (Figure 1). In serial sections, CRP staining was coincident with inflammatory cell accumulation in aneurysmal aortas.




Figure 1 | CRP expression is elevated in experimental aneurysmal aortas. H&E staining or CRP immunostaining using a rabbit anti-mouse CRP antibody or normal rabbit IgG as the negative control were performed on frozen sections from non-aneurysmal and aneurysmal aortas.







CRP deficiency mitigates experimental aneurysmal aortic dilation

To clarify the effect of CRP in experimental AAAs, previously generated CRP-deficient (CRP-/-) mice were used in this study (24). The homozygotes of CRP-deficient mice were screened by PCR genotyping and Western blotting (Figure 2A). Luminal PPE infusion in infrarenal aorta was performed to induce AAAs in both WT and CRP-/- mice. Fourteen days following PPE infusion, aortic dilation, as measured by external aortic diameter, was seen in both WT and CRP-/- mice as compared to the baseline level. However, maximal external aortic diameter was significantly smaller in CRP-/- (1.08 ± 0.11 mm) than that in WT (1.21 ± 0.08 mm) mice on day 14 after PPE infusion (Figures 2B, C). When subtracting aortic dilation due to the pressed infusion (approximately 0.8 mm), CRP deficiency per se led to a 32% reduction in aneurysmal enlargement (Figure 2C). Even considering the influence of baseline aortic diameter, a remarkable reduction in external aortic diameter was observed in CRP-/- as compared to WT mice 14 days following PPE infusion (Figure 2D). Thus, CRP may in part mediate experimental aneurysmal expansion.




Figure 2 | CRP deficiency suppresses experimental aneurysmal dilation. (A): Phenotype identification of CRP deficient mice. Phenotyping for CRP homozygotes (CRP deficient mice: CRP-/-), CRP heterozygotes (CRP+/-) and wild type (WT) mice using PCR assay. CRP expression levels in the livers of CRP-/- and WT mice were determined via qRT-PCR and Western blotting analyses. (B): Representative photographic images for infrarenal aortas of wild type and CRP-/- mice prior to and 14 days after the elastase infusion. AAAs were induced in male CRP-/- and its wild type control mice using intra-aortic infusion of PPE. Influence on AAAs were assessed via in situ measurements of maximal infrarenal aortic diameters. Dotted line indicates aortic expansion even after PPE solvent (PBS) pressed infusion (about 0.8 mm in our lab) (C, D): Maximal infrarenal aortic external diameters presented as absolute diameter on days 0 (baseline) and 14 after PPE infusion (C) or the percentage of diameters over baseline (D). n=10-11 mice per group. Two-ANOVA followed by two group comparison, **p<0.01 compared to wild type mice at same timepoint (C). Student t-test, p=0.06 compared to wild type mice (D). (E): Representative aortic images for H&E (left panels), elastin via Elastic Van Gieson (middle panels), and SMCs via an anti-SMC α antibody immunostaining (right panels) from non-aneurysmal and aneurysmal (wild type and CRP-/-) mice. (F, G): Quantification of medial elastin degradation (F) and SMC depletion (G) scores (media and interquartile) of wild type and CRP-/- aneurysmal aortas. Nonparametric Mann-Whitney test, *p<0.05 compared to wild type mice.







CRP deficiency attenuates medial elastin degradation and SMC loss

In EVG staining for medial elastin, more medial elastin was maintained in CRP-/- [score as 3 (2–3) (median with interquartile range)] as compared to WT [score as 4 (3–4)] mice (Figures 2E, F, p=0.019). Similarly, substantial retention of SMCs was noted in CRP-/- [score as 3 (2–3)] as compared to WT [score as 4 (3–4)]. However, the difference in SMC grades did not reach statistical significant level (Figures 2E, G) probably due to insufficient sample size. Thus, experimental AAA suppression mediated by CRP deficiency is associated with marked preservation of medial elastin.





CRP deficiency reduces macrophages accumulation in aneurysmal aorta

Leukocytes contribute to experimental AAA pathogenesis (29, 33). In non-aneurysmal aorta, few leukocytes, almost CD68+ macrophages in aortic adventitia, were stained positively with subset-specific mAbs (Figure 3A). However, leukocytes infiltrated intensely throughout aortic wall in aneurysmal aortas (Figure 3A). CD68+ macrophages accumulated significantly less in CRP-/- mice [score as 3 (2–4) (median with interquartile range)] than WT mice did [score as 4 (3–4)] (p=0.025) (Figures 3A, B). While CD4+ T cells, CD8+ T cells and B220+ B cells also accumulated in CRP-/- and WT mice, no significant difference in either subset was seen between two mouse strains (Figures 3A, C–E).




Figure 3 | CRP deficiency alters aortic leukocyte accumulation. (A): Representative aortic immunostaining images for CD68+ macrophages, CD4+ T cells, CD8+ T cells and B220+ B cells from non-aneurysmal normal aorta (left panels) and aneurysmal (wild type: middle panels; CRP-/- mice: right panels). (B): Quantification of macrophage accumulation scores (media and interquartile) in WT and CRP-/- aneurysmal aorta. N=10-11 mice per group, Non-parametric Mann-Whitney, *P<0.01 compared to WT mice. (C–E): Quantification of different lymphocyte subsets of aortic leukocytes [mean ± standard deviation for positive cells/aortic cross-section (ACS)] from the aneurysmal aortas of WT and CRP-/- mice. No statistical difference in all lymphocyte subsets between two mouse strains.







CRP deficiency diminishes MMP2 expression in aneurysmal aorta

Both MMP2 and MMP9 are important mediators of AAA pathogenesis (34). In our immunohistochemical staining, MMP2 expression was reduced in PPE-infused CRP-/- [expressed as positive staining area ratio (%): 49.51 ± 13.77] as compared to WT (29.55 ± 9.98) mice (Figure 4A), with a 40% reduction in CRP-/- mice (Figure 4B). However, there was no significant difference in MMP9 expression between PPE-infused CRP-/- and WT mice (Figures 4A, C).




Figure 4 | CRP deficiency reduces aneurysmal aortic MMP2 expression. (A): Representative immunostaining images for MMP2 and MMP9 in non-aneurysmal normal or aneurysmal (WT and CRP-/-) aortas. (B, C): Quantification of MMP2 and MMP9 expression (mean ± standard for the percentage of positively stained area in total aortic cross section area) in wild type and CRP-/- aneurysmal aortas. Student’s t tests, n=10-11 mice per group, **p<0.01 compared to wild type mice.







CRP deficiency has no recognizable impact on angiogenesis in aneurysmal aorta

Angiogenesis, an additional key AAA pathology, also contributes to the progression of AAAs (35, 36). Angiogenesis, as determined by the density of CD31+ neovessels, was not differentiated between CRP-/- (50.82 ± 13.40/ACS) and WT (43.90 ± 12.23/ACS) mice (Figure 5). Thus, neoangiogenesis may have no or limited contribution to the suppression of experimental AAAs by CRP deficiency.




Figure 5 | CRP deficiency has no remarkable impact on angiogenesis in aneurysmal aortas. Frozen sections were prepared from the aortas of non-aneurysmal normal (upper left) and aneurysmal (wild type: upper right; CRP-/-: lower left) mice (n=10-11 mice per group) and stained with an anti-CD31 antibody to assess aneurysmal angiogenesis. Lower right panel: angiogenesis in wild and CRP-/- aneurysmal mouse aortas was quantitated as the number of CD31-positive neovessels per ACS. Data are mean ± standard deviation. Student’s t tests, no significant difference between two groups.







CRP deficiency limits classic macrophage activation in vitro

Classic macrophage activation (conventionally known as proinflammatory M1 macrophage activation/polarization) promotes AAA formation and progression (33, 37). In classical activated macrophage by LPS, the expression levels of mRNA for TNF-α and COX-2, but not IL-1β, IL-6 (M1 marker genes) were significantly reduced in CRP deficient as compared to WT macrophages (Figure 6). However, no significant influences were found for the expression levels of all alternative activation macrophage markers (conventionally knowns as anti-inflammatory M2 macrophages) after activated by IL-4 (Supplementary Figure 1).




Figure 6 | CRP deficiency impairs classic proinflammatory macrophage activation/polarization. Peritoneal macrophages from non-aneurysmal wild type (WT) and CRP-/- mice underwent the classic activation (conventionally known as M1 macrophages) in the presence of LPS (50 ng/ml) or vehicle alone for 6 hours. The mRNA expression levels of indicated classic activation macrophage marker genes were detected by using qRT-PCR. mRNA levels are presented as mean ± standard deviation fold changes relative to vehicle-treated WT macrophages. Two-way ANOVA followed two group comparison, **p<0.01 between two groups, n=6 biological repeats for each group.








Discussion

Although the detailed mechanism of AAA pathogenesis is still unclear, the involvement of inflammation in the formation and progression of AAAs has become a consensus in this field (38). CRP, as one of the important inflammatory acute phase proteins, is involved in the development of many cardiovascular diseases (39–45). In this study, we found increased expression of CRP protein in experimental AAAs. CRP deficiency inhibited experimental AAA enlargement in the PPE infusion AAA model. Histologically, the suppression of experimental AAAs by CRP deficiency was associated with the attenuation of medial elastin destruction, aneurysmal wall macrophage accumulation and MMP2 expression. Additionally, CRP deficiency partially inhibited proinflammatory macrophage activation/polarization. Thus, our study indicated that CRP may in part mediate AAA pathogenesis.

In previous studies, CRP has been shown to regulate phenotypic differentiation and activity of macrophages (46–48). In patients with certain cardiovascular diseases, CRP expression levels was positively correlated with M1 macrophage activation (48). This was consistent with our findings that CRP deficiency downregulated the expression levels of M1 macrophages marker genes. Nuclear factor kappa B (NF-κB) regulates proinflammatory macrophages polarization as well as CRP activity, thus reduced M1 macrophage polarization due to CRP deficiency may potentially associate with altered NF-κB signaling activity (42, 47, 49, 50). Additionally, reduced M1 macrophage activation in CRP deficient macrophages may attenuate the expression of proaneurysmal mediators including cytokines and MMPs consequently leading to experimental AAA inhibition.

We found that CRP expression was elevated in experimental AAA lesion. While we have no data showing the source for increased CRP, this may result from locally and/or systemically increased CRP as reported in other pathological condition (51, 52). Macrophages have been reported to be the main cellular source for non-liver derived CRP (53). CRP interacts with macrophage FcγR1/2 or lectin-like oxidized LDL receptor 1 (LOX-1) and bind to Oxidized low-density lipoprotein (Ox-LDL), thus regulating macrophage functional activity through multiple pathways and mediating vascular inflammatory diseases (10, 54–57). Alternatively, the interaction of CRP with LOX-1 and Ox-LDL also enhances CRP expression in endothelial cells, which further promote vascular inflammation (58). Therefore, the potential modulation of macrophage activity by CRP may partially contribute to experimental AAA pathogenesis in the PPE AAA model.

Although the loss of endogenous CRP reduced experimental AAAs, the inhibition was not strong as demonstrated for other agents including metformin (59–61). Therefore, we need more experimental evidence to validate whether CRP can be a therapeutic target for AAA disease. In summary, this study demonstrates a partial role of CRP in experimental AAA pathogenesis of AAAs using CRP deficient mice.
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Supplementary Figure 1 | The effect of CRP deficiency in IL-4 induced M2 polarization in cultured macrophages. Peritoneal macrophages from non- WT and CRP-/- mice underwent the alternative activation (conventionally known as M2 polarization) in the presence of IL-4 (10 ng/ml) or vehicle alone. The mRNA expression levels of indicated M2 macrophage marker genes were measured by using qRT-PCR. Two-way ANOVA followed two group comparison, no significant influence of CRP deficiency on either M2 maker mRNA levels, n=3 biological repeats for each group.
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C-reactive protein (CRP) is an evolutionary highly conserved protein. Like humans, CRP acts as a major acute phase protein in pigs. While CRP regulatory mechanisms have been extensively studied in humans, little is known about the molecular mechanisms that control pig CRP gene expression. The main goal of the present work was to study the regulatory mechanisms and identify functional genetic variants regulating CRP gene expression and CRP blood levels in pigs. The characterization of the porcine CRP proximal promoter region revealed a high level of conservation with both cow and human promoters, sharing binding sites for transcription factors required for CRP expression. Through genome-wide association studies and fine mapping, the most associated variants with both mRNA and protein CRP levels were localized in a genomic region 39.3 kb upstream of CRP. Further study of the region revealed a highly conserved putative enhancer that contains binding sites for several transcriptional regulators such as STAT3, NF-kB or C/EBP-β. Luciferase reporter assays showed the necessity of this enhancer-promoter interaction for the acute phase induction of CRP expression in liver, where differences in the enhancer sequences significantly modified CRP activity. The associated polymorphisms disrupted the putative binding sites for HNF4α and FOXA2 transcription factors. The high correlation between HNF4α and CRP expression levels suggest the participation of HNF4α in the regulatory mechanism of porcine CRP expression through the modification of its binding site in liver. Our findings determine, for the first time, the relevance of a distal regulatory element essential for the acute phase induction of porcine CRP in liver and identify functional polymorphisms that can be included in pig breeding programs to improve immunocompetence.
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1 Introduction

The C-reactive Protein (CRP) is an evolutionary well-conserved protein that plays a significant role in the acute phase response to inflammation. This protein belongs to the pentraxins family and has two conformations: native CRP (nCRP) and monomeric CRP (mCRP). Although this protein is mainly produced by hepatocytes, it is also synthesized, in marginal concentrations, in neurons, monocytes, lymphocytes and adipocytes (1).

Depending on the conformation present in any given stage of the inflammatory process, CRP serves as a pro-inflammatory molecule through the activation of the initial stages of the complement system and the modulation of nitric oxide release and cytokine synthesis. Moreover, CRP functions as an anti-inflammatory compound by controlling the progression and intensity of the late stages of inflammation and modulating apoptosis and phagocytosis processes (2–5). CRP protein levels are currently being used as a stable marker in humans for the prediction, prevention and prognosis of cardiovascular disease as well as several other chronic diseases (6–8).

There is sufficient evidence that CRP blood levels are a complex phenotype with several environmental and genetic determinants. External factors such as the weight or the overall stress levels of individuals may potentially modulate the levels of this protein (9, 10). At genetic level, several studies in humans have determined the impact of polymorphisms in CRP and in other inflammatory-related genes on CRP blood levels (11–13). In pigs, a genome wide association study (GWAS) in a commercial Duroc population identified the genomic region in which CRP is annotated as associated with the variation in its translated protein levels (14). Furthermore, according to several studies, a variety of transcription factors affect the expression of this gene, highlighting the need to further study the interaction and effects of CRP regulatory pathways (15–19). While HNF-1, HNF-3, and OCT-1 transcriptions factors are involved in the regulation of basal CRP expression levels (20–22), the induction of the acute phase expression of CRP is mediated by the effect of cytokines, particularly IL-6, IL-1β and TNF-α, through the activation of STAT3, NF-kB and C/EBP-β transcription factors (16, 19, 23–25). In this regard, a recent study in human Hep3B cells identified an enhancer upstream of the CRP promoter enriched in binding sites for STAT3 and C/EBP-β with a major impact on the acute phase induction of CRP expression (26).

Considering the high resemblance between pig and human immune responses, understanding the molecular mechanisms that control porcine CRP gene expression may further support the use of the pig as a biomedical animal model for the study of human diseases. In other vein, genetic selection for immunity traits in livestock has been proposed as a promising approach for improving animal robustness and disease resistance, thus contributing to healthier livestock while reducing the emergence of antibiotic resistances (27–30).

The present work aimed to study the regulatory mechanisms affecting the expression of porcine CRP and identify causal genetic variants that influence CRP levels in blood to better understand the genomic physiology of immunocompetence in pigs.




2 Methods



2.1 Ethics

All experimental protocols and procedures with pigs were approved by the Institut de Recerca i Tecnologia Agroalimentàries (IRTA) Ethical Committee in accordance with the Spanish Policy for Animal Protection RD53/2013, which meets the European Union Directive 2010/63/EU for the correct practices and protection of the animals used in experimentation.




2.2 Animal material and phenotypic parameters

The study was performed with a population of 432 healthy piglets (217 males and 215 females of around 60 days of age) belonging to a commercial Duroc pig line. The pigs came from six batches (72 ± 1 animals per batch) and were raised in the same farm with an ad libitum cereal-base commercial diet. At the moment of sampling, the animals did not present any sign of infection or pathology, and no antibiotics were supplied.

Blood was collected via the external jugular vein into vacutainer tubes with or without anticoagulants (Sangüesa S.A., Spain), which required the restraint of the animals but not their sedation. Serum samples, in duplicate, diluted 1:3000 were used to measure CRP levels by ELISA kit (Abcam Plc., Spain) following manufacturer’s instructions. Absorbance was read at 450 nm using an ELISA plate reader (Bio-Rad) and analysed using the Microplate manager 5.2.1 sofware (Bio-Rad). Genomic DNA was extracted from blood samples using the NucleoSpin Blood (Macherey–Nagel, Germany). DNA concentration and purity were measured in a Nanodrop ND-1000 spectrophotometer.




2.3 SNP genotyping

The 432 animals of the Duroc population were genotyped with the GGP Porcine HD Array (Illumina, San Diego, CA) using the Infinium HD Assay Ultra protocol. The software PLINK/v1.90b3.42 (31) was used to remove those single-nucleotide polymorphisms (SNPs) with a minor allele frequency (MAF) lower than 5%, SNPs with more than 10% missing genotypes, and SNPs that did not map to the porcine reference genome (Sscrofa11.1). A subset of 42,641 SNPs remained for further analysis. Additionally, the rs327446000 SNP within the CRP gene was genotyped for the 432 animals by custom designed Taqman assays in a QuantStudioTM 12K Flex Real-Time PCR System (ThermoFisher Scientific).




2.4 Whole genome and RNA sequencing data

Whole-genome sequences from 300 pigs (n=100 Landrace, n=100 Large White, and n=100 Duroc) (32) were used to identify and estimate the segregation of CRP polymorphisms. All DNA samples were sequenced (NovaSeq6000 platform) to a minimum read depth of 10X. DNA sequences were mapped against the reference genome (Sscrofa11.1 assembly) with BWA-MEM/0.7.17 (33) and 44,127,400 polymorphisms (SNPs and indels) were extracted using the GATK/4.1.8.0 Haplotype Caller (34). After filtering genetic variants with PLINK/v1.90b3.42 software a total of 25,315,878 polymorphisms remained for downstream analysis. Furthermore, the expression levels of CRP isoforms in the liver were quantified in RNA-seq data from the same 300 pigs (32). RNA-seq reads were mapped against the reference genome (Sscrofa11.1 assembly) with STAR/v2.5.3a (35) using ENCODE parameters. Annotated genes and isoforms in Ensembl Genes 101 database were quantified with RSEM/1.3.0 (36) using default parameters.




2.5 Identification of polymorphisms in the CRP gene and comparative promoter analysis

SNPs and indels within and in the vicinity of the CRP (between positions 90.7-90.8 Mb on SSC4) were extracted from whole genome sequencing (WGS) data. VEP software (37) was used to locate and predict the consequences of variants on the CRP protein sequence using the Ensembl Genes 106 annotation database and the Scrofa11.1 assembly. The promoter regions of the porcine CRP isoforms were aligned to the reference human and cow orthologue promoter sequences annotated in the Ensembl database with the Multalin software (38) in order to measure the level of conservation between them.

A computer-assisted identification of putative transcription factors binding sites in CRP regulatory regions (enhancer and proximal promoter) was performed with LASAGNA-Search 2.0 (39).




2.6 Polymorphism association analysis

The association between polymorphisms identified in both the regulatory and coding regions of CRP and CRP blood levels (n=100 Duroc individuals) was analyzed by using the aov() function in R. Normality of CRP data was checked through Shapiro-Wilk test in R, and logarithm transformation was applied to reach normal distribution of residuals (P-value > 0.05). Systematic non-genetic putative effects (sex and batch) were tested by using the lm() function in R. When significant, sex and/or batch effects were considered for subsequent analyses. Multiple testing corrections were performed with the false discovery rate (FDR) method using the p.adjust function in R (40). Significance threshold for the association was set at FDR ≤ 0.05.




2.7 Genome wide association study

GWAS was performed using 42,641 SNPs, together with the rs327446000 CRP SNP, and the CRP levels in serum of 432 Duroc animals using the GCTA 1.94.1 software (41) with the following model:

	

Where yij corresponds to the phenotype (log transformed CRP levels in serum) of the ith individual in the jth batch; bj corresponds to the jth batch effect (6 levels); ui is the infinitesimal genetic effect of individual i, with u∼N(0, G2u), where G is the genomic relationship matrix (GRM) calculated using the filtered autosomal SNPs based on the methodology of (42) and σ2u is the additive genetic variance; sli is the genotype (coded as 0, 1, 2) for the lth SNP, being al its allele substitution effect on the trait under study; and eij is the residual term.

The false discovery rate (FDR) method of multiple testing described by Benjamini and Hochberg (40) was used to measure the statistical significance for association studies at genome-wide level with the p.adjust function of R. The significant association threshold was set at FDR ≤ 0.05. A Manhattan plot based on the resulting significance was generated using the R package qqman (43).




2.8 Chromosome 4 association and fine mapping

WGS data from 100 individuals of the same Duroc population was used to impute genotypes at the whole genome level of the 354 individuals (332 piglets and 22 boars) that had been previously genotyped with the GGP Porcine HD Array.

Imputation and haplotype reconstruction was performed with 19,610 SNPs (MAF ≥ 5%), covering the SSC4:88,251,177-92,759,955 bp genomic region, using DualPHASE/v.2.3 software (44). This haplotype-based approach exploits population (linkage disequilibrium; LD) and family information (Mendelian segregation and linkage analysis; LA) through a Hidden Markov model. Linkage was estimated based on the equivalence 1Mb~1cM.

GWAS for the CRP levels in serum and the 19,610 SNPs was performed using the fastGWA option of the GCTA 1.94.1 (41) software, following the previous model (1). QTL fine-mapping was performed with Qxpak/v5 (45) based on the reconstructed haplotypes to simultaneously exploiting LA and LD with the following mixed model:

	

Where   corresponds to the vector containing the batch fixed effect, h is the vector of random QTL effects corresponding to the K cluster defined by the Hidden State (HS), u is the vector of random individual polygenic effects and e is the vector containing the residuals.

Multiple test correction was performed using the Bonferroni method (46). The significant association threshold was set at p adjust ≤ 0.05.




2.9 Expression GWAS

Expression GWAS (eGWAS) were performed with a total of 25,315,878 genetic variants and the RNA-seq expression data of each CRP isoform in the 300 pigs (n=100 Landrace, n=100 Large White and n=100 Duroc). The association was estimated by fitting the previously described model (1) using the GCTA software (41):

	

Where yijk corresponds to the gene expression in the ith individual of sex j and belonging to the kth breed (3 levels); ui, sli, al and eijk are as defined in the previous GWAS model. After multiple testing adjustment, association threshold was established at FDR ≤ 0.05. Manhattan plots were generated in R as previously mentioned.




2.10 Luciferase assay

Two individuals of the Duroc population with different haplotypes (Haplotype P1: G – T – C – G – C – T – G – A – C and Haplotype P2: A – A – C – A – T – C – A – G – T) for CRP proximal promoter polymorphisms were selected for the cloning process. Genomic DNA was used to amplify two fragments of ~600bp corresponding to CRP promoter regions of the selected animals, using the forward primer 5’-GAGGATATCAAGATCGATCAAGCACATGTTTCACTGC-3’ and the reverse primer 5’-CCGGATTGCCAAGCTCCCCTTGGAGAAGATGCC-3’, containing the HindIII and BglII restriction sites. Amplification of the fragments was performed by PCR with Hot-Star Taq Master Mix Kit (Qiagen, Spain) under the following conditions: 15 min at 94°C, 35 cycles of 1 min at 94°C, 1 min at 60°C and 1 min at 72°C and a final extension of 10 min at 72°C.

PCR products were cloned into pNL1.2[NlucP] vector (Promega, Spain) with the In-Fusion Snap Assembly cloning kit (Takara, Japan). Plasmids were purified using PureYield™ Plasmid Miniprep System kit (Promega, Spain). Enhancer region fragments of ~280bp for the same individuals (Haplotype E1: G – C – T – Ø – A – A – G – C – G and Haplotype E2: A – A – C – TTCTGTTTGTGGGACCGGCCC – G – G – A – T – T) were amplified by PCR using the forward primer 5’-GCTCGCTAGCCTCGAGTGGAAGAGAGGGTGGGGTG-3’ and the reverse primer 5’-TTGATCGATCTTGATATCGCAGCTACCTCAGAACACAGTC-3’, containing the XhoI and EcoRV restriction sites, with Hot-Star Taq Master Mix Kit (Qiagen, Spain) and the previous conditions, and were inserted upstream of the promoter regions of the corresponding haplotypes. Nucleotide sequence of each DNA construct was confirmed by Sanger sequencing.

HepG2 cells (ATCC, USA) were seeded at a density of 3x104 cells per well in a 96 wells plate in DMEM supplemented with 10% inactivated fetal bovine serum, 1% penicillin-streptomycin, 1% L-glutamine and 1% pyruvate. After 24h cells were cotransfected with 500ng of pNL1.2[NlucP] vector, 12.5ng of pGL4.54[luc2/TK] and 487.5ng of transfection carrier DNA (Promega, Spain) using ViaFect™ Transfection Reagent (3:1) (Promega, Spain) in serum-free medium for 16h. Cells were then treated with IL-6 (10ng/ml) and IL-1β (1ng/ml). Luciferase activity measurements were performed 24h after stimulation with Dual-Luciferase Reporter Assay System (Promega, Spain). Expression of nanoluc luciferase driven by inserted promoters and enhancers was normalized to the cotransfected firefly control vectors. Every luciferase assay was made by triplicate in different days with three replicates for each vector in each experiment to increase the robustness of the results.





3 Results



3.1 Comparative study of CRP proximal promoter region between human, pig and cow and identification of polymorphisms in the porcine CRP gene

Since human CRP gene has been proved to be regulated at the transcriptional level by the binding of transcription factors in its promoter region (18, 47), we characterized the pig CRP promoter region in order to assess the level of conservation between human and cow species. A highly conserved region in Sus Scrofa chromosome 4 (SSC4) at position 90,782,578-90,782,833 bp was identified when compared to the human (GRCh38 1:159,714,589-159,716,089) and cow (ARS-UCD1.2 3:9,982,001-9,983,501) CRP promoter regions (Supplementary Figure 1). In addition, we performed an in-silico characterization of transcription factor binding sites (TFBSs) in the pig CRP promoter region, identifying four TFBSs conserved between pig and cow, four more between pig and human and three binding motifs maintained in all three species (Supplementary Figure 1).

A total of 133 polymorphisms, most of them associated with plasma CRP levels, were identified in the CRP gene region in the WGS data from 100 Duroc pigs (Supplementary Table 1). The most significantly associated variant was rs327446000 (4:90,800,879 bp), located in the 3’ untranslated region (UTR) of CRP. Furthermore, we identified five polymorphisms in the pig CRP promoter region affecting the binding sites for C/EBP, FOXA1 and p53 transcription factors (Figure 1).




Figure 1 | Position of the transcription factor binding sites located in the CRP promoter region. Marked in red are the SNPs found in the studied population and the transcription factors binding sites affected by the SNPs. The arrow marks the start of CRP-202 exon 1.






3.2 GWAS for CRP levels in serum and fine mapping revealed associated polymorphisms in the 3’UTR and upstream the promoter region of CRP

The association between CRP polymorphisms and the variation of serum CRP levels was explored through GWAS with 42,641 SNPs plus the rs327446000 SNP from 432 Duroc pigs. A genomic region in SSC4 at 90.54-90.80 Mb was associated with serum CRP levels, with rs327446000 being the most significantly associated genetic variant (Table 1; Figure 2A).


Table 1 | Significant polymorphisms associated to the CRP levels in serum: position, minimum allele frequency and allele substitution effect significance.






Figure 2 | (A) Manhattan plot representing the association analysis between the CRP levels in serum and SNPs distributed along the pig chromosomes. (B) Scatter plot depicting P-value distribution of the CRP QTL at chromosome level. (C) Scatter plot depicting P-value distribution of the CRP QTL LDLA. Horizontal lines indicate the adjusted significance threshold (≤ 0.05). Vertical green lines encompass the CRP gene location.



Further exploration of the CRP QTL was performed by both GWAS and LDLA analyses using SSC4 genotypes from 19,610 SNPs comprising 4Mb (2Mb up and 2Mb down) of the previously declared associated genomic region. According to the GWAS results, a total of 1,482 SNPs located within a genomic region in SSC4 at 89.7-91.29 Mb were associated to the phenotype, being the top signal located at 90.80 Mb of SSC4 (rs327446000; P-value = 1.49 x 10-10) inside CRP (Figure 2B). In contrast, the LDLA study revealed a total of 483 significant signals which reduced the previous region to 90.53-90.80 Mb and positioned the maximum association at 90.53-90.62 Mb of SSC4 (P-value = 1.88 x 10-6) upstream of CRP (Figure 2C).




3.3 Expression GWAS for CRP isoforms also revealed an associated region upstream of the CRP gene

To identify potential functional variants affecting the expression of CRP, an eGWAS analysis was performed using 25,315,878 genetic variants and the expression of CRP isoforms in 300 pigs (n=100 Landrace, n=100 Large White, and n=100 Duroc).

A strongly associated region in SSC4 at 86-93 Mb for the expression of CRP isoform 202 (ENSSSCT00000054270.2) was identified (Figure 3), whereas not significantly associated regions in SSC4 were identified for the other CRP isoforms. A total of 8,250 polymorphisms were found associated (FDR ≤ 0.05) along SSC4. The top variants (adjusted P-value = 3.40 x 10-23) were rs793561911 and rs713631040, located in the positions 4:90,743,523 bp and 4:90,743,532 bp respectively, around 39.3 Kb upstream the CRP gene (Table 2; Supplementary Table 2).




Figure 3 | Manhattan plot representing the association analysis between the CRP mRNA expression of the isoform 202 and polymorphisms distributed along the pig chromosomes. Red line indicates the genome wide significance threshold (FDR ≤ 0.05).




Table 2 | The 10 most significant polymorphisms associated to the CRP expression levels: position, alleles, minimum allele frequency and allele substitution effect significance.






3.4 Rs793561911 and rs713631040 polymorphisms are located in a conserved enhancer region for CRP

The polymorphisms most significantly associated with CRP-202 isoform expression were located in an intergenic region conserved between several pig breeds and other species such as cow, sheep and horse (Supplementary Figure 2). The alignment of this region in the porcine genome (SSC4:90,743,525-90,743,526) against the human genome revealed the presence of a human conserved sequence corresponding to an enhancer element (ENSR00000931831). This distal enhancer region was also well conserved in the cow genome (ARS-UCD1.2 3:9,937,919:9,938,698). In the three species, this region was located at 39-44 Kb upstream of CRP. To better understand the regulatory role of this region on CRP-202 expression, an in-silico characterization of TFBSs was performed. Remarkably, a total of 26 TFBSs known to regulate CRP expression were found within this region. Eight of them were shared with the cow genome and another site was conserved in both cow and human genomes (Supplementary Figure 3).

In depth analysis of this region revealed that rs793561911 and rs713631040 variants were located within the binding site of the transcription factor HNF4α. Furthermore, the insertion allele of the rs793561911 polymorphism (-/TTCTGTTTGTGGGACCGGCCC) generated a binding site for the FOXA2 transcription factor. Seven other SNPs were found in this conserved region in the studied population (Figure 4). Moreover, a third polymorphism (rs338992142) in the position 4:90,743,570 bp was found to be in the potential binding site of both transcription factors HNF4α and FOXA2. This SNP was also found to be associated with CRP expression in the eGWAS (Table 2). These three polymorphisms and a fourth significant SNP (rs330141279) located in the position 4:90,743,549 bp were in total linkage disequilibrium resulting the following haplotype combinations: Haplotype E1: Ø – A – A – G and Haplotype E2: TTCTGTTTGTGGGACCGGCCC – G – G – A. Figure 4 shows the enhancer regions of animals with haplotypes E1 and E2.




Figure 4 | Position of the transcription factor binding sites located in the enhancer region for the different transfected sequences. Marked in red are the polymorphisms found in the studied population and the TF binding sites affected by the changes in the sequence. Highlighted in yellow are the top polymorphisms found in the eGWAS (rs793561911 and rs713631040 respectively).



When we studied the correlation between CRP-202 mRNA expression and HNF4α and FOXA2 mRNA expression in 300 pigs, a higher correlation was observed between HNF4α and CRP gene expression when compared to FOXA2- CRP-202 correlation (Table 3). Remarkably, Duroc and Landrace animals presented higher correlations between HNF4α and CRP-202 mRNA levels than Large White animals (rp = 0.515 for Duroc, rp = 0.47 in Landrace and rp = 0.297 in Large White), in accordance with their higher frequency of the A allele in rs713631040, which creates a binding site for HNF4α (Figure 5, Table 3). A similar correlation pattern between HNF4α and CRP-202 was observed when all animals were classified according to the genotypes of rs713631040, with higher correlation levels observed for the AA genotype when compared to GA and GG.


Table 3 | Correlation coefficients of CRP-202 mRNA expression with HNF4A and FOXA2 mRNA expression in liver by breed and rs713631040 (SSC4:90,743,532 bp) genotype.






Figure 5 | Correlation plots between HNF4α and CRP-202 mRNA expression levels by breed and rs713631040 (SSC4:90,743,532 bp) alleles. (A) Scatter plot with regression lines, confidence intervals, concentration polygons, and correlation coefficients. (B) Scatter plot with marginal density plots.






3.5 A distal enhancer upstream of the porcine CRP gene mediates the acute phase induction of CRP in HepG2 cells

To examine whether the pig proximal promoter is sufficient to mediate the induction of porcine CRP by IL-6 and IL-1β and whether the identified polymorphisms in its core promoter region may affect acute phase induction, luciferase reporter assays were carried out. Promoter activity was measured for two vectors containing different haplotypes (P1 and P2) of pig CRP promoter region in transfected HepG2 cells induced with IL6 and IL1-β. No substantial increase in luciferase activity (Figure 6) was observed in transfected cells with both CRP promoter constructs, suggesting that the promoter alone is insufficient for the acute phase induction of porcine CRP.




Figure 6 | Relative luciferase activity of the transfected HepG2 cells treated with 10ng/ml IL-6 and 1ng/ml IL-1β for 24h after normalization with the cotransfected firefly luciferase activity. Vectors P1 and P2 are the constructs containing the different sequences of the promoter region alone, while vectors E1 and E2 have the respective enhancer haplotype inserted upstream of the promoter constructs P1 for the first haplotype and upstream of vector P2 for the second haplotype. Values with different superscript letters (a–c) indicate significant differences between groups (P-value ≤ 0.05), obtained by pairwise comparison by Fischer’s least significant difference (LSD) analysis adjusted with Bonferroni correction.



To further understand the functional contribution of the putative enhancer region associated to the expression of CRP, two sequences with different haplotypes (E1 and E2) of the enhancer were inserted upstream of CRP proximal promoter constructs. The inclusion of the enhancer sequences in the transfected vectors increased the induction of luciferase activity in HepG2 cells (Figure 6), revealing the involvement of this distal regulatory element in the acute phase induction of pig CRP by IL-6 and IL-1β. Furthermore, the vector containing the haplotype E1 (Ø – A – A – G) generated higher levels of luciferase activity than the rest (Figure 6), confirming the regulatory role of rs793561911 and rs713631040 on CRP gene expression.





4 Discussion

CRP is known to be highly conserved between different species (48). Multiples studies in humans have described the regulatory molecular mechanisms controlling CRP gene expression in liver, as well as identified mutations associated with CRP blood levels and cardiovascular disease risk (6, 49, 50). Since pig represents an ideal model for human diseases (51, 52), in the present work we have delved into the genetic architecture and regulatory mechanisms involved in CRP gene expression in pigs. Furthermore, the identification of functional genetic variants associated to CRP blood levels could be valuable to improve the accuracy of genomic selection for immunocompetence in pigs.

Previous studies in humans and pigs have identified polymorphisms in the 3’UTR of CRP affecting serum levels of CRP (53–55). A GWAS study in our Duroc population also pointed out the polymorphism rs327446000 in the 3’UTR of CRP as the genetic variant most significantly associated with CRP serum levels. However, the haplotype-based approach maximized a region at 90.53-90.62 Mb in SSC4 as the most associated region with CRP serum levels. In addition, eGWAS analysis using 300 animals of different breeds identified a region at 86-93 Mb in SSC4 as the most associated with CRP mRNA expression levels in liver. Although we cannot discard the role of the 3’UTR region in the variation of CRP serum levels, our eGWAS and fine-mapping results pinpointed a genomic region located upstream of CRP gene associated with both mRNA expression and protein CRP levels.

A more detailed analysis of this region revealed the presence of a putative enhancer element conserved between human and cow species, and containing transcription factor binding sites for STAT3, C/EBP, NF-kB, HNF4α, OCT-1 FOXA1 and FOXA2. These transcription factors have been widely described as being required for the constitutive expression and/or acute phase induction of CRP (21, 22, 56–59). Remarkably, a recent study performed in humans identified an enhancer (E1) located 37.7 Kb upstream of the CRP promoter. Transcription factors STAT3, C/EBP-β, and USF1/2 appear to mediate the regulatory effects of E1 acting in conjunction with CRP proximal promoter for the acute phase induction by IL-6 and IL-1β of human CRP (16, 25, 26, 60). Furthermore, the constitutive expression of human CRP at the basal state seems to be mediated by promoter binding of transcription factors such as HNF-1, HNF-3 and OCT-1 (21, 56). Comparative analysis between human, cattle and porcine CRP promoter sequences also revealed a high level of sequence conservation, with transcription factor binding sites for FOXA2, HNF-1 and STAT3 preserved in the three promoter regions. Furthermore, the porcine promoter sequence shared target sites with its bovine counterpart for C/EBP, c-Rel and p53 transcription factors, and, in different locations, with the human for C/EBP, p53, OCT-1 and FOXA1. It is worth noting that the identified OCT-1 binding site conserved in pigs and humans was previously found by Voleti et al. in 2012 (22) as a modulator of CRP expression in humans by positional competition with other binding sites in the region.

Similar to the results previously reported by Wang et al. (26), the interaction of the pig distal enhancer element with the CRP proximal promoter was required for the acute phase induction of porcine CRP by IL-6 and IL-1β, suggesting an evolutionary conservation of regulatory mechanisms involved in CRP expression between pigs and humans. These results are in agreement with the similar functions of this protein in humans and pigs compared to mouse CRP (48).

Several polymorphisms located in putative binding-regions of transcription factors and associated to CRP mRNA expression and protein levels were identified in the proximal promoter and distal enhancer of porcine CRP. In the proximal promoter region, five out of 17 described genetic variants were disrupting putative binding-sites for C/EBP, FOXA1 and p53. C/EBP has been described as an important transcription factor activated by IL-6 and necessary for the induction of CRP expression (60, 61). However, we did not observe differences in luciferase activity in transfected HepG2 cells with vectors containing different promoter haplotypes after cytokine stimulation, suggesting that the allelic variation in these putative C/EBP binding sites did not have a substantial effect in the expression of porcine CRP. By contrast, among the seven polymorphisms found in the porcine enhancer region, rs793561911, rs713631040 and rs338992142 were located within putative binding sites for HNF4α and FOXA2, and potentially disrupting their regulatory effect. In fact, our luciferase assay showed a significant increase in luciferase activity in HEPG2 cells transfected with the enhancer haplotype that conserved the HNF4α binding sites (E1), which is in accordance with the correlation observed between CRP and HNF4α mRNA expression levels in liver.

Hepatocyte nuclear factor 4 alpha (HNF4α) encodes for a protein that controls the expression of several hepatic genes, HNF1α among them, and plays a role in liver development (62, 63). Sucajtys−Szulc et al. (19) revealed a coordinated upregulation of both hepatic nuclear factors, as well as IL-6 and CRP in livers of rats affected with either chronic renal failure or lipopolysaccharide-induced inflammation.

In the light of the above, our results describe for the first time the role of a distal enhancer in the acute phase expression of porcine CRP. Our analysis on CRP serum levels was limited to a closed commercial Duroc line, which is reflected in a high linkage disequilibrium. A larger sample size including other pig breeds and commercial lines would reduce the presence of large associated blocks and allow the identification of the causal implicated variants. Further functional analyses are warranted to better understand the regulatory mechanisms involved in CRP expression as well as to locate the causal mutation(s).

Finally, taking into account the strong similarities between porcine and human CRP regulation, this work improves the understanding of the complex mechanisms governing CRP expression in both species and reiterates the advantages of using the pig as a biomedical model for inflammation and cardiovascular diseases in humans. In addition, the identified functional polymorphisms can be used in pig breeding programs to improve the immunocompetence profile of the herd.
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C-reactive protein (CRP) is an acute phase, predominantly hepatically synthesized protein, secreted in response to cytokine signaling at sites of tissue injury or infection with the physiological function of acute pro-inflammatory response. Historically, CRP has been classified as a mediator of the innate immune system, acting as a pattern recognition receptor for phosphocholine-containing ligands. For decades, CRP was envisioned as a single, non-glycosylated, multi-subunit protein arranged non-covalently in cyclic symmetry around a central void. Over the past few years, however, CRP has been shown to exist in at least three distinct isoforms: 1.) a pentamer of five identical globular subunits (pCRP), 2.) a modified monomer (mCRP) resulting from a conformational change when subunits are dissociated from the pentamer, and 3.) a transitional isoform where the pentamer remains intact but is partially changed to express mCRP structural characteristics (referred to as pCRP* or mCRPm). The conversion of pCRP into mCRP can occur spontaneously and is observed under commonly used experimental conditions. In careful consideration of experimental design used in published reports of in vitro pro- and anti-inflammatory CRP bioactivities, we herein provide an interpretation of how distinctive CRP isoforms may have affected reported results. We argue that pro-inflammatory amplification mechanisms are consistent with the biofunction of mCRP, while weak anti-inflammatory mechanisms are consistent with pCRP. The interplay of each CRP isoform with specific immune cells (platelets, neutrophils, monocytes, endothelial cells, natural killer cells) and mechanisms of the innate immune system (complement), as well as differences in mCRP and pCRP ligand recognition and effector functions are discussed. This review will serve as a revised understanding of the structure-function relationship between CRP isoforms as related to inflammation and innate immunity mechanisms.
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Introduction

Despite long-standing recognition of C-reactive protein (CRP) as a non-specific, diagnostic biomarker for inflammation, only recently has the active role of CRP as an innate immune inflammatory mediator been revealed (1). CRP is primarily synthesized in the liver, though extrahepatic production in macrophages, vascular cells, endothelial cells, adipocytes, peripheral blood mononuclear cells (PBMCs), and the kidneys has been reported (2–11). The confounding functions of CRP relate to its dynamic, macromolecular structure in which CRP can exist in three isoforms: pCRP, pCRP*, and mCRP. Originally, “CRP”, oft referred to as nCRP (native/natural), was characterized as a 115 kDa pentamer of homologous subunits that are 206 amino acids in length (23 kDa each) (Figure 1) (1). The pentameric subunits self-assemble into a discoid tertiary structure via non-covalent bonding around a central pore (12). Pentameric structural integrity is stabilized by two calcium ions that also dictate CRP’s ligand binding capacity to phosphocholine (PC)-containing polysaccharides, polycations, chromatin, histone, ribonucleoprotein, fibronectin, laminin, lipoproteins, and galactins (12). It is now known that CRP acts as an agglutinin, opsonin and neutralizing protein that scavenges for debris at sites of active inflammation; yet in early CRP literature, several contradictory reports were made regarding the biofunctional properties of distinct CRP preparations. As early as the 1980’s, denatured CRP, via heat (H-CRP), metal chelation (F-CRP), acidic treatment (A-CRP), latex adsorption or freeze-thaw, yielded protein aggregates with antigenicity altered from native CRP (nCRP, primarily pCRP). The aforementioned conditions are now known to promote pCRP → pCRP* → mCRP dissociation, exposing a neoepitope that is proinflammatory in nature (13–15). Subsequent studies demonstrated the in vivo relevance of this dissociation, which is prompted by acidic environments of inflammation in the body and PC/lipid ligand binding. Physiologically, CRP’s pro-inflammatory properties are evidenced by the presence of anti-(m)CRP antibodies in several autoimmune conditions, such as lupus nephritis, peripheral artery disease (PAD), and skin-related disorders (16–18). While a plethora of studies have now been performed to characterize the unique properties of the CRP isoforms, the field is absent of a single resource that reinterprets early CRP findings considering our current understanding. For example, initial investigation into CRP’s role as an inflammatory mediator were conducted with commercial CRP antisera, which is now known to contain recognition for both pCRP and mCRP, with up to 16% of the more potent mCRP neoepitope antigenicity present (19). The current review serves as the first comprehensive, detailed reevaluation of the historical CRP literature as related to immune system interactors with a current understanding of CRP conformational dynamics (Table 1). In the following studies, where a specific CRP isoform was evaluated, the pCRP, pCRP* and mCRP designators will be utilized. A study describing “CRP” should be assumed to refer to a biologically relevant mixture of CRP isoforms.




Figure 1 | Structural rendering of pCRP and a pCRP monomer (PDB: 1B09). (A) provides a top-down view of pCRP and the pCRP monomer with the PC-binding face oriented upwards. (B) offers a side profile of pCRP and pCRP monomer. PC is depicted in pink, calcium ions in yellow, and the neoepitope (aa199-206) in orange. The x-ray crystal structure illustrates the Ca2+-dependence of PC-pCRP binding, which can occur on each pCRP subunit. pCRP* binding to C1q occurs on the effector face, opposite (facing down) to the PC-binding face. Both views highlight how the neoepitope (orange) is buried within pCRP at the monomeric interfaces. While the present depiction of the pCRP monomer does not accurately represent mCRP structure given the secondary and tertiary changes that occur upon dissociation, release of mCRP clearly exposes the pro-inflammatory neoepitope for interaction with immune effector cells. Graphic was generated using PyMOL.




Table 1 | Historically reported bioactivities of CRP vs. current understanding of mCRP.







Posited pCRP → mCRP conformational dynamics

In addition to their distinctive biofunctional features, CRP isoforms have unique pharmacokinetic properties, where pCRP is sera soluble. Conversely, mCRP is insoluble in sera unless protein-bound and is predominantly membrane-bound. pCRP, due to its detectability via blood testing, is the non-specific, diagnostic biomarker of inflammation, oft described in the literature, which rapidly rises up to 1000-fold in response to acute infection or injury (20). pCRP is also utilized as a prognostic marker for diseases of chronic inflammation, including autoimmune and cardiovascular diseases (1). Circulating pCRP localizes to sites of damaged tissue (infection/injury) prior to undergoing a conformational change upon binding to damaged membranes, which exposes the pro-inflammatory CRP neoepitope of amino acids 199-206 (21, 22). Binding of pCRP to damaged membranes is posited to occur via lysophosphatidylcholine (LPC), a bioactive lipid found on the immune cell surface (23–25). Direct binding between the neoepitope of pCRP*/mCRP and membrane receptors is suggested to occur via FcγRIIIa (CD16), but this binding event only partially explains mCRP’s adhesive properties. Hydrophobic interactions with lipid rafts are predicted to compensate for non-receptor binding. Evidence for lipid-promoted conformational dynamics is exhibited by the association of mCRP with extracellular lipid vesicles (26). Activated leukocytes slough membrane-bound CRP, which enters circulation as extracellular vesicles upon cleavage. In an in vitro study, Trail et al. demonstrated lipid microparticle-promoted pCRP to mCRP dissociation on a timescale of twenty minutes (27). In vivo, mCRP-linked lipid microparticles are observed in PAD and after myocardial infarction with pro-inflammatory function (16, 28). Initially, pCRP transitions to pCRP*, a transient conformation that maintains a pentameric quaternary structure but displays the neoepitope of mCRP (21, 29, 30). pCRP* further dissociates to proinflammatory mCRP (31). pCRP is completely converted to mCRP in 24-48 hrs (21). mCRP can also be generated in vitro in denaturing (heat, acid, chelation) or oxidative environments; conditions that were initially reported to generate an antigenic, serum-insoluble aggregate (13). mCRP exhibits the greatest proinflammatory activity once the intrachain disulfide bond, which staples together the two antiparallel β-sheets of the CRP monomer, is reduced (22). pCRP and mCRP isoforms can now be distinguished with conformation-specific antibodies (9C9, 3H12), though these antibodies are unable to parse pCRP* from mCRP (32–37). Importantly, the pCRP → pCRP* → mCRP transition is unidirectional, with mCRP incapable of regenerating pCRP.





mCRP promotes platelet aggregation

Early studies investigating the effects of H-CRP, a thermally aggregated form, on platelet function demonstrated that H-CRP stimulated platelet aggregation under isolated, in vitro conditions, similar to heat-treated human IgG, and promoted the corresponding secretion of adenosine triphosphate (ATP) and β-thromboglobulin (38). While determined not to be a direct platelet agonist in the more complex environment of platelet-rich plasma (PRP), synergism between H-CRP and adenosine diphosphate (ADP) was observed resulting in irreversible platelet aggregation and ATP secretion. In an optimized combination, mCRP and ADP promoted the release of secretory granule components. H-CRP also synergized with epinephrine, collagen, and thrombin. Interestingly, H-CRP was produced by heat treatment at 63 oC, a temperature now known to promote pCRP to mCRP dissociation. The authors note that heat treatment forced aqueous insoluble protein aggregates accounting for 47-53% of the total CRP preparation. Upon removal of the initial H-CRP aggregate, an additional ~50% CRP could be precipitated with a second heat treatment. Both lots of H-CRP were effective in synergizing with known platelet activators in PRP. Given the heat dependence of CRP aggregation and their insoluble properties in aqueous buffer, it makes sense that the observed aggregates were enriched for mCRP, and the platelet activating properties are inherent to this isoform. Moreover, unmodified CRP, without heat treatment, failed to demonstrate platelet activating potential (39).

Conversely, several concurrent studies reported a protective role for CRP against platelet aggregation (40). Specifically, CRP, of unreported conformation, inhibited platelet-activating factor (PAF)-induced platelet aggregation in a dose dependent manner (1-20 µg/ml) (40). This CRP preparation also inhibited the synthesis of arachidonic acid by phospholipase A2, limiting the production of proinflammatory cytokines. While no methodology is included to describe CRP’s preparation in this study, it is reasonable to assume that the CRP was primarily unmodified. If so, these contradictory results to the former studies may be rationalized by the majority presence of pCRP.

In addition to heat aggregated CRP (H-CRP), other chemically-modified CRPs, including urea chelated (F), latex adsorbed, and acid (A)-aggregated, have been found to activate platelet aggregation, promote dense and alpha-granule secretion and upregulate thromboxane A2 synthesis (41). Treatment of CRP with hypochlorous acid (HOCl) prompted oxidative protein unfolding, exposing the hydrophobic interior of CRP in a tertiary structure analogous to mCRP (42). HOCl-CRP (50 µg/ml) activated platelets in isolated preparations, inducing aggregation by ~80%, and was shown to interact with several platelet receptors (TLR-4, GPIIbIIIa) and plasma proteins (C1q, IgG). Like with heat treatment, these observations suggest that acidic environments can promote pCRP to mCRP dissociation, which describes CRP’s platelet activating properties. Importantly, a pH between 6-7 is commonly found at sites of inflammation. Further support for oxidative-mediated dissociation of pCRP to mCRP was observed when nCRP (pCRP) failed to activate platelets, though CRP treated with reactive oxygen species (ROS: Fe2+ - Cu2+ - ascorbate) irreversibly activated platelets in the presence of suboptimal levels of PAF, thrombin and ADP (43). Li et al. subsequently reported that Cu2+-induced oxidative and acidic environments induce the pCRP → mCRP isoform transition (17). Taken together, when CRP is properly activated, i.e., in the mCRP conformation, platelet aggregation and activation is augmented. When later tested with recombinant proteins, mCRP activated and pCRP inhibited pro-thrombotic activities under sheer conditions (44).





mCRP stimulates neutrophil migration, chemotaxis & phagocytosis; pCRP inhibits neutrophil activation and adhesion

Early studies of CRP effects on neutrophil function probed CRP uptake as a means of pathogenic ligand clearance and found that CRP enhanced neutrophil-mediated clearance of several bacterial species via binding interactions with the PC-containing bacterial membrane (45). In one study, CRP was found to mediate pneumococcal C-polysaccharide (CPS) uptake into neutrophils, promoting clearance, particularly in combination with activated complement (C). This CRP preparation was found to have no effect on neutrophil migration, leukotaxis, oxidative metabolism, or chemiluminescence. The uptake of CPS was CRP-dependent, as CPS alone was not phagocytosed by neutrophils. Though not as efficient, non-complexed CRP was internalized by neutrophils, while uptake was enhanced with the CRP-CPS complex. As CRP binding to PC-containing CPS promotes the pCRP to pCRP* transition, a change that displays structural and antigenic characteristics of mCRP, the ultimate adhesive effects are characteristic of pro-inflammatory mCRP function. Interestingly, non-complexed CRP uptake was reduced in the presence of EDTA, which preferences the mCRP isoform. Interpreting these findings considering current CRP conformational dynamics, it is likely that pentameric forms of CRP must initiate ligand binding before CRP fully dissociates to mCRP.

Subsequent studies demonstrated the concentration dependence of CRP’s effects on neutrophils. Low CRP concentrations of 0.1-1 μg/mL do promote neutrophil chemotaxis, but this effect is lost at higher concentrations (46). The abovementioned study interrogated neutrophil chemotaxis at significantly higher CRP concentrations of 60-120 μg/mL, where no effect on leukotaxis was observed. In further studies, CRP concentrations of 25 μg/mL demonstrated dose-dependent inhibition of neutrophil migration towards chemotactic stimuli with complete inhibition at 100 μg/mL. CRP-specific leukotaxis could be explained by mCRP-specific receptors on the neutrophil surface and/or through mCRP-neutrophil hydrophobic interactions. Given the hydrophobic properties of mCRP, low CRP concentrations may preferentially represent the mCRP isoform due to rapid conversion of pCRP → mCRP, exposing a hydrophobic binding surface for neutrophil adhesion. The role of hydrophobic binding interactions in chemotaxis has been described (47). Importantly, the binding interaction between CRP and neutrophils is saturable at CRP concentrations of <5 μg/mL, a range applicable to the observed activating effects of mCRP on neutrophils (46). Putatively, after mCRP binding sites are saturated, higher CRP concentrations, with increased pCRP representation, could promote inhibitory effects. This hypothesis parallels the acute inflammatory response where the majority of pCRP present at the earliest phases of host defense will be converted to mCRP (31).

A concentration dependent effect of CRP in combination with phorbol 12-myristate 13-acetate (PMA) on superoxide anion generation and secretion was also observed, where CRP <5 µg/mL demonstrated potentiation but CRP >10 µg/ml caused inhibition of this response (46). ROS generation results from the phagocytic respiratory burst of neutrophils and can be measured by light emission (chemiluminescence). At the acute phase CRP concentration of 1 μg/mL, CRP enhanced neutrophil phagocytosis, even of non-PC liganded particles, extending the previous findings that CRP promoted neutrophil opsonization of PC-containing bacterial membranes/capsules (48–51). These findings are further supported by the observation that CRP inhibits PAF-mediated chemiluminescence at higher concentrations of 100 μg/mL (52). The concentration dependence of these studies may allude to the conformational dynamics of pCRP → mCRP transition, though this hypothesis is limited by the inability of mCRP to reassemble to pCRP. An alternative explanation is that high concentrations of CRP (>10 µg/mL) increase intracellular cAMP levels; high cAMP concentrations are known to inhibit degranulation and PMA-activated neutrophil oxidative metabolism (53, 54). It is important to note that the cAMP-raising concentration of CRP at >10 µg/mL is greater than CRP concentrations with neutrophil inhibitory effects. Therefore, a relationship may exist where low CRP concentrations, inclusive of mCRP, exhibit proinflammatory function (increased adhesion/chemotaxis) to maximize damage to infective agents while simultaneously raising cAMP levels. At a certain threshold, both CRP and cAMP concentrations rise to a level with anti-inflammatory properties, putatively to minimize damage to the host.

In further studies with H-CRP, which is preferenced for mCRP, chemiluminescence potentiation between H-CRP and heat aggregated-IgG (H-IgG) is observed (55). H-CRP was unable to stimulate hydrogen peroxide generation in neutrophils alone, but when dosed with H-IgG, hydrogen peroxide generation was significantly enhanced. Importantly, this potentiation was selectively limited to intracellular H2O2 generation, and failed to upregulate ROS release from neutrophils, putatively describing a pathogen-fighting mechanism within neutrophils at infected sites that limits ROS damage to surrounding tissues. Later studies demonstrated that F- and A-CRP similarly potentiate the chemiluminescent output of H-IgG treated neutrophils (41). nCRP (pCRP) exhibited no increase in H-IgG-induced chemiluminescence. In these studies, F-CRP, A-CRP, and H-CRP were dosed as mixtures of aggregated and soluble protein, with the potentiating activity associated solely with the protein aggregates. This observation tracks with insoluble mCRP exhibiting the proinflammatory phagocytotic characteristics, while soluble pCRP does not.

More recently, the distinct effects of pCRP and mCRP on neutrophils have been characterized. Recombinant mCRP increased superoxide and peroxynitrite (ONOO-) production, subsequently causing a rise in nuclear factor κB (NF-κB) and activator protein-1 (AP-1) (56). pCRP had no corresponding effect on ROS production within a similar timeframe. As both ONOO- and NF-κB are known to increase IL-8, the impact of recombinant mCRP on IL-8 concentration was evaluated and increased levels were observed within 4 hours. pCRP also upregulated IL-8 expression, but on a timescale of 24-hr, which suggests pCRP dissociated to mCRP (24). mCRP-mediated effects were nullified with an anti-CD16 antibody; pCRP does not bind CD16 while mCRP does. In addition to ROS generation, mCRP has also been implicated in neutrophil-platelet and neutrophil-neutrophil adhesion, a proinflammatory marker of poor cardiovascular outcomes (44). Conversely, preincubation of whole blood samples with pCRP decreased shear-induced neutrophil-platelet adhesion and neutrophil aggregation in a dose-dependent relationship. Treatment with H-CRP (“mCRP”) resulted in complete loss of this protective activity. mCRP’s proinflammatory effects are platelet P-selectin mediated, as mCRP enhanced P-selectin expression and increased the rate of neutrophil-platelet and neutrophil-neutrophil adducts in a dose dependent manner (1-50 µg/ml). The cellular adhesion molecule CD18 was also implicated. In a study of pCRP with anti-P-selectin and anti-CD18, nearly complete blockade of adhesion events was observed. pCRP effects were attenuated by anti-CD32, while mCRP effects were attenuated by anti-CD16.

In a similar vein, mCRP was found to drive tissue damage in ischemia/reperfusion injury via proinflammatory mechanisms of leukocyte-endothelial cell aggregation, leukotaxis, and ROS generation (57). These proinflammatory effects were successfully abrogated with the small molecule pCRP → mCRP dissociation inhibitor 1,6-bisPC.





mCRP activates monocyte cytokine release

Monocytes regulate cellular homeostasis in times of inflammation by scavenging for invader cells and promoting the inflammatory response. Monocytes can differentiate into interstitial dendritic cells, microglial cells, and macrophages, and migrate into lesions inflamed by the immune system. As with neutrophils and platelets, the association of elevated serum CRP levels during the inflammatory response suggests a role for CRP in monocyte-macrophage infiltration (58). Prior to our understanding of distinct CRP isoforms, “CRP” (10 μg/mL) was found to induce macrophages to a tumoricidal state, (59) and CRP (50 μg/mL) prompted monocytes to release interleukin 1 beta (IL-1β), interleukin 6 (IL-6) and tumor necrosis factor alpha (TNF-α), with 10-fold higher levels of each cytokine observed at 4 hours (60, 61). Additional studies found CRP also promoted a 75-fold increase in tissue factor (TF)-mediated procoagulant activity, and significantly higher levels of interleukin-1alpha (IL-1α), GRO-alpha, GRO-beta and IL-8 (62). Interestingly, CRP also exhibited anti-inflammatory properties in the upregulation of liver X receptor (LXR)-alpha.(63)

Studies with H-CRP enabled the characterization of mCRP-specific activity; first for adhesion, 70% of monocytes and 8% of mononuclear leukocytes were found adhered to H-CRP (41). Moreover, a significant enhancement in chemiluminescence was observed in response to H-CRP/H-IgG treatment, resulting from the respiratory burst that occurs during monocyte activation. Thus, it is hypothesized that H-CRP synergizes with IgG to promote Fc receptor-mediated stimulation of monocyte oxidative metabolism. Recombinant mCRP was later demonstrated to increase nitric oxide (NO)/inducible nitric oxide synthase (iNOS) levels (64). Conversely, pCRP exhibited anti-inflammatory effects by decreasing NO/iNOS production in macrophages and iNOS activity in monocytes. As with neutrophils and platelets described previously, reevaluation of the historical literature presents an argument for CRP’s proinflammatory properties being inherent to the mCRP isoform, while pCRP exhibits the anti-inflammatory activity.





mCRP upregulates endothelial cell adhesion

Proinflammatory effects associated with “CRP”, commercially available from Calbiochem, were also observed in early studies with umbilical vein and human coronary artery endothelial cells (HCAECs) (67, 76). Specifically, recombinant CRP upregulated intercellular adhesion molecules (ICAM-1) to levels nearly 10-fold baseline and increased vascular cell adhesion molecule (VCAM-1) and E-selectin. The induced expression mimicked the effects of IL-1β and is implicated in the recruitment of monocytes and leukocytes (89). CRP also exhibited an inhibitory effect on endothelial nitric oxide synthase (eNOS) at incubation times >24-hr, which has proinflammatory implications for atherogenesis (67). Reduced nitric oxide (NO) production leads to arterial vasoconstriction, platelet adhesion and aggregation, and monocyte-endothelium adhesion (32, 67, 68, 90). It was confirmed that in the presence of 24-hr “CRP” treatment, there was a significant increase in monocyte adhesion, VCAM-1, and ICAM-1 expression. Given the unknown storage conditions and age of the commercially available CRP, and the long incubation time of these experiments (24-hr), the presence of mCRP as a CRP sub-population is probable. Importantly, the in vivo half-life of pCRP is 19-24 hrs (91).

Once the existence of the mCRP isoform was elucidated, targeted studies on mCRP’s ability to activate endothelial cells were performed. mCRP (0.1–200 μg/mL), but not pCRP, was found to markedly upregulate CD11b/CD18 expression on neutrophils and enhance the adhesion of neutrophils to HCAECs (66). Adhesion was negated in the presence of an anti-CD18 mAb, correlating with the previous finding that pCRP with anti-P-selectin and anti-CD18 promoted complete blockade of adhesion between neutrophils and monocytes (See Neutrophil Discussion) (65). mCRP (1–30 μg/mL), specifically, also increased monocyte chemoattractant protein-1 (MCP-1) and IL-8 secretion, key mediators of leukocyte recruitment, as well as neutrophil-endothelial cell adhesion via the expression of ICAM-1, VCAM-1 and E-selectin (25). To observe the similar effects with nCRP preparations, a 6x longer incubation was required, implicating that pentameric dissociation had occurred.

Multiple studies implicated mitogen-activated protein kinase (MAPK) involvement in mCRP’s activation of endothelial cells as increased phosphorylation of p21ras (RAS) and p38 MAPK, and downstream activation of Raf-1, MAPKK and ERK, was observed. As pCRP binds primarily to low-affinity IgG FcγRIIa (CD32) and somewhat to high affinity IgG FcγRI (CD64) while mCRP binds to low-affinity IgG immune complex FcγRIIIb (CD16) (92–94), the effect of anti-CD16 and anti-CD32 were interrogated. Anti-CD16, but not anti-CD32, reduced MCP-1 and IL-8 secretion, ICAM-1, VCAM-1 and E-selectin expression, and corresponding neutrophil-endothelial cell adhesion 14-32-fold. Moreover, these effects were blunted when mCRP was tested in the presence of p38 MAPK inhibitor SB 203580. The incomplete attenuation of anti-CD16 on mCRP’s proinflammatory effects was later explained by membrane insertion. mCRP also binds to cholesterol microdomains (lipid rafts) in membranes via aa35-47 (consensus cholesterol binding sequence) and aa199-206 (95). When mCRP’s ability to bind lipid rafts was inhibited by methyl-β-cyclodextrin or nystatin, MCP-1 and IL-8 secretion was also downregulated. Accordingly, adhesion between endothelial cells and neutrophils was also reduced.





mCRP promotes natural killer cell activity

With physiologically relevant effects on effector cells of the innate immune response, the consequence of CRP on NK cell-mediated killing was explored starting in the early 1980’s. Specifically, the first experiments gauged whether NK cells bind CRP and whether such binding events affect NK function by treating human lymphocytes with anti-CRP and C (72). It was found that under such conditions, the ability of NK cells to kill cellular targets (K562, MOLT-4 cells) was significantly diminished. Using biotin-avidin amplification with biotinylated anti-CRP and fluorescent avidin, membrane-bound CRP specifically, and not plasma solubilized CRP, was determined to bind a subset of NK cells (~4%) and this binding event served as a promoter of NK activity (19). Like with previously discussed proinflammatory mechanisms, it is now understood that membrane (lipid raft)-bound CRP is enriched for the pCRP*/mCRP isoform and fluid-phase CRP is absent of the neoepitope (pCRP). Accordingly, the NK activating properties of CRP are associated with pentameric dissociation. Further refinement of this understanding comes from flow cytometry studies using α-neo-CRP antisera. In these studies, NK cells, displaying the surface markers CD16, CD11b, Leu-7 and Leu-19, reacted with the pCRP*/mCRP-recognizing antisera as did cells expressing B-cell markers (74). α-Native CRP failed to react with NK cells (73). Hamoudi and Baum further probed the mechanism of CRP-mediated NK activation by determining how anti-CRP inhibits NK cell lysis. As with previous studies, it was found that anti-CRP had no effect on the number of effector cell : target cell conjugates formed (75). Yet, the number of target cells killed by NK cells was largely diminished. This observation was negated when anti-CRP’s effect on NK cells was investigated in the absence of Ca2+. In the absence of Ca2+, pCRP dissociates to mCRP.





CRP both activates and inhibits complement cascades

When CPS was added to serum containing nCRP, the components of the classical complement (C) pathway were consumed, suggesting that CRP-CPS complexation is essential to trigger CRP-mediated innate immune responses (77, 84). C activation was subsequently observed when CRP complexed with polycations, i.e., protamine,(78–80) positively charged liposomes, (69) and nuclear DNA (83, 96). C activation resulting from CRP lipid binding requires either PC or sphingomyelin in a Ca2+-dependent manner (45, 77, 97–99). Lipid acyl chain length, degree of unsaturation, cholesterol concentration, and positively-charged lipid content (e.g. stearylamine, cetyltrimethylammonium, galactosyl ceramide) also impacted the degree of CRP binding (100). It is now known that ligand binding initiates conformational changes that expose the mCRP neoepitope facilitating binding to complement component 1q (C1q) and additional mediators of host defense. Ji et al. provided further evidence for this hypothesis by demonstrating that recombinant mCRP bound C1q in the C1q’s collagen-like region (85). Regarding bioactivity, mCRP bound to oxidized low-density lipoprotein (LDL) activated the classical C pathway upon C1q binding. Conversely, mCRP alone bound and inhibited C1q from engaging other complement intermediates.

CRP activates the classical C cascade by directly binding C1q at the membranes of damaged cells, leading to near complete consumption of C1, C4 and C2 and partial consumption of C3 with minimal activation of C5-C9 and no cell lysis (84, 86, 101). This favors opsonization without a strong, global inflammatory response. Activation of the C cascade by CRP stimulates monocyte and macrophage phagocytosis both in vitro and in vivo and enhances opsonization of microbes by phagocytic cells (50, 70, 71).

To limit inflammatory responses to the damaged area, CRP also influences alternative complement pathway (AP) activity, downregulating deposition of C3b on AP-activating surfaces, decreasing C3 and C5 convertase activity and inhibiting C amplification feedback (20). In particular, on stearylamine-containing liposomes and on Types 6 and R36a Streptococcal pneumonia surfaces, CRP decreased serum C3-activation implicating CRP as a regulatory protein that can limit the extent of inflammatory damage initiated by C activation (69, 102). Taken together, CRP binding to damaged membrane or bacterial surfaces can preference the immune response towards classical pathway activation and away from the AP (102). AP inhibitory activity was found to be Factor H dependent, with direct binding of Factor H to CRP implicated through ELISA experimentation. Factor H – CRP binding was not inhibited in the presence of EDTA or PC, highlighting the presence of pCRP in this inflammatory dampening response (71). Moreover, complement factor H-related protein, which is structurally similar to C Factor H, was demonstrated to bind both pCRP and mCRP, with the former binding event requiring Ca2+ (87). As CFHR4 localizes to necrotic tumor tissues and binds necrotic cells, CRP-CFHR4 binding is implicated in the opsonization of necrotic cells. CRP-mediated inhibition of AP activation can also be facilitated by C4b-binding protein (C4bp), which like Factor H, inhibits C cascade at the level of C3 (34). Interestingly, while evidence suggests that both mCRP and pCRP bind Factor H, C4bp binding is unique to mCRP to enhance degradation of C4b and C3b. Finally, mCRP was demonstrated to bind properdin, an initiator of the AP cascade that binds necrotic and ECs (88). pCRP failed to exhibit similar properdin binding. mCRP-bound properdin was unable to bind endothelial cells, thus inhibiting AP activation via C3 and C5b-9 deposition of ECs. In total, CRP acts as a regulator of C activation, recruiting both C1q, the activator, C4bp, the inhibitor of the classical pathway, and properdin, an inhibitor of the AP. As mCRP preferably binds both C4bp and properdin, the monomeric isoform likely elicits greater control over the C cascade. This design enables an acute, localized proinflammatory response that is subsequently inhibited to prevent further-reaching inflammatory damage.





Conclusion

Reevaluating the historical CRP literature with a current understanding of distinct CRP isoforms clearly intimates both pro- and anti-inflammatory function as part of the acute immune response. Moreover, these isoform-defined activities help to explain the considerable differences in CRP expression, but similar phenotypes, across species (103, 104). While human CRP levels can rise to 1000-fold over baseline, mouse and rat CRP levels only rise 2-3-fold, respectively (105, 106). The disconnect between CRP expression levels and activity highlights the functional importance of the active mCRP isoform, in addition to the species’ mCRP generating capacity. Notably, rat CRP, which exists at baseline in the highest concentrations, exhibits the lowest mCRP generating capacity, while the inverse describes mice (low baseline levels, high mCRP generating capacity).(103, 104) Taken together, mCRP levels are responsible for the pro-inflammatory activities regardless of species.

To highlight mechanisms of the CRP-mediated inflammatory response (Figure 2), we posit that circulating, sera-soluble pCRP begins to dissociate upon binding to multivalent ligands (PC, polycations, chromatin, etc.) in damaged membranes or in the presence of acidic inflammatory environments. The dissociation process, promoted by the proximity of hydrophobic membrane lipids, overcomes the Ca2+ stabilizing effect on pCRP and produces a transient intermediate form, pCRP*, which maintains the pentameric quaternary structure but displays the neoepitope of mCRP and the C1q binding site. C1q binding to pCRP* activates the classical C cascade, enhancing opsonization and phagocytosis in a localized proinflammatory response. Concurrently, to modulate global inflammatory damage, pCRP and/or mCRP binding to Factor H/CFHR4/C4bp/properdin inhibits the AP. As the pCRP → mCRP transition is irreversible, pCRP* → mCRP goes to completion upon dissociation from the membrane and initiates localized proinflammatory effects. mCRP promotes platelet aggregation, dense and alpha-granule secretion from platelets, and thromboxane A2 synthesis. mCRP also stimulates neutrophil migration, chemotaxis, and phagocytosis. mCRP activates cytokine release, particularly IL-1α, IL-1β, IL-6, IL-8, TNF-α, E-selectin, MCP-1, GRO-α and GRO-β, and promotes monocyte and EC adhesion. Finally, mCRP upregulates NK cell activity. Conversely, pCRP inhibits PAF-induced platelet aggregation and neutrophil activation and adhesion. The unique binding properties of pCRP and mCRP can be explained, in part, by differing preferences for IgG receptors, with mCRP favorably binding FcγRIIIa/b (CD16) and pCRP preferentially binding FcγRIIa (CD32).




Figure 2 | Schematic representation of the relationship between pro- (blue) and anti-inflammatory (red) CRP properties. pCRP exhibits anti-inflammatory outcomes, while mCRP exhibits proinflammatory activation of platelets, neutrophils, monocytes, endothelial cells, and natural killer cells. pCRP is the substrate for mCRP, which forms when pCRP undergoes a conformational change that first produces pCRP*, an immunogenic, pentameric form, before fully dissociating to mCRP.



Globally, the relationship of CRP isoforms and their contradictory bioactivities describe a mechanism of immune modulator response. Upon tissue damage or infection, while CRP levels are rising, pCRP → mCRP conversion is rapid with overall CRP function exhibiting mCRP’s proinflammatory characteristics (31). This short, localized, and potent response amplifies the acute phase of inflammation. Yet, mCRP’s pro-inflammatory properties require control to limit widespread tissue damage implying that the pCRP → mCRP conversion slows. At this point, elevated levels of pCRP are detectable in patient sera. Multiple studies predict that the lag between compromised tissue homeostasis and increased pCRP levels is 6-12-hrs, which corresponds to the mCRP pro-inflammatory activities discussed in this text (107–109).

The next chapter of CRP studies requires continued efforts into the characterization of pCRP and mCRP effects in localized immune responses to hone the diagnostic value of CRP for various pathologies. Moreover, given the distinct bioactivities of the CRP isoforms, an opportunity exists for small molecule and biologic tool and therapeutic development to elicit specific structure-function control. Currently, efforts in small molecule and biologic development have accomplished modulators of mCRP that either (1) inhibit pCRP to mCRP dissociation or (2) block mCRP binding to effector cells, respectively. Treatment with mCRP-specific antibodies (3C, 8C10) have been shown to relieve leukocyte infiltration in mouse models of rheumatoid arthritis and lupus nephritis and abrogate mCRP-induced memory loss in a mouse model of dementia (110–112). From a pharmacologic perspective, the first small molecule pCRP dissociation inhibitor, which is based on a bisphosphocholine scaffold, exhibited reduced myocardial infarction volume, cardiac dysfunction, inflammation, and mCRP deposition in rats (30, 113). On-going efforts in structural biology have mapped the pCRP – phosphocholine binding site, implicating key amino acids and a hydrophobic pocket that can drive further inhibitor development (112). While targeting mCRP offers a tantalizing opportunity for the next generation of anti-inflammatory drug development, a cautious approach towards understanding the implications of abrogating this conserved immune mechanism should be pursued. Regardless, the development of mCRP modulatory tools will be invaluable to further refine our understanding of CRP structure-function relationships.
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C-reactive protein (CRP) is one of the major members of the family of acute phase proteins (APP). Interest in this CRP was the result of a seminal discovery of its pattern of response to pneumococcal infection in humans. CRP has the unique property of reacting with phosphocholine-containing substances, such as pneumococcal C-polysaccharide, in the presence of Ca2+. The attention regarding the origin of CRP and its multifunctionality has gripped researchers for several decades. The reason can be traced to the integrated evolution of CRP in the animal kingdom. CRP has been unequivocally listed as a key indicator of infectious and inflammatory diseases including autoimmune diseases. The first occurrence of CRP in the evolutionary ladder appeared in arthropods followed by molluscs and much later in the chordates. The biological significance of CRP has been established in the animal kingdom starting from invertebrates. Interestingly, the site of synthesis of CRP is mainly the liver in vertebrates, while in invertebrates it is located in diverse tissues. CRP is a multifunctional player in the scenario of innate immunity. CRP acts as an opsonin in the area of complement activation and phagocytosis. Interestingly, CRP upregulates and downregulates both cytokine production and chemotaxis. Considering various studies of CRP in humans and non-human animals, it has been logically proposed that CRP plays a common role in animals. CRP also interacts with Fcγ receptors and triggers the inflammatory response of macrophages. CRP in other animals such as primates, fish, echinoderms, arthropods, and molluscs has also been studied in some detail which establishes the evolutionary significance of CRP. In mammals, the increase in CRP levels is an induced response to inflammation or trauma; interestingly, in arthropods and molluscs, CRP is constitutively expressed and represents a major component of their hemolymph. Investigations into the primary structure of CRP from various species revealed the overall relatedness between vertebrate and invertebrate CRP. Invertebrates lack an acquired immune response; they are therefore dependent on the multifunctional role of CRP leading to the evolutionary success of the invertebrate phyla.
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Phylogenetic history of CRP

Because of its special ability to react with the C-polysaccharide found in the pneumococcal cell wall, the protein is known as C-reactive protein (CRP) (1). Significant studies on CRP from Limulus polyphemus in the last century have conclusively proven the substance’s antiquity (2, 3). CRP synthesis is activated in mammals (e.g., humans and rabbits), but it is constitutively expressed in the arthropod Limulus and makes up a significant portion of the hemolymph of horseshoe crabs at a concentration of 1-2 mg/mL (3). Additionally, the ophuirid (echinodermata) Ophiocomina nigra was found to have the CRP gene (4). A great deal of interest has been generated in investigating the relationships between the CRP gene and thromboxane A2, another chemical expressed in ophiurids, due to the properties of the transcriptome CRP that were determined to be particularly significant in this species (5, 6).

CRP has also been identified in the large African snail Achatina fulica (ACRP) as a typical hemolymph component (7). The newly hatched male has a concentration of 1 mg/mL, the most active hermaphrodite has a concentration of 3-5 mg/mL, and the sedentary female has a concentration of 1.5-2.8 mg/mL, demonstrating a direct association between the protein and the active phase of the animal (8). Like other vertebrate CRP, ACRP also acts as a scavenger of chromatin fragments as evidenced by its binding to the polycation poly-L-arginine. It is interesting that ACRP was found to enhance rat platelet aggregation in vitro in the presence of ADP and Ca2+, suggesting a probable role of ACRP in the aggregation of amoebocytes during the formation of plugs in injured tissue.

The estimated molecular weight of ACRP is 400 kDa, with a high absorbance in the 200–230 nm range, and it was discovered to be made up of four subunits with respective molecular weights of 110, 90, 62, and 60 kDa (8). The metal binding protein metallothionein, whose level in the hemolymph of Achatina increases from the male to the hermaphrodite to the female, showing a pattern that is very different from that of the ACRP titer, has been observed in vertebrates. ACRP has a high molar ratio (five) of metal binding, demonstrating its ability to sequester heavy metals. It was determined that the high level of metallothionein compensates functionally for the low titer of ACRP since both metallothionein and ACRP can sequester inorganic mercury in the sedentary female (8).

CRP has been observed in animals other than humans, including the freshwater fish Channa punctatus (9) and the Nile tilapia Oreochromis niloticus (10). Based on amino acid sequence analysis and the number of subunits, the main structure of human and rabbit CRP has been identified. CRP has been categorized into the pentraxin family of proteins (11, 12). As a result, gene sequence analyses provide information about the structure–function relationship of Limulus CRP as well as strong evidence of the two species’ overall sequence similarity.

CRP is a cyclic oligomer found in different species that consists of nearly similar subunits with molecular weights of 20–30 kDa. Phosphocholine is bound by CRP in a Ca2+-dependent way. It has also been shown that CRP from different species exhibit immunological cross-reactivity (13). It has been demonstrated that CRP exhibits ligand-binding specificities dependent on structure. Further research on invertebrate CRP is necessary to understand the factors that led to this evolution of CRP, as it has been suggested (13) that changes in intra- and inter-chain disulfide bonds and the glycosylation status of CRP caused the different structure–function relationships in various species.

The physiological role of CRP has not been well studied, despite a large number of findings on its biological effects in model systems and in vitro. Mice with endogenous CRP levels that are low even after an inflammatory stimulus were reported to be protected against infections with Bacillus subtilis and Salmonella typhimurium by Achatina CRP (ACRP). In addition, it was noted that the bacteria’s growth curves demonstrated that ACRP has opposing effects on the two different types of bacteria, acting at a concentration of 50 μg/mL to be bacteriostatic against gram-negative salmonellae and bactericidal against gram-positive bacilli (14).

It has been established that the mechanism of action of ACRP was mediated by a loss of energy in the bacterial cells where ACRP inhibits the important carbohydrate metabolizing enzymes, disturbs the cellular redox potential homeostasis, reduces glutathione status, and is associated with a significantly increased rate of lipid peroxidation (14). By activating poly (ADP-ribose) polymerase-1 and caspase-3, ACRP may also cause the bacterial cells to die in a manner similar to apoptosis. Therefore, the production of reactive oxygen species (ROS) and metabolic impairment that resulted in apoptosis were the causes of the bacterial cells’ demise (14). ACRP also works to reduce the load of environmental contaminants like lead (15). In this case, CRP was used to treat lead-treated mice and rats and reverse the hepatotoxicity (15).

Achatina fulica has attained widespread distribution and is currently regarded as one of the most successful evolutionary creatures. Researchers have been working to understand their intricate immune system over the past few decades in order to collect useful chemicals to treat human diseases. It has been shown that Achatina has crucial immunological components such the coagulation system, innate immune molecules, bioactive proteins, and CRP (16). The evolutionary importance of Achatina having strong innate immune defences and infection-fighting abilities has also been noted (17).





Functional multiplicity of CRP

CRP is a versatile protein that has been known about since 1982 (18). It has long been known that vertebrates produce CRP as an acute phase protein (APP). CRP is a constitutively active protein in the hemolymph of the invertebrate phyla Arthropoda, Echinodermata, and Mollusca, whereas in the serum of vertebrates the concentration of CRP increases significantly following bacterial infections or other triggers such environmental toxins (19).





Fish CRP

Five genes encoding similar molecules to CRP/serum amyloid-P component (SAP) were found when the entire genome of the Atlantic salmon (Salmo salar) was analyzed (20). It is interesting to note that these genes were divided into Group I (CRP/SAP-1a, CRP/SAP-1b, CRP/SAP-1c, and CRP/SAP-2) and Group II (CRP/SAP-3). The first group, known as the universal group, is found in all vertebrates, whereas the second group is unique to fish and amphibians. CRP/SAP-1a were found to be elevated by the cytokines interleukin (IL)- and interferon (IFN) in head kidney cells; however, the other four CRP/SAP were resistant, according to gene expression analyses (20). Serrum amyloid-A5 (SAA-5) was the main APP in salmon, whose expression was solely induced by Aeromonas salmonicida in Atlantic salmon. This finding illustrates the potential functional distinction between salmon CRP/SAP and its mammalian homologues.

Nile tilapia’s CRP gene has also been discovered (10). The data clearly demonstrate that CRP in Nile tilapia is a robust and active participant in the anti-bacterial immune response beginning with the agglutination of bacteria as well as the regulation of phagocytosis and inflammation. Tilapia CRP also plays a function during bacterial infection. Future research in this area will shed light on the defences the fish CRP employs against bacterial invasion.





CRP in mammals

Under metal stress, the rabbit experiences a number of alterations, including the occurrence of CRP in the blood and a notable decrease in the serum titers of albumin and acetylcholinesterase (19). Marine mammals have also been linked to APP (21). The serum of manatees was used in immunological cross-reactivity experiments using SAA, haptoglobin, 1-acid glycoprotein, and CRP, and it was discovered that CRP was not a significant APP in this species (21). According to reports, SAA has this species’ best diagnostic sensitivity for inflammatory illness (21). In stressed and injured manatees, SAA has been discovered to be an important prognostic marker (22). Additionally, specific CRP assays have been developed for use with serum samples from harbor seals suffering from inflammation-related illnesses such as pneumonia (23).

Several species of filarial worms are responsible for canine filariasis (24). The filaria lifecycle is primarily responsible for the pathophysiological response to infection. Many animal diseases, including filariasis in dogs afflicted with Dirofilaria immitis, Brugia pahangi, or both parasites, are diagnosed using serum protein profiles and CRP levels. Dogs with D. immitis or B. pahangi infections had average CRP levels of 69.9 mg/L and 12.9 mg/L, respectively. In contrast to B. pahangi-infected dogs, those with D. immitis infections had abnormally high CRP concentrations (24).





Human CRP

Abdominal aortic aneurysm (AAA) and the CRP polymorphism rs3091244 are related. According to reports, AAA involves an inflammatory process whose modulation is under the control of CRP (25). In a case–control study with two distinct populations of AAA patients, it was found that the rare T and A alleles were significantly associated with AAA presence in both populations and correlated with higher CRP levels and AAA diameter. This conclusion was drawn from the frequency of the functional triallelic (C, T, and A alleles) rs3091244 polymorphism.

The existing global data allow for the conclusion that atherosclerosis is the primary pathophysiologic contributor to cardiovascular disease, which is the major cause of morbidity and mortality in the adult population (26). The involvement of CRP in atherosclerosis is highlighted (26) because it is a fundamental aspect of chronic inflammation, is highly resistant to proteolysis, and is primarily synthesized in the liver in response to proinflammatory cytokines like IL-6, IL-1β, and tumor necrosis factor (TNF). In addition to causing apoptosis, vascular cell activation, monocyte recruitment, lipid buildup, and thrombosis, CRP also directly stimulates the complement system (26). It is interesting to note that in peripheral tissue and atheromatous plaques, where each form exhibits distinct affinities for ligands and receptors and exerts different effects in the progression of atherosclerosis, CRP dissociates from its native pentameric form into a monomeric form, and it was determined that CRP is a reliable criterion for the assessment of cardiovascular risk (26).

In one investigation, New Zealand white rabbits were used to assess how immunization affects APP (27). Plasma CRP levels changed after receiving several experimental vaccinations (27). When rabbits were treated with vaccines containing novel adjuvants that activate Toll-like receptors, it was observed that the incidence and intensity of responses associated with the acute phase response (APR), both positive and negative APP, increased. The notable changes in the plasma levels of CRP served as a foundation for the proposal of a classification scheme of high, medium, low, and none. According to the study’s findings, the alterations in plasma proteins show that systemic inflammation is becoming more severe and is associated with significant clinical adverse effects in addition to reflecting an activation of the APR (27).

Erythrocyte sedimentation rate and CRP were measured in patients with hepato-splenomegaly, high blood pressure, diabetic mellitus with polyneuropathy, oral cavity infection, and other conditions of unknown etiology (28). The erythrocyte sedimentation rate was shown to be less sensitive and accurate in reflecting the APR than the CRP (28). With detection limits of less than 0.3 mg/L and a stronger risk prediction than LDL cholesterol, CRP levels were very high in arthritis and were thought to be positively associated with the risk of future coronary events like coronary artery, cerebrovascular, and peripheral arterial diseases (28). Nevertheless, in such cases, the use of CRP assay is advised.

In patients with hyperleptinemia, the interaction of CRP with the leptin receptor has also been documented (29). Ironically, leptin insufficiency is the root cause of morbid obesity, and people with this condition have elevated leptin levels. CRP is crucial in this medical condition for binding to leptin. The study of blood levels of CRP, leptin, and soluble leptin receptor following a solid phase binding test and the co-immunoprecipitation of CRP and soluble leptin receptor from human plasma with elevated levels of CRP were used to validate the interaction of CRP (29).

CRP is known to be largely produced by hepatocytes and can increase by a factor of 1,000 at infection sites. The native form of CRP is a homopentameric protein that permanently splits into five monomeric forms of CRP. However, smooth muscle cells, macrophages, endothelial cells, lymphocytes, and adipocytes are also capable of producing CRP. The CRP levels may also be impacted by estrogen used in hormone replacement therapy (30).

CRP can be found in two different states—native pentameric and monomeric—and these two forms can attach to various receptors or lipid rafts to take on various functional characteristics. While some studies have shown that CRP is also linked to chronic inflammation, it is recognized as a biomarker of acute inflammation. This indicates the clinical importance of CRP in chronic inflammatory and neurodegenerative diseases, including the role of CRP and its forms specifically in the pathogenesis of these diseases, including cardiovascular disease, type 2 diabetes mellitus, age-related macular degeneration, hemorrhagic stroke, Alzheimer’s disease, and Parkinson’s disease. These developments need to be translated into reliable methods for the diagnosis and treatment of inflammatory diseases (31).

It is commonly acknowledged that CRP has both pro- and anti-inflammatory characteristics. By binding to phosphocholine, phospholipids, histone, chromatin, and fibronectin, CRP plays a significant role in the identification and removal of pathogens as well as injured cells. It has been found to speed up the elimination of cellular debris, injured or apoptotic cells, and foreign pathogens by activating the traditional complement system and the phagocytic cells via Fc receptors (32). As seen in idiopathic thrombocytopenic purpura (32), this turns pathogenic if activated by autoantibodies with the phosphocholine arm that cause auto-immune processes. The indirect test of ESR for inflammation, on the other hand, has revealed that CRP cannot distinguish between bacterial and non-bacterial illnesses, and that CRP levels rise quickly at the start of an inflammatory stimulus and fall when it is removed (33–35). Elevated CRP levels are persistent in conditions like chronic inflammation or rheumatoid arthritis. Such elevated CRP levels have been observed in both acute and chronic diseases, with either infectious or non-infectious etiologies. However, noticeably increased levels of CRP are frequently connected to pathogen- or infection-related molecular pattern recognition (36). CRP levels increase with trauma (an alarm reaction), but these elevations have also been linked to a variety of conditions, from sleep disorders to periodontal disease. It can be challenging to draw any conclusions regarding the importance of a high CRP level as a prognostic marker for cardiovascular disease because chronic diseases such inflammatory arthritis or SLE can result in chronically elevated CRP (32). As a result, it was suggested that CRP levels above 50 mg/dL are typically caused by a high rate of bacterial infection and have been used as a prognostic indicator for both acute and chronic cases of hepatitis C, dengue fever, and malaria (37–39).





Concluding remarks

Animals have two different types of response proteins: heat shock proteins and APP. The end result of a long-ago stress reaction to many sorts of stress-inducing environmental stressors are heat shock proteins. It has been noted that biodiversity stress responses are brought on by changing conditions and are significantly associated to the local biotic and abiotic components (40). Furthermore, it is an inducible response at a level probably determined during their development in a temperature-labile environment (41). The tolerance range of environmental temperature, on the other hand, reveals the resistance to climate change (42). Contrarily, a general systemic response is elicited in response to acute circumstances of inflammation brought on by primarily bacterial exposure, and specific proteins are categorized under acute phase proteins, where they are distinguished as CRP brought on by tissue damage (43). Since air-breathing animals, both invertebrates and vertebrates, have retained the imprint of heat shock response proteins during their history, it may be inferred that the evolution of CRP is controlled by epigenetic responses acquired during that time.

In general, all animals respond to all types of wounds and stress to keep the body’s homeostasis system in place. This equilibrium is either achieved by specific or by non-specific mechanisms, such as leukocytosis as well as cytological and cytokine reactions. These reactions—the APR—lead to an alteration in the serum concentration of acute phase proteins. It has recently been proven that such assessments of the serum concentration of these acute phase proteins aid in determining the health condition of animals and disease prognosis. Since the APR is a dynamic process, when the triggering element is absent, the serum concentration of the APRs recovers to the basal level. Additionally, the APRs cause metabolic changes and send out early, non-specific signals of defence against an insult before specific immunity is developed. Therefore, there is great potential for CRP to be used in contemporary veterinary practise for illness diagnosis and health status evaluation in animals (44).

Recent research has shown that major depressive disorder in humans negatively affects the mental health of 264 million people worldwide (45). Although the risk has not been tied to polygenic CRP, blood CRP level has been found to be strongly associated with a history of mental disorders (46). Studies have also shown that polymorphisms in the CRP gene might have directly altered production of CRP in the liver in these patients (47). There is evidence that people with major depressive disorder have higher levels of CRP and other proinflammatory biomarkers.

Researchers have discovered a novel function for CRP, eloquently demonstrating the evolutionary significance of this old molecule. CRP initially manifested in invertebrates as constitutively produced proteins without pro- or anti-inflammatory characteristics. The intricate roles of CRP have gradually come into focus in higher evolutionary lineages, culminating in humans.

CRP is structurally a pentameric molecule composed of identical monomers. There are three types of CRP: monomeric CRP (mCRP), non-native pentameric CRP, and native pentameric CRP (native CRP). For host defence, both native and non-native CRP perform ligand-recognition tasks. Any pentameric CRP will dissociate into ligand-bound mCRP after binding to a ligand. If ligand-bound mCRP possesses the same proinflammatory properties as free mCRP, which have been demonstrated in vitro, then both mCRP and the associated ligand must be eliminated from the site of inflammation. Pentameric CRP decreases the production of foam cells and the proinflammatory effects of atherogenic low-density lipoprotein (LDL) once it has been linked to atherogenic LDL. In a mouse model of atherosclerosis, it has been discovered that a CRP mutant, also known as non-native CRP, is atheroprotective. A medication that can only decrease cholesterol levels and not CRP levels, unlike statins, should thus be created. It is plausible that non-native CRP might be protective against all inflammatory conditions in which host proteins turn pathogenic because non-native CRP has been demonstrated to bind to all types of defective proteins in general. It would be preferable to use a small-molecule drug to target CRP with the aim of changing the conformation of endogenous native CRP rather than recombinant non-native CRP as a biologic to treat diseases brought on by pathogenic proteins like oxidized LDL if research using transgenic mice demonstrates that non-native CRP is advantageous for the host (48).

CRP is generated by the liver when there is inflammation, and atherosclerosis is an inflammatory cardiovascular disease. A putative function for CRP in atherosclerosis is suggested by the co-localization of CRP and low-density lipoproteins (LDL) at atherosclerotic lesions. If the phosphocholine groups in LDL are not accessible, CRP does not interact with LDL; it only interacts with molecules containing phosphocholine. However, if CRP’s natural conformation is changed, it can attach to LDL without exposing phosphocholine groups. Site-directed mutagenesis produced the CRP mutant F66A/T76Y/E81A, which does not bind to phosphocholine. It was shown that this mutant CRP could attach to atherogenic LDL without undergoing any further conformational changes. A CRP mutant can bind to atherogenic LDL, is reported to have atheroprotective role in a murine model of atherosclerosis. Mice given mutant CRP treatment for 9 weeks had atherosclerotic lesions in their aortas that were 40% smaller in size than lesions in untreated mice’s aortas. Thus, mutant CRP gave protection against atherosclerosis, demonstrating that a structural change brought on by local inflammation in wild-type CRP is necessary for CRP to limit the growth of atherosclerosis (49).

In the acute phase of the reaction, CRP levels in the serum significantly rise. Maximum CRP expression is seen in cells treated with both IL-6 and IL-1 in human hepatoma Hep3B cells. A synergistic interaction between IL-1 and IL-6 causes transcription of the CRP gene to be induced. Four consensus signal transducer and activator of transcription (STAT3)-binding sites located at positions 72, 108, 134, and 164 on the CRP promoter regulates the function  of IL-6-activated transcription factor STAT3. Prior research has demonstrated that STAT3 binds to the location at 108 and activates CRP expression. Additionally, STAT3 bound to the other three sites, and several STAT3-containing complexes developed at each site, indicating the inclusion of other transcription factors and STAT3 isoforms in the complexes. Although the synergy between IL-6 and IL-1 was unaffected by the mutations, CRP expression was lowered in response to IL-6 and IL-1 treatment when the STAT3 sites at positions 108, 134, or 164 were altered. Mutagenesis was unable to be used to study the STAT3 location at position 72. In Hep3B cells, IL-6 activated two STAT3 isoforms. The isoforms of STAT3 are STAT3α and STAT3β, where the former has both DNA-binding domain and a transactivation domain whereas the latter contains only the DNA-binding domain (50).

In hepatocytes, the promoter of human CRP lies 37.7 kb upstream of a constitutively active enhancer (E1). We demonstrate that E1 is enriched in STAT3- and C/EBP-binding sites and is required for the entire induction of human CRP during the acute phase utilizing chromatin immunoprecipitation, luciferase reporter assay, in situ genetic modification, CRISPRi, and CRISPRa. Furthermore, by examining the activities of E1-promoter hybrids and the related epigenetic alterations, we show that E1 coordinates with the promoter of CRP to control its variable expression across tissues and species. These findings thus point to an intriguing form of molecular evolution in which expression-changing mutations in distal regulatory elements start a process of functional selection that involves interaction between distal/proximal regulatory alterations and activity-changing coding mutations (51).

CRP is a pentraxin with characteristics like those of a pattern recognition receptor. The in vivo activities of CRP and its involvement in health and illness, although being widely utilized as a clinical measure of inflammation, remain largely unestablished. This is partially explained by the fact that the expression patterns of CRP in mice and rats are radically different from one another. This raises questions regarding whether these activities of CRP are crucial and preserved across species, as well as how these model animals should be treated to investigate the in vivo effects of human CRP. The enhanced model architecture will help define the pathophysiological functions of CRP and aid in the creation of fresh CRP-targeting tactics (52).

In conclusion, almost all phylogenetic representatives have shown over the past several decades that CRP has a variety of functions, and it continues to be an intriguing and perplexing protein for animal survival. Further research will shed light on CRP’s vital allies in the fight for survival of animals lacking an acquired immune response and will emphasize the protein’s flexibility in influencing several survival pathways.
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Soluble pattern recognition molecules (PRMs) are a heterogenous group of proteins that recognize pathogen- and danger-associated molecular patterns (PAMPs and DAMPs, respectively), and cooperate with cell-borne receptors in the orchestration of innate and adaptive immune responses to pathogenic insults and tissue damage. Amongst soluble PRMs, pentraxins are a family of highly conserved proteins with distinctive structural features. Originally identified in the early 1990s as an early inflammatory gene, PTX3 is the prototype of long pentraxins. Unlike the short pentraxin C reactive protein (CRP), whose expression is mostly confined to the liver, PTX3 is made by several immune and non-immune cells at sites of infection and inflammation, where it intercepts fundamental aspects of infection immunity, inflammation, and tissue remodeling. Of note, PTX3 cross talks to components of the complement system to control cancer-related inflammation and disposal of pathogens. Also, it is an essential component of inflammatory extracellular matrices (ECMs) through crosslinking of hyaluronic acid and turn-over of provisional fibrin networks that assemble at sites of tissue injury. This functional diversity is mediated by unique structural characteristics whose fine details have been unveiled only recently. Here, we revisit the structure/function relationships of this long pentraxin in light of the most recent advances in its structural biology, with a focus on the interplay with complement and the emerging roles as a component of the ECM. Differences to and similarities with the short pentraxins are highlighted and discussed.
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1 Introduction

The innate immune system is traditionally regarded as the first line of defense against invading pathogens (1). Cellular and molecular effector mechanisms of innate immunity are typically induced upon recognition of PAMPs (pathogen-associated molecular patterns, i.e. motifs shared by evolutionarily close microbial families that are often localized on the cell surface and are essential for fitness) by PRMs (cell-borne or soluble pattern recognition molecules that are expressed both by immune and non-immune cells and act as transducers of activation and modulation signals) (2). Fluid-phase PRMs are regarded as evolutionary ancestors of antibodies in that they exert immunoprotective and immunomodulatory effects by means of opsonic and neutralizing properties, promotion of phagocytosis and complement activation. In addition to their roles in pathogen recognition and disposal, PRMs are increasingly acknowledged as key players in tissue remodeling, whereby they recognize DAMPs (damage/danger-associated molecular patterns) and convey biochemical messages for removal of cellular debris and tissue regeneration (3).

Pentraxins are an evolutionarily conserved family of soluble PRMs that share a common sequence motif (i.e., the pentraxin signature His-x-Cys-x-Ser/Thr-Trp-x-Ser) and typical quaternary structures (4). This comprises short and long pentraxins, each with distinctive structural and functional characteristics. First identified in the ‘30s as an opsonin that recognizes the C-type polysaccharide of S. pneumoniae (5), C-reactive protein (CRP) is the prototypical short pentraxin with five identical protomer subunits assembled into symmetric disc-like pentamers stabilized by non-covalent interactions [Figure 1A and (15)]. A similar structural organization is found in serum amyloid P component (SAP) (16), another short pentraxin identified in the ‘70s that shares with CRP calcium-dependent recognition of several ligands (17). High levels of sequence and structural homology across short pentraxins from evolutionary distant species suggest that this PRMs play essential roles in innate immunity, even though their functions as opsonizing and complement-fixing molecules have probably become redundant, being overshadowed by other players of the immune system like immunoglobulins (18). Experimental evidence from gene-modified animals indicates that CRP exerts host protective functions in bacterial, especially pneumococcal, infections (19). Importantly, this protein is extensively used in the clinical practice as a non-specific systemic marker of inflammation (20). Serendipitously discovered in studies designed to evaluate the effects of CRP on lymphocytes (18), SAP has been recently acknowledged as an important player in the innate immune reaction to the opportunistic fungal pathogen A. fumigatus (21). Also, SAP is long-known as a an essential component of amyloid deposits (22). This property has been clinically exploited to develop SAP-based scintigraphy tracers for in vivo imaging of amyloid deposits (23, 24), and combination therapies to target these pathological fibrils in amyloidosis and Alzheimer’s disease (25, 26).




Figure 1 | Phylogenetic relationships across human pentraxins, 3D model of PTX3 and its interplay with complement and HA ECM. (A) Phylogenetic tree of the human PTX family of proteins. The tree was constructed using the Phylogeny.fr web server [http://www.phylogeny.fr/ and (6)], edited and annotated with the iTOL (interactive Tree Of Life) online tool [https://itol.embl.de/ and (7)]. The extent of genetic variation across members of the family (i.e., the average number of amino acid substitutions per site) is indicated by the branch lengths. These are drawn to scale and expressed as arbitrary unit (in red) with tree nodes represented by grey diamonds. The accession numbers used for the analysis are NP_000558.2 (CRP), NP_001630.1 (SAP), NP_002843.2 (PTX3), NP_001013680.1 (PTX4), NP_002513.2 (NPTX1), NP_002514.1 (NPTX2) and NP_055108.2 (NPTXR). Also, a 3D model of human CRP is shown [PDB-ID: 1GNH and (8)] that highlights the symmetric pentameric quaternary structure of this short pentraxin. (B) Orthogonal views of a high-resolution model of the C-terminal pentraxin domains of the human PTX3 based on Cryo-EM that show these domains to fold into octamers with D4 symmetry [PDB-ID: 7ZL1 and (9)]. (C) Schematic drawing of the PTX3 protein with the N-terminal regions (in yellow) forming two parallel tetrameric coiled coils at the opposite sides of the C-terminal core (in red) [based on (9)]. Hinge and intrinsically disordered regions (represented by black lines) bring flexibility to the structure. (D) We have reported that surface bound PTX3 forms a ternary complex with fH and C3b that acts as a “hot spot” for AP inhibition (10). Indeed, when bound to PTX3 and fH, C3b is no longer accessible to factor B (fB, which during AP activation is proteolytically processed to Ba and Bb, the latter being a component of the AP C3 convertase) and loses the ability to amplify the complement cascade (with further cleavage of C3 to C3a and C3b) and the associated inflammatory response (including production of the anaphylatoxin C3a). (E) PTX3 is an essential component of the HA-rich ECMs that transiently form in inflammatory and inflammatory-like conditions. Incorporation of PTX3 in these matrices requires synthesis of covalent adducts between HA and heavy chains (HCs) of the proteoglycan IαI (HC•HA), a reaction that is catalyzed by the hyaladherin TSG-6. PTX3 makes multiple, non-covalent interactions with the HC components of the HC•HA complex, and in this way cross-links HA. This mechanism has major implications in female fertility (11) and has been associated with the anti-inflammatory, -angiogenic and -scarring properties of the PTX3/HC•HA complex isolated from the human amniotic membrane (12). Also, through the HA receptor CD44, HA-embedded PTX3 has been recently reported to promote osteogenesis (13) and breast cancer growth, stemness and metastasis (14).



Cloned in the early ‘90s, PTX3 is considered the paradigm of long pentraxins (27). Additional members of this subfamily are pentraxin 4 [PTX4; (28)], neuronal pentraxins 1 (NPTX1 or NP1 (29);) and 2 [NPTX2, also called Narp or NP2; (30)], and the transmembrane protein neuronal pentraxin receptor [NPTXR (31)]; (see Figure 1A for an overview of the phylogenetic relationships across human pentraxins). Like all other long pentraxins, the PTX3 protomer contains a compact C-terminal domain with sequence homology to the short pentraxins and an elongated N-terminal region (32–34). Initial functional evidence on PTX3 dates to the early 2000s, when a non-redundant immunoprotective role against A. fumigatus was documented by Garlanda et al. (35). Since this original discovery, other functions have emerged for this long pentraxin, including a crucial role in female fertility (11) and extrinsic oncosuppressive effects (36). Here, we reconsider the functional landscape of PTX3 in relation to the protein’s structure, a high-resolution model of which have been recently published. Within this frame, we will discuss emerging vistas on the interplay between PTX3, complement and ECM.




2 Structural biology of PTX3

PTX3 is made at sites of infection and inflammation by several immune and non-immune cell types upon stimulation with inflammatory cytokines (i.e., interleukin-1β, IL-1β, and tumor necrosis factor-α, TNF-α), microbial moieties (i.e., lipopolysaccharide, LPS) and intact microorganisms (i.e., A. fumigatus) (27). This marks a profound difference to CRP, whose synthesis is mostly induced in the liver by interleukin 6 (IL-6) and acts as a systemic (rather than local) marker of inflammation (37). Cellular sources and gene regulation of PTX3 are extensively reviewed in (27, 38). In this chapter, we will focus on the protein’s structure that, as anticipated by our own work, and refined in recent biophysical studies, marks an additional deviation from short pentraxins.

In 2022 Noone et al. reported the first high-resolution 3D model of PTX3 (first of this kind for a long pentraxin, actually) based on a hybrid cryoelectron microscopy (Cryo-EM)/AlphaFold strategy (9). In this study a Cryo-EM 2.5-Å map of the C-terminal pentraxin domains was generated where these regions folded into a rather unique (compared to the short pentraxins) D4 symmetrical octamer. More precisely, the C-domains were found to form a dimer of tetramers, with each tetramer arranged into a planar ring stabilized by noncovalent interactions, and the two tetramers held together by disulfide bonds (Figure 1B). Despite a low level of sequence identity between the C-domain of PTX3 and CRP or SAP (∼28%), these proteins all share a high degree of structural similarity (9). Nonetheless, the short pentraxins fold into pentamers (rather than tetramers; see Figure 1A) owing to poor conservation of the inter-subunit interfaces. Also, the metal-binding site present in CRP, SAP (17) and the other long pentraxin NPTX1 (9) is replaced by a disulfide bridge (C317/C318) (33) and an N-glycosylation site (39), which perhaps explains why PTX3 recognizes most of its ligand in a Ca2+-independent fashion (27). In the Cryo-EM map two water molecules were found proximal to the His residue of the pentraxin motif, raising the possibility that this residue might establish H-bonds with bulk water and thus act as a sensor of the microenvironment’s pH (9) (an intriguing mechanism, given that acidic pH values have a fundamental impact on the function of PTX3 in the ECM (40); see below).

The cryo-EM map revealed α-helical motifs protruding out of the pentraxin core that were partially resolved. AlphaFold was then used to generate in silico predictions of the remaining N-terminal regions and a 3D model was generated that showed the N-domains to form two long tetrameric coiled coils at opposite sides of the C-terminal complex (Figure 1C). Each tetramer contains two hinge regions (encompassing inter-chain disulfide bonds), which brings to the protein a high degree of flexibility (9). The two N-domains have a symmetric arrangement [as opposed to the asymmetric model we proposed based on mid-/low-resolution data (34)] and terminate with an intrinsically disordered region (initial 28-30 amino acids), which collectively provides an extended range of motion and possibly the ability to adapt to diverse interaction interfaces.




3 Structure/function relationships

The structural complexity of the PTX3 protein perhaps explains the rather vast spectrum of interactions and functions of this pentraxin, which ranges from infection immunity to regulation of inflammation, tissue remodeling and cancer (summarized in Table 1).


Table 1 | Major interactions of PTX3 and their functional outcomes.



PTX3 acts as host protective soluble PRM towards a number of fungal, bacterial, and viral pathogens, including A. fumigatus (35, 46), S. pneumoniae (69), uropathogenic E. coli (49), influenza virus (44) and cytomegalovirus (45). Locally induced at sites of infection, PTX3 opsonizes cognate microorganisms upon engagement of selected PAMPs [e.g., outer membrane protein A, OmpA, of K. pneumoniae (47), outer membrane vesicles, OMV, and meningococcal antigens of N. meningitidis (48), nucleocapsid protein of SARS_COV_2 (41)] and promotes viral neutralization as well as fungal and bacterial phagocytosis and killing (by professional phagocytes, mostly neutrophils). The latter processes imply a tight interaction with complement components (discussed below) and Fcγ-receptors [reviewed in (70)].

Several studies point to PTX3 as a modulator of inflammation in sterile (in addition to infectious) settings. In this regard, PTX3 is known to interact with P-selectin in a glycosylation-dependent manner and dampen, via a negative feedback mechanism, the P-selectin-mediated extravasation of neutrophils to sites of tissue damage (50). Also, PTX3 participates in the clearance of apoptotic cells and debris (including histones) by modulating their uptake by dendritic cells (71) and acting as an “eat me” tag for late apoptotic neutrophils (72), in addition to regulating complement activation on dying cells (73). Moreover, it tames complement-dependent, tumor-promoting inflammation (36).

PTX3 is acknowledged as an important player in tissue remodeling and cancer. As for this, it is known to sequester FGF2 and FGF8 through its N-terminal region and inhibit their angiogenic and inflammatory activities in models of neovascularization and FGF-dependent tumorigenesis (51–55). Also, an interaction has been suggested for PTX3 with DC-SIGN (dendritic cell-specific intercellular adhesion molecule-3-grabbing nonintegrin) that might be relevant to leukocyte activation and differentiation to fibrocyte (74), which however requires experimental validation. Other than FGFs, other ligands have been proposed for PTX3 that are relevant to cancer biology, including components of the complement system and CD44 (see below) with however conflicting outcomes (see (75) for further discussion). Finally, PTX3 is known to intercept major mechanisms of fibrin- and HA-remodeling which will be discussed in a separate paragraph.



3.1 Crosstalk with the complement system

As “ante-antibodies”, pentraxins functionally cooperate with complement, de facto extending and modulating both recognition and effector phases of this system (76). The first complement ligand of CRP and SAP to be identified was C1q, whose interaction with these short pentraxins results into activation of the classical pathway (CP) (77, 78). Follow-up studies revealed that components of the lectin pathway (LP) too, with major regard to ficolins, form complexes with CRP and SAP that favor complement-mediated disposal of apoptotic cells and microbial pathogens (75). Importantly, both CP and LP cooperate with pentraxins through additive and synergistic effects that broaden the repertoire of PAMPs/DAMPs recognition and effector functions of the humoral innate immunity [reviewed in (79)]. Despite fundamental immunoprotective functions, over-activation of the complement system can be pathogenic. In this regard, short pentraxins have been proposed to play a dual role. For example, in myocardial infarction and ischemic stroke CRP binds DAMPs on injured cells and exacerbates complement-dependent tissue damage (80). On the other hand, short pentraxins have been involved in suppressive pathways that limit this process by recruiting complement inhibitors, like C4b-binding protein [C4BP, major soluble inhibitor of the CP and LP that is recognized by SAP (81)] and factor H [fH, primary fluid phase inhibitor of the alternative pathway, AP, that is bound by CRP (82)].

Like the short pentraxins, PTX3 tightly cross talks to the three pathways of complement with varying and context-dependent outcomes (83). For example, recognition units of the LP (i.e., mannose-binding-lectin, MBL, and ficolins) form with PTX3 hetero-complexes with LP amplifying activity towards fungal pathogens, like C. albicans (63) and A. fumigatus (64). However, the interaction of PTX3 with C1q (56) results into either activation (on surfaces) or inhibition (in solution) of the CP (57). Also, this long pentraxin is known to interact with complement inhibitors and restrain overactivation of this system. In this regard, PTX3 recruits C4BP to sites of tissue remodeling, including ECM and apoptotic cells, and inhibit activation of the CP/LP (62). More importantly, PTX3 is a ligand of members of the factor H family of proteins (i.e., fH, factor H-like protein 1, FHL-1, and factor H-related proteins 1 and 5, FHR-1 and -5) that collectively control the AP (58–61). This has implications in complement-driven cancer-related inflammation (36), opsonophagocytosis of A. fumigatus (46) and P. aeruginosa (84), atypical hemolytic uremic syndrome (aHUS) (60), and age-related macular degeneration (AMD) (85).

The retina is emerging as an important stage for the complement-modulating properties of PTX3. Indeed, this protein has been localized within and around the ECM of the outer blood-retinal barrier (oBRB), including the Bruch’s membrane (BrM), retinal pigment epithelium (RPE), and choriocapillaris, major sites of complement dysregulation in AMD (86). We recently reported that PTX3 forms a ternary complex with C3b (component of the AP C3 convertase) and fH on acellular surfaces (that mimic the BrM) and acts as a “molecular trap” for AP activation (10) (Figure 1D). Also, we documented that PTX3 interacts with FHL-1 (a truncated form of fH that comprises complement control proteins, CCPs, 1-7 and retains the ability to inhibit the AP), and this interaction is affected by the Y402H polymorphism (a major AMD-associated allele that maps in CCP7 and is thus present both in fH and FHL-1) (61). Given that FHL-1 is a primary inhibitor of the AP in the oBRB and displays Y402H-dependent binding to the BrM (87), we postulate that PTX3 exerts BrM (i.e., ECM) anchoring properties towards FHL-1 (in addition to fH) and these might compensate the pathological effects of the 402H allele (88). It is therefore conceived that this long pentraxin participates in the mechanisms of complement homeostasis in the eye whereby its multimeric and flexible structure allows at a time incorporation in the oBRB ECM and retention of complement inhibition. In this regard, it is worth reiterating here that ECM-embedded PTX3 exerts inhibitory (rather than activating) functions towards the CP/LP via a specific interaction with C4BP (62).




3.2 Roles in the ECM

In a pivotal study by Doni et al, primary components of hemostasis were identified as high affinity ligands of PTX3, i.e. fibrinogen/fibrin (FG) and plasminogen (PG) (40). These recognize non-overlapping sites in the PTX3 N-terminal domain in a calcium- and glycosylation-independent manner, which allows formation of a tripartite PTX3/FG/PG complex with fibrinolytic activity (in the presence of plasminogen activators). In an analogy with the AP components C3b and fH (10), PTX3 acted as a molecular scaffold to favor the interaction of PG with FG and ensure timely degradation of the fibrin clot (40). Consistent with this view, this long pentraxin had remodeling activity in several models of tissue injury, including skin wound, liver and lung damage, and arterial thrombosis. This activity is distinctive of PTX3 and its N-terminal domain (the short pentraxins lacks recognition of FG and PG) and, more importantly, is pH-dependent, whereby an acidic environment sets the PRM PTX3 in a tissue repair mode (40).

Back in 2002, Varani et al. reported that PTX3 deficiency is associated with severe subfertility in female mice (89). In a follow up study, Salustri et al. demonstrated that this is due to instability of the hyaluronic acid (HA) matrix that forms around the oocyte and the surrounding cumulus cells (a multicellular assembly known as cumulus oophorous complex, COC) prior to ovulation and is necessary for fertilization in vivo (11). More importantly, these preclinical findings were corroborated by epidemiological data, whereby PTX3 polymorphisms have been associated with frequency of offspring (90) and dizygotic twinning (91) in sub-Saharan females. The mechanisms underlying the role of PTX3 in fertility are paradigmatic examples of the structure/function complexity of this protein. In fact, in the preovulatory period the COC-associated HA undergoes physical and chemical remodeling due to the action of inter-α-trypsin inhibitor (IαI), a serum proteoglycan composed of two heavy chains (HCs) that enters the follicle due to permeabilization of the blood/follicle barrier (92), and the HA-binding protein TSG-6 (93), which is locally expressed by follicular cells and catalyzes the covalent transfer of HCs onto HA to form HC•HA complexes (94). These HC•HA adducts act as scaffolds for incorporation of the PTX3 protein that is secreted by cumulus cells upon stimulation with oocytic factors and second messengers (89). Owing to its multimeric structure, PTX3 has multiple Mg2+-dependent binding sites (in the N-domain) for the HC components of HC•HA, and thus acts as a node in crosslinking HA, providing stability to the HA ECM (33, 65–67) (Figure 1E). Beside ovulation, these mechanisms might be relevant to pathology, including inflammatory and infectious diseases of the bone (95), joint (96) and lung (97), and are distinctive of PTX3, again due to lack of the N-terminal domain in CRP and SAP. Also, HA-embedded PTX3 has been recently proposed as a promoter of synaptogenesis in the developing central nervous system, where it forms a rheostat with astrocyte-derived thrombospondin 1 (TSP1) (68).

Not only incorporation of PTX3 into HA-rich ECMs has scaffolding implications, but it also appears to convey intracellular signals. In this regard, PTX3 is present in the HA-dependent pericellular matrix of MC3T3-E1 osteoblasts, where it promotes a self-sustained osteogenic program in inflammatory conditions through a functional axis comprising HA, CD44 (major cellular receptor for HA) and the activated focal adhesion kinase (FAK)/protein kinase B (AKT) signaling cascade (13). On the same line, HA/HCs/PTX3 complexes isolated from the human amniotic membrane suppresses inflammation, angiogenesis and scarring in preclinical models of corneal and retinal pathology (12). Also, in a recent report by Hsiao et al, a direct interaction has been documented between CD44 and PTX3 that activates ERK1/2, AKT and NF‐κB pathways and contributes to metastasis/invasion and stemness of a triple‐negative breast cancer cell line (14) (see Figure 1D). It is not clear whether embedding into the HA pericellular matrix is required for PTX3 to recognize CD44, however, given that the CD44-binding interface is in the C-terminal domain (14), it is conceivable that, when incorporated into HA-ECMs [through its N-terminal region (66)], PTX3 retains binding to CD44 while modulating (e.g., via HA-crosslinking) its interaction with HA. This might have implications in leukocyte adhesion and activation (98), in addition to cancer metastasis and stemness (99).





4 Conclusion and perspectives

PTX3 has been implicated in various pathological conditions, including infections (100), cardiovascular diseases (101), bone disorders (95) and cancer (36, 102), where it has potential as a diagnostic and/or prognostic marker and therapeutic target. Importantly, the plasmatic levels of this pentraxin have been consistently associated with disease’s severity and outcome in sepsis and septic shock, tuberculosis, dengue and meningitis [reviewed in (100)], and, more recently, COVID-19 (42, 43). Also, polymorphisms in the PTX3 gene have been associated with the protein’s levels in the plasma and the risk of developing selected opportunistic fungal and bacterial infections [reviewed in (27)]. In this respect, the rs2305619, rs3816527 and rs1840680 single nucleotide polymorphisms (SNPs) form a common haplotypic block where the second SNP causes an amino acid substitution (Asp to Ala) at position 48 in the N-terminal domain. This polymorphism does not alter the protein structure substantially (56), neither does it affect the interaction of PTX3 with C1q (56) and A. fumigatus (103), however it is at present unknown whether it has any impact on the recognition of other ligands, with major regard to the complement proteins fH and C3b, and the incorporation of PTX3 in HA- and/or fibrin-rich ECMs.

CRP is widely used as a clinical biomarker to assess inflammation and predict the risk of cardiovascular diseases (104). Comparative analysis of the structure/function relationships of short and long pentraxins offers unprecedented opportunities to understand the roles of these PRMs in the immune response and their implications in the pathogenesis of several diseases. Recent insights into the structure of PTX3 (the first long pentraxin to be unraveled in such detail) have shed light on its unique architecture and pinpointed the molecular determinants of its immune-modulatory functions (9). In this regard, multi-domain composition of the protomer subunits, glycosylation and quaternary organization collectively contribute to the diverse ligand recognition and interaction capabilities of this long pentraxin. Here we highlighted emerging aspects of the PTX3 biology that intercept fundamental processes of inflammation and tissue remodeling and have translational value in clinical settings that are characterized by dysregulation of complement activation and ECM turnover.
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Serum CRP interacts with SPARC and regulate immune response in severe cases of COVID-19 infection
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Serum C-reactive protein (CRP) has been found elevated during COVID-19 infection, and associated with systematic inflammation as well as a poor clinical outcome. However, how did CRP participated in the COVID-19 pathogenesis remains poorly understood. Here, we report that serum C-reactive protein (CRP) levels are correlated with megakaryocyte marker genes and could regulate immune response through interaction with megakaryocytes. Molecular dynamics simulation through ColabFold showed a reliable interaction between monomeric form of CRP (mCRP) and the secreted protein acidic and rich in cysteine (SPARC). The interaction does not affect the physiological activities of SPARC while would be disturbed by pentamerization of CRP. Interplay between SPARC and mCRP results in a more intense immune response which may led to poor prognosis. This study highlights the complex interplay between inflammatory markers, megakaryocytes, and immune regulation in COVID-19 and sheds light on potential therapeutic targets.
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Introduction

One crucial feature of COVID-19 infection is the upregulation of serum C-reactive protein (CRP) level, an acute-phase protein usually considered as a sensitive index of tissue injury. CRP is classically synthesized in the liver hepatocytes upon interleukin-6 (IL-6) induction, consisting of five non-covalently linked subunits forming a disc-shaped pentamer (pCRP) and released to plasma circulating in pentameric form (1). At the inflammation and infection sites, CRP interacts with the bioactive lipids on the cell membrane of activated platelet or target cells and dissociates into monomeric subunits called mCRP. Retrospective studies show that both the native pCRP and mCRP have predictive value of clinical severity in COVID-19 disease (2, 3).

Mechanically speaking, CRP participates in innate immunity through interaction with C1q and consequent activation of the complement pathway or binding to Fc receptors with the resulting release of pro-inflammatory cytokines (4). Previous clinical evidence suggests that CRP is elevated in bacterial rather than viral infections and usually lacks adaptive immunity. The high serum CRP levels during COVID-19 infection are associated with cytokine response storm (hypercytokinemia) or macrophage activation syndrome (2). Nevertheless, the impact of C-reactive protein (CRP) on the progression of COVID-19-associated pneumonia remains to be elucidated. Here, using open-access databases and clinical retrospective studies, we proposed a model of how CRP regulates immune responses in COVID-19 infection.





Methods




Collection of CRP-associated genes in COVID 19 patients

We selected whole blood RNA-seq datasets of COVID-19 patients from the Gene Expression Omnibus (GEO) database (https://www.ncbi.nlm.nih.gov/geo/) for discovery and validation of CRP-associated transcripts. Dataset (GSE157103) were used for discovery research (5). By performing Pearson correlation analysis, we obtained five transcripts that was positively correlated with serum CRP level. Dataset GSE172114, GSE167930 were used for verification (6, 7). Dataset GSE158055 were used for single-cell level analysis, http://covid19.cancer-pku.cn (8). This study was reviewed by the Ethics Committee of Peking University Third Hospital (IRB00006761-M2020060).





Protein–protein interaction analysis and network construction

We constructed a PPI network using common transcriptes and employed STRING (9), setting a minimum required interaction score of 0.4, while keeping other parameters at their default values. Subsequently, we analyzed and visualized the PPI results using Cytoscape (version 3.10.0) (10). To identify key proteins within the network, we utilized cytoHubba, a Cytoscape plug-in, and applied the degree topological algorithm to obtain the five hub proteins with the highest degree values.





Molecular dynamics (MD) simulation analysis

The three-dimensional protein complex structure of mCRP interacting with SPARC was predicted using AlphaFold2 (11) as implemented in ColabFold (12) running locally in the alphafold2_multimer_v3 model. The Amber-relaxed, top-ranked AlphaFold2 structure was used for MD simulation. The CHARMM-GUI website is used to process the protein file, and 150 mM NaCl was added to mimic physiological conditions. Prepared systems were first minimized using 5000 steps of a steepest descent algorithm. Next, 125 ps was used to equilibrate the system at 310 K, and a 300 ns MD simulation was conducted at a constant temperature of 310 K using the Gromacs 2023 software package. VMD was used to process and analyze the protein structure. The interface was analyzed by PISA available at https://www.ebi.ac.uk/pdbe/pisa/ and the results were displayed using Pymol (The PyMOL Molecular Graphics System, Version 2.0 Schrödinger, LLC).





Gene ontology and pathway enrichment analyses

In order to gain insights into the functional characteristics of CRP-associated megakaryocyte marker genes, a set of enrichment analyses was performed using R package Enrichr (13). This approach aimed to provide detailed information on the biological mechanisms and signaling pathways associated with these genes. The enrichment analyses encompassed gene ontology (GO) terms, including biological process, molecular function, and cellular component categories. Additionally, to achieve a more comprehensive understanding of the relevant signaling pathways, other databases such as WikiPathways, Reactome, BioCarta, and the KEGG pathway were also employed in the analysis.






Results




Serum CRP level is highly correlated with megakaryocyte marker genes during COVID-19 infection

The serum C-reactive protein (CRP) level has been identified as a marker correlating with the severity of COVID-19 infection. Higher CRP levels often indicate a more pronounced inflammatory response, leading to widespread inflammation in the body, causing tissue damage, organ dysfunction, and poorer clinical outcomes (14). Clinical studies of COVID-19 patients were integrated, and the expression trend of serum CRP during the disease process was depicted (Figures 1A, B). Collectively, patients bearing COVID-19 infection exhibited significantly higher levels of serum CRP (>100mg/ml) compared to either the healthy ones or non-COVID patients with respiratory infection. Furthermore, patients with severe COVID-19 infection, often with critical pneumonia and systemic symptoms, showed high CRP levels, probably due to inflammatory factor storm. This gradual upward trend aroused our curiosity about whether CRP contributed to the disease progression and, if so, how CRP worked.




Figure 1 | Serum CRP level and its related transcripts during Covid-19 infection. (A) (A) Serum CRP level (ng/ml) in Covid-19 patients collected from Peking university third hospital. Two tailed unpaired t-test was performed, p=0.0362. *: p<0.05. (B) Serum CRP level (ng/ml) in GSE157103 dataset; (C) Pearson correlation analysis of CRP-associated transcripts in GSE157103 dataset; (D–H) Single-cell analysis of CRP-associated transcripts in major blood celltypes.



Open-access RNA-seq databases of COVID-19 patients were mined to illustrate the specific interactions and mechanisms by which CRP contributed to COVID-19 infection (5). Pearson correlation analysis identified a group of 6 transcripts that were significantly positively associated with serum CRP level (Figure 1C). Of these transcripts, ITGB3 was one of the vital predictive genes of COVID-19-related stroke as involved in integrin pathway signal transduction (15). PRKAR2B was a cAMP-MAPK kinase, which may bind to the NSP13 protein of SARS-COV-2 (16). SAP30 was a subunit of the histone deacetylase complex, which regulates gene acetylation modification levels and gene expression by binding to the HDAC complex (17). ABLIM3 was a microfilament-binding protein localized to microfilament stress fibers. MACIR was a macrophage immunometabolism regulator that only showed up in one RNA-seq database. SPARC was a glycoprotein that regulated the extracellular matrix and had been reported to be a metabolic, immune checkpoint for inflammation and interferon responses, participating in the TGF-beta/TNF signaling pathway and converting anti-inflammatory macrophages into pro-inflammatory macrophages (18). The latter three had never appeared in COVID-19-related research.

To verify whether and how these six transcripts were involved in COVID-19 infection along with CPR, single-cell RNA-sequencing databases were used to depict their cell-type specific expression. As shown in Figures 1D–H, most of these transcripts were mainly expressed by megakaryocytes (MK), while SAP30 was universally expressed in lymphoid and myeloid cells. As the precursors of platelets, MKs undergo a complex process of maturation and fragmentation to produce platelets. Megakaryocytes controlled the proliferation of hematopoietic cells, promoted the excretion of neutrophils from the bone marrow, and were not typically associated with acute inflammatory disease. In COVID-19 patients, abnormalities in blood parameters such as lymphopenia (reduced lymphocyte count) and thrombocytopenia (reduced platelet count) have been observed. Several lines of evidence suggested that MKs were significantly accumulated in progression/severe COVID-19 as a feature of the systemic inflammatory response, with SPARC being the marker gene (19, 20). However, whether and how CRP contributed to this process remains unclear, and it is essential to elucidate the direct correlation between CRP and MKs.





SPARC interacts with mCRP through its Kazal-like domain

Whether serum CRP interacted with the megakaryocytes’ signature genes was the first thing to be investigated. Since ABLIM3 and PRKAR2B were mainly expressed in the cytoplasm, we focused on the membrane protein ITGB3 and secreted protein SPARC. Furthermore, previous studies had suggested SPARC as a marker gene of MKs during cell type identification of scRNA-seq data (21, 22). Herein, ColabFold and molecular dynamics simulation were utilized to investigate SPARC-CRP interaction. Alphafold2 showed that mCRP exhibited a reliable interaction with SPARC (Figure 2A). Three clusters of intermolecular interactions were formed, as shown in Figures 2B–E, including five hydrogen bonds and three salt bridges. The distance between interacting residues was around 2-3 Å. The entire model stabilizes during 300ns in molecular dynamics (Figure 2E).




Figure 2 | SPARC interacts with mCRP through its Kazal-like domain. (A) Molecular dynamics stimulation of mCRP-SPARC interaction models. green: mCRP; blue: SPARC. (B–D) Details of the interacting residues forming salt bridges and hydrogen bonds; (E) Root mean square deviation (RMSD) of mCRP-SPARC with respect to the initial structure during a 300 ns simulation.



As a secreted protein, SPARC has been reported to share interaction with multiple receptors and cell surface matrix-associated molecules, like CPS1 and COL1A1 (23, 24). However, previous studies could have illustrated the exact amino acids responsible for these interactions. SPARC has a unique structure composed of an N-terminal acidic domain, a follistatin-like domain, a Kazal-like domain, and a C-terminal extracellular calcium-binding (ECB) domain (25). Through molecular dynamics, we could predict residues involved in interaction with mCRP. As shown in Table 1, most centered around the Kazal-like domain of SPARC, and the other two residues were in the ECB domain. Residues responsible for calcium binding (e.g., D222, P225, E227, Y229) and for collagen binding (e.g., N156, R164, E246) were not affected by SPARC-mCRP linking, suggesting that physiological functions of SPARC were not affected by this interaction (26, 27).


Table 1 | Intermolecular interactions between SPARC and CRP.



The whole interface of SPARC-mCRP linking involved 54 residues collectively (Table 2). Residues of mCRP were mainly located on the beta-sheets (aa92-106, aa136-153), the structure of which remained stable and uniform in comparison with other peptides of mCRP. Aa35-47 and aa199-206 sequence of mCRP were reported to encompass potent ligand binding ability due to its soft, disordered conformation (28). However, none of these sequences form interaction with SPARC. Residues of mCRP on the interface were not fully investigated previously. Furthermore, in the pentameric form, the interface of mCRP was partially buried, indicating that the pentamerization of CRP would affect its binding to SPARC. Since pCRP dissociates into mCRP to promote inflammation, we proposed that the SPARC-mCRP linking may further aggravate inflammation status in COVID-19 patients.


Table 2 | Interface summary.







SPARC-mCRP linking affects inflammation status through megakaryocytes

Previous studies have revealed that CRP could potentiate the IL-1-rich-microparticle production in megakaryocytes and further promote systemic inflammation (29, 30). Using SPARC as the primary classifier, patients were clustered into two groups (Figure 3A). The volcano plot showed that four transcripts were downregulated in SPARC-high vs low comparison, while 112 transcripts were upregulated. Gene Set Enrichment Analysis (GSEA) of the differentially expressed genes showed a more intense immune response in the SPARC-high group, characterized by overactivation of phagocytosis, adaptive immune response, B-cell activation, and complement activation pathways (Figures 3B, C). Notably, although the primary source of SPARC expression is megakaryocytes, no abnormalities in coagulation or platelet function were found.




Figure 3 | SPARC-mCRP link influence immune response in COVID-19 patients. (A) Volcano plot showing differentially expressed transcripts (DET), patients were clustered into two groups according to SPARC expression level, DET were identified through limma regression; (B) GSEA enrichment of DETs between clusters; (C) GSEA plot showing the most influenced pathway in SPARC-high vs low comparison; (D, E) Change of megakaryocytes proportion during different infection stages.



Accumulation of megakaryocytes in severe progression cases and depression in convalescence patients was observed (Figures 3D, E; Table 3). Previous research identified an expansion of circulating megakaryocytes and increased erythropoiesis with features of hypoxic signaling in critical patients. However, most of these studies concluded that the expansion of MK led to hypercoagulability and thrombophilia in patients. Few articles mentioned the impact of MK cells on immune status. Our research proposed the possibility of megakaryocytes influencing inflammation response during COVID-19 through the SPARC-mCRP link. Further studies will be needed to illustrate the detailed mechanism of how CRP drove the expansion of megakaryocytes and the role of megakaryocytes in Covid-19 progression.


Table 3 | GSEA analysis of SPARC-high vs low comparison.








Discussion

Our study aimed to investigate how CRP regulates the immune responses during COVID-19 infection. Using open-access databases and clinical retrospective studies, we noticed that serum CRP interacted with circulating megakaryocytes through SPARC and further regulated virus response and systematic inflammation in COVID-19 patients. We discovered a positive correlation between serum CRP levels and the proportion of circulating megakaryocytes.

The positive correlation between serum CRP levels and circulating megakaryocyte proportion suggests a potential link between inflammation and megakaryocyte biology. It is well-established that CRP is an acute-phase reactant produced by the liver in response to inflammation. Elevated CRP levels are commonly associated with increased inflammation in various pathological conditions. In our study, the positive correlation suggests that as inflammation increases, the proportion of circulating megakaryocytes also increases.

Furthermore, our investigation revealed a potential mechanism by which CRP interacts with secreted protein acidic and rich in cysteine (SPARC) expressed by megakaryocytes to regulate virus response and immune regulation. SPARC is a multifunctional matricellular protein involved in various cellular processes, including immune modulation and tissue remodeling. The interaction between CRP and SPARC may affect the immune response and viral clearance in COVID-19.

The observed correlation between CRP and megakaryocytes, along with the potential interaction with SPARC, suggests that megakaryocytes could play a role in the immune response to COVID-19. Megakaryocytes are known to produce platelets, which have recently been implicated in immune regulation beyond their traditional role in hemostasis. The interaction between CRP and SPARC expressed by megakaryocytes may modulate the immune response and contribute to regulating viral clearance and inflammation in COVID-19 patients.

These findings highlight the complex interplay between inflammatory markers, megakaryocytes, and immune regulation in COVID-19. Understanding the mechanisms underlying the positive correlation between CRP and megakaryocytes, as well as the role of the CRP-SPARC interaction, could provide valuable insights into the pathogenesis of COVID-19 and potentially identify novel therapeutic targets.

It is essential to acknowledge the limitations of our study. Although we found a positive correlation between serum CRP levels and circulating megakaryocyte proportion, further investigations are needed to establish a causal relationship and elucidate the underlying mechanisms. Additionally, the generalizability of our findings may be influenced by factors such as patient population, disease severity, and comorbidities.





Conclusion

Our study reveals a positive correlation between serum CRP levels and circulating megakaryocyte proportion, suggesting an interaction between CRP and megakaryocytes in COVID-19. Furthermore, the CRP-SPARC interaction may affect virus response and immune regulation. These findings contribute to understanding the intricate relationship between inflammation, megakaryocytes, and the immune response in COVID-19, offering potential avenues for further research and therapeutic interventions.
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The biosynthesis of C-reactive protein (CRP) in the liver is increased in inflammatory diseases including rheumatoid arthritis. Previously published data suggest a protective function of CRP in arthritis; however, the mechanism of action of CRP remains undefined. The aim of this study was to evaluate the effects of human CRP on the development of collagen-induced arthritis (CIA) in mice which is an animal model of autoimmune inflammatory arthritis. Two CRP species were employed: wild-type CRP which binds to aggregated IgG at acidic pH and a CRP mutant which binds to aggregated IgG at physiological pH. Ten CRP injections were given on alternate days during the development of CIA. Both wild-type and mutant CRP reduced the incidence of CIA, that is, reduced the number of mice developing CIA; however, CRP did not affect the severity of the disease in arthritic mice. The serum levels of IL-17, IL-6, TNF-α, IL-10, IL-2 and IL-1β were measured: both wild-type and mutant CRP decreased the level of IL-17 and IL-6 but not of TNF-α, IL-10, IL-2 and IL-1β. These data suggest that CRP recognizes and binds to immune complexes, although it was not clear whether CRP functioned in its native pentameric or in its structurally altered pentameric form in the CIA model. Consequently, ligand-complexed CRP, through an as-yet undefined mechanism, directly or indirectly, inhibits the production of IL-17 and eventually protects against the initiation of the development of arthritis. The data also suggest that IL-17, not TNF-α, is critical for the development of autoimmune inflammatory arthritis.
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Introduction

C-reactive protein (CRP) circulates in the blood and is deposited at sites of inflammation (1). CRP is composed of five identical subunits arranged in a cyclic pentameric symmetry and whose production and secretion by hepatocytes are increased in inflammatory states (2–4). CRP is a dual pattern recognition molecule; however, which pattern is recognized by CRP depends upon its pentameric structural conformation (5). In the plasma and elsewhere where CRP is present in its native conformation, CRP binds to phosphocholine (PCh)-containing substances and subsequently activates the classical pathway of complement (6–9). It has been suggested that the native pentameric conformation of CRP is subtly altered at sites of inflammation where an inflammatory milieu of acidic pH and redox condition is present (10–13). Such non-native pentameric CRP recognizes an additional pattern and that is amyloid-like structures exposed on immobilized proteins (5). Other mechanisms for the alteration of the native conformation of CRP have also been reported (14, 15). It has also been shown that the combination of the two recognition functions of CRP in two different pentameric conformations contributes to the protection against diseases caused by the deposition of otherwise fluid-phase proteins, such as pneumococcal infection (16, 17). Additionally, it has been hypothesized that the pathogen-defense functions of CRP are preserved even when the PCh-binding site of CRP is blocked by a PCh-mimicking compound (18). Non-native pentameric CRP may eventually lead to the generation of CRP monomers (mCRP) which shares the immobilized protein ligand-binding properties and antigenic epitopes of non-native pentameric CRP (1, 10, 19–22). The PCh-binding activity, however, is either retained, decreased or abolished in mCRP depending upon the method of generation of mCRP (23–25).

The changes in the structure of native pentameric CRP caused by acidic pH are reversible at physiological pH (10). Therefore, acidic pH-modified CRP cannot be administered into animal models of human diseases to explore the functions of non-native pentameric CRP in vivo. Accordingly, CRP mutants created by site-directed mutagenesis and which mimic the ligand-binding properties of acidic pH-modified native CRP have been employed in in vivo experiments (16, 17). One such CRP mutant is Y40F/E42Q CRP in which Tyr40 and Glu42 have been substituted with Phe and Gln, respectively (16, 26). Like acidic pH-treated native CRP, the Y40F/E42Q CRP mutant recognizes both PCh and amyloid-like structures exposed on immobilized proteins (5). The only difference in the functions of native CRP and mutant CRP is that, at physiological pH, native CRP recognizes PCh while mutant CRP recognizes both PCh and amyloid-like structures (5, 16, 26, and data not shown).

Rheumatoid arthritis (RA) is a joint disease characterized by the presence of immune complexes (ICs) in the joints (27, 28). The synovium of the RA joints has an inflammatory milieu characterized by acidic pH and redox conditions (29–32). CRP is also deposited in the synovium (33), raising the possibility that CRP is present in the synovium in both, native and non-native, pentameric conformations. It has also been shown that the serum levels of IL-17, IL-6, TNF-α, IL-10, IL-2 and IL-1β are altered in RA patients (28, 34, 35). CRP is used as a nonspecific biomarker of inflammation during the development of RA (3, 36). Previously published reports suggest that pentameric CRP protects against the development of inflammatory arthritis in mice; however, the mechanism of action of CRP in vivo including the effects of CRP on the production of cytokines in vivo are not fully elucidated yet (37–39).

In this study, we administered wild-type (WT) CRP and the CRP mutant Y40F/E42Q in mice with collagen-induced arthritis (CIA) and monitored the development of the disease and measured the serum levels of IL-17, IL-6, TNF-α, IL-10, IL-2 and IL-1β. The CIA mouse model is a model of autoimmune inflammatory arthritis that shares many clinical features with human RA (40). We tested the hypothesis that CRP changes its structure in the synovium, binds to immobilized ICs, and subsequently protects against the development of arthritis. Accordingly, we also hypothesized that the CRP mutant might be more protective than WT CRP against the development of CIA.





Materials and methods




Preparation of aggregated IgG

Aggregated IgG (agg-IgG) was prepared according to a published method (41). In brief, human IgG (Sigma, I4506) at 10 mg/ml in normal saline was heated at 63°C for 20 min in a shaking water bath. After centrifugation at 10,000 rpm for 5 min, the precipitate was discarded. The concentration of IgG in the supernatant containing agg-IgG was determined by measuring the absorbance at 280 nm and adjusted to a final concentration of 1 mg/ml of agg-IgG. This preparation of agg-IgG was used as a model of ICs (42) to evaluate the binding of CRP to immobilized ICs.





Detection of amyloid-like structures on immobilized IgG and agg-IgG

The presence of amyloid-like structures on immobilized IgG was detected as described previously (5). Microtiter wells (Corning, 9018) were coated with 10 μg/ml of monomeric IgG (mono-IgG) or agg-IgG in TBS, pH 7.2, and incubated at 4°C overnight. The unreacted sites in the wells were blocked with TBS containing 0.5% gelatin at room temperature for 45 min. Both, polyclonal antibodies (Novus, NBP2-25093) and monoclonal antibodies (Novus, NBP2-13075) to amyloid-β peptide 1-42 (Aβ) were used to detect the amyloid-like structures formed on the mono-IgG and agg-IgG following their immobilization. Normal rabbit IgG and normal mouse IgG were used as controls for the antibodies. The antibodies (10 μg/ml) diluted in TBS containing 0.1% gelatin and 0.02% Tween 20 were added to the wells and incubated at 37°C for 1 h. After washing the wells, bound polyclonal anti-Aβ antibodies were detected by using HRP-conjugated donkey anti-rabbit IgG (GE Healthcare) and bound monoclonal anti-Aβ antibodies were detected by using HRP-conjugated goat anti-mouse IgG (Thermo Fisher Scientific). Color was developed with ABTS reagent and the OD was read at 405 nm in a microtiter plate reader (Molecular Devices). Immobilized Aβ peptide 1-42 (Bachem) was used as a control for immobilized IgG and for anti-Aβ antibodies.





Preparation of CRP

Native WT CRP was purified from discarded human pleural fluid as described previously (43). Recombinant mutant CRP Y40F/E42Q was expressed in CHO cells using the ExpiCHO Expression System (Thermo Fisher Scientific) and purified from the culture supernatant exactly as described for WT CRP (16). The construction of the Y40F/E42Q mutant CRP cDNA has been reported previously (26). In brief, WT and mutant CRP were purified by Ca2+-dependent affinity chromatography on a PCh-conjugated Sepharose column, followed by ion-exchange chromatography on a MonoQ column and gel filtration on a Superose12 column. Purified CRP was dialyzed against TBS, pH 7.2, containing 2 mM CaCl2, and was subsequently treated with Detoxi-Gel Endotoxin Removing Gel (Thermo Fisher Scientific) according to manufacturer’s instructions. The concentration of endotoxin in CRP preparations was determined by using the Limulus Amebocyte Lysate kit QCL-1000 (Lonza). The concentration of endotoxin in WT and mutant CRP preparations were 0.52 ± 0.06 EU/50 μg and 0.60 ± 0.07 EU/50 μg, respectively. Purified CRP in TBS, pH 7.2, containing 2 mm CaCl2, was stored at 4°C, and was used within a week.





CRP-IgG binding assay

The CRP-IgG binding assays were performed as described previously (12). In brief, microtiter wells (Corning, 9018) were coated with 10 μg/ml of mono-IgG or agg-IgG diluted in TBS, pH 7.2, and incubated at 4°C overnight. The unreacted sites in the wells were blocked with TBS containing 0.5% gelatin. Mutant CRP was diluted in TBS, pH 7.2, containing 0.1% gelatin, 0.02% Tween 20, and 2 mm CaCl2 (TBS-Ca) and added to the wells. WT CRP was diluted in TBS-Ca at pH 7.2 and also at pH 5.0 and added to the wells. The plate was then incubated at 37°C for 2 h. After washing the wells, HRP-conjugated goat anti-human CRP antibody (Alpha Diagnostic International, Cat # CRP-11-HRP) was used (5 μg/ml, 37°C, 1 h) to detect bound WT and mutant CRP. Color was developed with ABTS reagent and the OD was read at 405 nm in a microtiter plate reader.





CIA in mice

CIA was induced in DBA/1 mice as previously described (40). Eight-week-old female DBA/1J mice (Jackson Laboratories, stock# 000670) were used in experiments according to protocols approved by and conducted in accordance with the guidelines administered by the Institutional Animal Care and Use Committee of the Memphis VA Medical Center. Following acclimatization of mice for one week, arthritis was induced by immunization of mice with bovine type II collagen extracted and purified in the investigator (DDB’s) laboratory and emulsified 1:1 in complete Freund’s adjuvant, which was also prepared freshly in DDB’s laboratory.

Two different regimens were employed to evaluate the effects of passively administered WT and mutant CRP on the development of CIA in mice. In regimen 1, the administration of CRP began (day 26) about three weeks after immunization (day 7) and two weeks prior to the onset of the disease (day 40), and the injection of CRP continued till day 44. In regimen 2, the administration of CRP began (day 35) four weeks after immunization (day 7) and on the day of the onset of the disease (day 35), and the injection of CRP continued till day 53. In both regimens, a total of ten CRP injections (50 μg/injection) were given intravenously on alternate days. The control group of mice was administered with TBS, the vehicle for CRP.

The development of arthritis in the fore and hind paws was monitored by visual inspection as described previously (40). Each paw could receive an arthritis score from 0 to 4, and the maximum score could reach 16 per mouse for four paws. Clinical scores were assessed every third day in a blinded manner for each paw, as follows: score 0, normal; score 1, one paw joint affected or minimal diffuse erythema and swelling; score 2, two paw joints affected or mild diffuse erythema and swelling; score 3, three paw joints affected or moderate diffuse erythema and swelling; score 4, all four-digit joints affected or severe diffuse erythema and severe swelling of the entire paw, unable to flex digits.

Four parameters were evaluated: 1. Incidence of arthritis which reflects the percentage of mice that were positive for arthritis. 2. Arthritic limbs/arthritic mouse which reflects the number of arthritic limbs in each arthritic mouse. 3. Clinical score of the severity of arthritis (1-4)/arthritic limb: Scores from all limbs in each arthritic mouse/number of arthritic limbs. 4. Clinical score of the severity of arthritis (1-16) (4 limbs and each 1-4) of all 4 limbs combined/arthritic mouse: Scores from all limbs in all arthritic mice/Number of arthritic mice. The statistical analyses of the data were performed by employing linear regression analysis of the slopes and nonparametric Mann-Whitney test using the GraphPad Prism 9 software and as described in detail in the figure legends.





Measurement of cytokines

To measure the serum levels of cytokines (IL-17, IL-6, TNF-α, IL-10, IL-2, and IL-1β), sera were collected from mice used in the experiment involving regimen 1. Mice used in the experiment involving regimen 2 were not analyzed for cytokines. On day 26, mice were divided into three groups, and the administration of either WT CRP, mutant CRP, or vehicle began. The injections continued till day 44; the disease onset was on day 40. Cytokines were measured in the sera collected on days 1, 19 and 47. The serum samples were thawed and brought to room temperature, then centrifuged before use. The cytokine levels were measured using Mesoscale Discovery (MSD) Mouse U-PLEX Custom Biomarker Multiplex Assays from Mesoscale Diagnostics, (Maryland, USA). U-Plex assays use biotinylated capture antibodies that are specific for each analyte and MSD employs an electrochemiluminescence technique that allows for the multiplexing. Samples (10 µl) were transferred onto a pre-coated MSD with 10 µl diluent (2-fold dilution) per manufacturer’s guidelines for cytokines IL-17, IL-6, TNF-α, IL-10, IL-2, and IL-1β. The samples were then incubated on a shaker for 2 h at room temperature, followed by washing and the addition of SULFO-TAG detection antibodies. The detection antibodies were incubated for another 2 h, and washed and removed from the plate. 150 µl of 2x MSD read buffer was added and the U-Plex plate and the plate were immediately loaded onto the MSD instrument. Mesoscale SQ120 and SECTOR Imager SI 2400A were used to read the plates according to the manufacturer’s instructions. The intensity of light emitted was then quantified, which was proportional to the sample analyte present. A five-parameter logistic regression method was used to calculate sample concentration and standard curves.

The scatter plots of the data and the median values of the concentrations of cytokines in each group were generated using the GraphPad Prism 9. To determine p-values for the differences in the level of each cytokine among various groups at each time point, scatter plots were compared using the software’s Mann-Whitney test which included all the dots in the scatter plots and not just the median values for each time point.






Results




Immobilized IgG expresses amyloid-like structures

It was reported recently that some proteins, when immobilized on microtiter plates, express amyloid-like structures that can be detected by using anti-Aβ antibodies (5). In this study, we investigated whether immobilized IgG also expresses amyloid-like structures by employing normal human mono-IgG and agg-IgG coated on microtiter wells. Both mono-IgG and agg-IgG were immobilized; although, immobilization itself can cause aggregation of mono-IgG on the wells. Two different anti-Aβ antibodies were used to identify the expression of amyloid-like structures on immobilized IgG. We have previously reported the authentication of these antibodies using purified Aβ peptides (5). As shown in Figure 1, both immobilized mono-IgG and agg-IgG reacted with both monoclonal (Figure 1A) and polyclonal anti-Aβ antibodies (Figure 1B). These data suggested that immobilized IgG expressed Aβ epitopes, suggesting that immobilized ICs might also express Aβ epitopes.




Figure 1 | Binding of anti-Aβ antibodies to immobilized IgG. Microtiter wells were coated with mono-IgG and agg-IgG. (A) Monoclonal anti-Aβ antibodies were added to the wells to detect the amyloid-like structures formed on immobilized IgG. Bound antibodies were detected by using HRP-conjugated goat anti-mouse IgG. (B) Polyclonal anti-Aβ antibodies were added to the wells to detect the amyloid-like structures formed on immobilized IgG. Bound antibodies were detected by using HRP-conjugated donkey anti-rabbit IgG. Data shown are mean ± SEM of three experiments.







CRP mutant Y40F/E42Q binds to immobilized IgG at physiological pH

Since Aβ is a ligand of the CRP mutant Y40F/E42Q used in this study (5), and since immobilized IgG expresses Aβ epitopes (Figure 1), we determined whether the CRP mutant can bind to immobilized IgG at physiological pH. WT CRP at pH 5.0 and pH 7.2 were included as positive and negative controls for the binding of mutant CRP to immobilized IgG. As shown in Figure 2, and as has been reported previously (5), WT CRP did not bind to either mono-IgG or to agg-IgG at physiological pH, but, at acidic pH, WT CRP bound to immobilized IgG. The CRP mutant, however, bound to both mono-IgG and agg-IgG at physiological pH in a CRP concentration-dependent manner.




Figure 2 | Binding of CRP to immobilized IgG. Microtiter wells were coated with mono-IgG and agg-IgG. WT CRP (a single concentration of 20 μg/ml), diluted in TBS-Ca, pH 7.2 and pH 5.0, was added to the wells. Mutant CRP (two-fold serial dilutions of 20 μg/ml) was diluted in TBS-Ca, pH 7.2, and was added to the wells. Bound CRP was detected by using HRP-conjugated goat anti-human CRP antibodies. Data shown are mean ± SEM of three experiments. Due to low SEM, the error bars are not visible for all the data points in the graph.







CRP decreases the incidence of arthritis

Two different regimens were employed to evaluate the effects of CRP on the development of CIA (Figure 3A). In regimen 1, the administration of CRP (on day 26) began three weeks after immunization with CII (on day 7) and two weeks prior to the onset of the disease (on day 40), and the administration of CRP was continued until day 44. In regimen 2, the administration of CRP (on day 35) began four weeks after immunization (on day 7) and on the day of the onset of the disease (day 35), and the administration of CRP was continued until day 53. CRP was administered on alternate days between days 28-46 in regimen 1 and between days 35-53 in regimen 2.




Figure 3 | (A) Regimens for administering CRP. In regimen 1, CRP administration began two weeks prior to the onset of the disease, while in regimen 2, the CRP administration began on the same day as the onset of the disease. A total of ten CRP injections were given in both regimens. In regimen 1, the disease was monitored for 110 days while in regimen 2 the disease was monitored for 153 days. (B) Incidence of arthritis in mice from regimen 1 (left panel) and regimen 2 (right panel). The number of mice in each group is shown in the parentheses. For statistical analyses of the data, the curves in both panels were divided into two parts as shown by the dotted vertical lines. For regimen 1, the curves were divided into days 40-61 and 62-110. For regimen 2, the curves were divided into days 28-83 and 84-153. For the time period of 40-61 days in regimen 1 and 28-83 days in regimen 2, p values were determined by employing linear regression analysis of the slopes. For the time period of 62-110 days in regimen 1 and 84-153 days in regimen 2, p values were determined by employing Mann-Whitney test. The p values for the differences between groups A and B, groups A and C, and groups B and C are shown (all p < 0.005).



The effects of CRP on the incidence of arthritis for both regimens are shown in Figure 3B. In regimen 1, the data were analyzed separately for days 40-61 and days 62-110 (Figure 3B, left), while in regimen 2 (Figure 3B, right), the data were analyzed separately for days 28-83 and days 84-153. In both regimens, and in both segments of the data, there were statistically significant differences between vehicle and WT CRP, between vehicle and mutant CRP, and between WT and mutant CRP.

In regimen 1, WT CRP was more protective than mutant CRP in reducing the incidence of CIA. The most dramatic difference in the incidence was around day 60 when the incidence was 72% in the vehicle group compared to 50% and 20% in mutant CRP-treated and WT CRP-treated groups, respectively. In regimen 2, during days 28-83, WT CRP was more protective than mutant CRP as in regimen 1; however, during days 84-153, mutant CRP was more protective than WT CRP. The most dramatic difference in the incidence was around day 80 when the incidence was 75% in the vehicle group compared to 60% and 40% in mutant CRP-treated and WT CRP-treated groups, respectively.

Thus, both regimens gave similar results for incidence; it did not matter whether there was only one injection of CRP or whether there were six injections of CRP before the onset of the disease, that is, before the first mouse in the group developed CIA. Also, in addition to decreasing the incidence of CIA, CRP also delayed the progression of the disease by several days in both regimens.





CRP does not reduce the severity of the disease

The effects of CRP treatment on the severity of CIA were assessed by measuring the following three parameters: arthritic limbs/arthritic mouse, clinical score/arthritic mouse and clinical score/arthritic limb. The number of arthritic limbs/arthritic mouse ranged from 1 to 2 in all three groups of mice (Figure 4A). The clinical score/arthritic mouse ranged from 4 to 8 in all three groups of mice (Figure 4B). The clinical score/arthritic limb ranged from 2.5 to 4 in all three groups of mice (Figure 4C). There were no statistically significant differences in the severity of CIA between any two groups, for all of the three parameters, and for both regimens.




Figure 4 | Severity of arthritis in mice from regimen 1 (top panels) and regimen 2 (bottom panels) experiments. (A) Median values for the number of arthritic limbs per arthritic mouse are shown. (B) Median values for the clinical score per arthritic mouse are shown. (C) Median values for the clinical score per arthritic limb are shown. The number of mice in each group is shown in the parentheses. To enhance the clarity of the graphs, in some panels, the numbers are not plotted as they were: For the vehicle groups, the numbers 1-4 are shown as 1-4. For WT CRP-treated groups, the numbers 1-4 are shown as 0.95, 1.95, 2.95 and 3.95. For mutant CRP-treated groups, the numbers 1-4 are shown as 0.9, 1.9, 2.9 and 3.9. There were no statistically significant differences between any two groups in all six panels (all p > 0.05).







CRP decreases the level of IL-17 and IL-6 but not TNF-α

Six of the cytokines produced by either phagocytic cells or T cells and which have been implicated in RA were measured (28, 44) in the sera of mice from regimen 1 experiment (Figure 5). The serum levels of all six cytokines increased in response to immunization and subsequent development of the disease, although the timing of appearance of each cytokine was different.




Figure 5 | Levels of cytokines in the sera of mice from regimen 1 experiment. CIA was induced in 39 mice (black circles in all panels) on day 7. On day 26, mice were divided into three groups and treated with vehicle only (V; 15 mice; red circles in all panels), WT CRP (WT; 12 mice; blue circles in all panels) and mutant CRP (Mut; 12 mice; green circles in all panels). Sera were collected on day 1 (pre-immunization), day 19 (post-immunization and pre-CRP) and day 47 (post-CRP) for the measurement of cytokines. The median values of the concentrations of cytokines are shown. For clarity, p values are shown only for statistically significant differences (*p < 0.05, **p < 0.005); for some differences, the actual p values are shown.



The profiles of IL-17 and IL-6 were similar. The serum levels of both cytokines increased until day 47, as shown in the vehicle group. However, in the CRP-treated groups, the levels of IL-17 and IL-6 did not increase. On day 47, levels of IL-17 and IL-6 were the same as on day 19, which was a day before the onset of the disease and before CRP adminstration began. There was no difference between the cytokine-reducing effects of WT and mutant CRP.

Like the serum profiles of IL-17 and IL-6, the level of TNF-α also increased until day 47, as shown in the vehicle group. However, unlike the effects of CRP on IL-17 and IL-6, CRP treatment did not prevent the increase in serum level of TNF-α. On day 47, the level of TNF-α was same as on day 19. There was no difference between the effects of WT and mutant CRP.

The profiles of IL-10, IL-2 and IL-1β were similar to each other but different from that of IL-17, IL-6 and TNF-α. The serum levels IL-10, IL-2 and IL-1β increased as early as day 19 and then returned to almost normal level by day 47, as shown in the vehicle group. CRP-treatment was not required to prevent the rise in levels of IL-10, IL-2 and IL-1β. Combined data on the effects of CRP on the serum levels of cytokines suggest that CRP reduces the levels of IL-17 and IL-6 but not of TNF-α, IL-10, IL-2 and IL-1β.






Discussion

In this study, we investigated the interaction between CRP and agg-IgG and the effects of CRP on the development of CIA in mice. Our major findings were: 1. Immobilized IgG, whether it was mono-IgG or agg-IgG, expressed amyloid-like structures which could be detected by the antibodies to Aβ. 2. The Y40F/E42Q CRP mutant, which is in a non-native pentameric conformation, bound to immobilized IgG at physiological pH while WT CRP did so only at acidic pH. 3. CRP reduced the incidence of arthritis, that is, reduced the number of mice with developing arthritis. There was no difference in the protective capacities of WT and mutant CRP. 4. CRP did not affect the severity of disease in arthritic mice. 5. CRP decreased the serum level of IL-17, but not of TNF-α, in the CIA mouse model. There was no difference between WT and mutant CRP in preventing the rise in the serum level of IL-17.

Since ICs play a role in RA and in animal models of RA (45), interactions between CRP and ICs were evaluated, by employing agg-IgG. Agg-IgG is often used as a model of ICs (42). In vitro prepared ICs made up of any pair of antigen and antibody could not be used in the IgG-binding assays since WT CRP at acidic pH and mutant CRP at physiological pH were found to bind to both the antigen and the antibody when immobilized individually on microtiter plates (5, and data not shown).

Previous studies have also shown that WT CRP does not bind to either IgG or ICs, unless CRP was purchased commercially and used as it was (46, 47). However, CRP-IC complexes have been found in vivo (48, 49) and circulating ICs isolated from sera from patients with inflammatory diseases contained IC-complexed CRP (46, 47, 50–53). Also, similar to the binding of WT CRP to IgG at acidic pH and the binding of CRP mutant to IgG at physiological pH, mCRP has been shown to bind to IgG (20–22, 54) and binding of mCRP to IgG was increased at acidic pH (20–22). These earlier reports combined with our findings on CRP-IgG interactions suggest that the native pentameric conformation of CRP must be altered in vivo in order to bind to ICs. In the CIA murine model reported here, it was not clear whether CRP functioned in its native pentameric form or in its structurally altered pentameric form. The possibility can’t be ruled out that in the CIA mice WT CRP changed its structure in vivo after reaching the synovium and that’s why no difference was seen between WT and mutant CRP on their effects on the development of CIA.

The molecular mechanism of CRP-IgG interactions remains unclear. Previously, it has been shown that the binding of mCRP to IgG was differential and selective for different types of IgG (20, 22). It was hypothesized that the reason behind the differential binding of mCRP to various IgG was due to differential glycosylation of different IgG (46, 53). More recently, it was shown that the binding of WT CRP to immobilized IgG and various other protein ligands at acidic pH was also differential for different protein ligands (10). Similarly, the binding of CRP mutants to various immobilized protein ligands at physiological pH was found to be different for different protein ligands (5). Since immobilization of IgG and various other immobilized proteins to which CRP binds (5) results in the generation of amyloid-like structures, our data suggest that the binding of CRP to IgG was not due to the interaction between CRP and IgG per se, but due to the interaction between CRP and amyloid-like structures present on immobilized IgG. The extent of amyloid-like structures is different for various immobilized proteins (5). Accordingly, we hypothesize that the selective binding of CRP to various protein ligands including IgG is due to differential glycosylation and hence differential exposure of amyloid-like structures on various proteins.

The incidences of CIA in our in vivo experiments were 70% maximum in one experiment and 90% maximum in another regimen experiment. This rate of incidence is consistent with previously published reports where maximum incidences were 70%-80% (55–57). Since mutant CRP binds to IgG at physiological pH while WT CRP requires acidic pH to do so, we hypothesized that mutant CRP would be more protective against CIA compared to WT CRP. However, no differences were observed between WT and mutant CRP in reducing the incidence of arthritis. Also, the protective effects of CRP against arthritis were seen irrespective of whether there was only one injection or six injections of CRP before the onset of the disease, that is, before the first mouse in the group developed arthritis. Although CRP reduced the incidence drastically, the disease in the remaining arthritic mice was not less severe, indicating that CRP had effects on the onset of the disease but not on its subsequent clinical course.

By employing CRP-deficient mice and mice expressing human CRP transgene in CIA experiments in mice, it was concluded from the data that CRP exerts an early and beneficial effects on the development of arthritis (37, 38). However, the protection was due to the reduction in the severity of the disease. The reasons for the discrepancy in the results between these previously published studies (37, 38) and our study are not obvious. Not only in CIA, CRP has also been shown to alter immune responses in animal models of other autoimmune diseases including encephalomyelitis (58–63), antigen-induced arthritis (64) and nephritis (39, 65–67). In the case of encephalomyelitis, it has been shown that CRP was protective by suppressing both Th1 response directly and Th17 response indirectly (60). CRP has also been shown to have immunosuppressive functions in IC-induced immune cells (68).

IL-17 and TNF-α play crucial roles in the development of CIA (34, 57, 69). That serum levels of IL-17 and TNF-α increase in CIA mice has also been reported previously (57, 70–76). CRP did not significantly affect TNF-α levels in the CIA mice reported here, but in vitro, CRP has been found to inhibit the production of TNF-α in IC-induced monocytes (68). mCRP, however, increases the production of TNF from monocytes cultured in vitro (77). Our finding that CRP prevented rise in the serum level of IL-17 suggests that IL-17 is more critical than TNF-α for the initiation of the development of arthritis. This interpretation is supported by the findings that the deletion of the TNF-α gene does not confer complete protection from the occurrence of arthritis in CIA (78, 79) and that TNF-α and IL-17 act independently of each other under arthritic condition (80). In addition, when the effects of TNF-α inhibitors on IL-17 in patients with RA were evaluated, it was found that the beneficial effects of anti-TNF-α therapy might involve a decrease in IL-17 in responders (35).

IL-6 is also required for the development of CIA (55). Our finding that the serum level of IL-6 increases in the CIA model is consistent with previously published studies on IL-6 in CIA (55, 56, 70, 72–74, 76, 81, 82). We found that, like IL-17, CRP also reduced the serum level of IL-6. It has been proposed previously that IL-6 is more relevant than TNF-α in the development of CIA (79). Thus, both cytokines, IL-17 and IL-6, which are critical than TNF-α in arthritis, are inhibited by CRP. The profiles of IL-1β, IL-2 and IL-10 reported here are also consistent with the previously published data (27, 68, 70, 72, 73, 83) and CRP had no effect on these three cytokines.

Taken together, we conclude that CRP is an anti-arthritic molecule in this model system. This function of CRP involves the binding of CRP to ICs. IC-complexed CRP, through an as yet undefined mechanism, directly or indirectly, inhibits the production of IL-17 and eventually protects against the initiation of the development of arthritis. The finding that there was no difference between WT and mutant CRP in preventing the rise in the serum level of IL-17 suggests that CRP executes its functions in the synovium. Finally, the data suggest that IL-17, not TNF-α, is critical for the development of autoimmune inflammatory arthritis. It is also possible that CRP protects against autoimmunity in general, as has been hypothesized previously (84), by altering the levels of inflammatory cytokines in vivo.
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Effector Bioactivities of “CRP’
Response

Bioactivities of mCRP

Platelets « Maximizes responsiveness to ADP, epinephrine, thrombin, and collagen
(38).
« Promotes aggregation and secretion of dense and alpha granules (41).
« Inhibition of PAF-induced platelet aggregation, activation, and platelet-

« Stimulates/augments aggregation and secretion reactions (42,
43).

« Upregulates P-selectin (44).

nestrophil adherence (40), « Increases prothrombotic activities under sheer conditions (44).

. Capti d activates neutrophils (44).
« Inhibition of arachidonic acid synthesis by phospholipase A, (40). Captutes and uctivates neutzophils (4%)

Neutrophils « Induces neutrophil trafficking (46, 57).

« Reduces expression of L-selectin (65).

« Increases adhesion to ECs (32, 66-68).

« Stimulates IL-8 synthesis and release (24, 56).

« Stimulates iNOS-mediated NO synthesis (20, 64).

« Increases superoxide and peroxynitrite formation (ONOQ™)(56).
« Increases NF-kB and AP-1 (56).

« Increases neutrophil-neutrophil and neutrophil-endothelial cell
aggregation (44, 65, 66).

« Stimulates phagocytosis (45, 48-51).

« Stimulates oxidative metabolism (41, 46, 55).

« Inhibition of neutrophil activation and chemotaxis (45, 46).

« Inhibition of ROS generation at higher concentrations (46, 52-54).

Monocytes «Activates monocytes for phagocytosis (58, 69-71).
« Stimulates oxidative responses (41). + Potentiates respiratory burst response and increases ROS (41).
« Induces TF synthesis (62). « Stimulates cytokine release (60-62).
« Promotes release of IL-10,, IL-1p, IL-6, IL-8, TNF-0,, GRO-alpha and « Increases monocyte adherence to ECs (32, 66-68).
GRO-beta (60-62). « Increases production of NO by increasing iNOS levels (20, 64).
« Upregulates liver X receptor-alpha (63).
Natural Killer Cells « Enhances NK function (19, 72-75).
Endothelial Cells + Induces EC adhesion (32, 66-68). « Increases MCP-1, E-selectin, and IL-8 expression (25).
« Inhibits eNOS (67). « Increases EC adhesion via ICAM-1 and VCAM-1 (44, 67, 76).
Complement « Binds Clq when complexed with LDL. Does not activate C in

« Regulates C activation (49, 69, 77-84).
« Binds Clq (85).
« Enhances opsonization for phagocytosis (50, 70, 71, 86).

fluid phase (85).
+ Binds Factor H and Cdbp (34, 87).
« Binds properdin (88).

Bullet points colored in blue list anti-inflammatory CRP properties now known to be pCRP-specific.
“The designation “CRP” was historically understood to be pCRP, but likely reflects a mixture of pCRP and mCRP bioactivity.





OPS/images/fimmu.2023.1250942/table2.jpg
Name Chr Bp Position Al A2 MAF \| P-value FDR
15793561911 4 90743523 TCTTCTGTTTGTGGGACCGGCC T 02417 | 300 1.34 x10°% 3.40 x10%
15713631040 4 90743532 G A 02417 | 300 134 x10™% 3.40 x107%
1s330141279 4 I 90743549 G A 024 | 299 224 x10% 5.67 x107%
15334016742 4 90796210 G C 0245 300 2.53 x10%° 639 x10%
15325087855 4 90681003 C T 02333 300 3.80 x10% 9.63 x10°*
15328995216 4 90744910 T G 02467 300 4.14 x107% 1.05 x10*
1s338992142 4 90743570 A G 0.2408 = 298 4.63 x10% 117 x102
15322057211 4 90673382 G A 02391 299 6.66 X107 1.69 x10* 1
15693961338 4 90801224 [o T 0.238333 | 300 7.08 x107% 1 179 x10%
15331519256 4 90679310 ¢} i 0244147 | 299 1.80 x10%2

7.12x10%





OPS/images/fimmu.2023.1250942/table3.jpg
Liver mRNA CRP-202 HNF4o FOXA2 Allele A frequency
(rs713631040)

All 0.31 0.178
‘ Duroc 0.515 0.16 0.825
‘ Landrace 0.47 0.076 0.87
‘ Large White 0.297 0.069 0.58
rs713631040 A/A (n=178) [ 0.455 0.16
‘ 15713631040 G/A (n=99) 0.334 0.076
‘ 15713631040 G/G (n=23) 0.21 0.069
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Age 67 (60, 71) 78 (71,86) 0.003
Sex 0.70
Female 11 (55%) 14 (61%)
Male 9 (45%) 9 (39%)
Stage <0.001
s 0 (0%) 10 (43%)
it 20 (100%) 13 (57%)
Tumor site 0.77
Left 4 (20%) 3 (13%)
Right 10 (50%) 14 (61%)
Sigmoid 6 (30%) 6 (26%)
Adjuvant chemotherapy <0.001
None 3 (15%) 19 (83%)
Only 5-FU based 6 (30%) 3 (13%)
Platinum doublet 11 (55%) 1 (4.3%)
MMR-Status 0.002
MSS 20 (100%) 14 (61%)
MSI 0 (0%) 9 (39%)
Survival status 0.010
Alive 15 (75%) 7 (30%)
Dead 4 (20%) 9 (39%)
Recurrence 1(5.0%) 7 (30%)
Follow-up (years) 9.3 (8.7, 109) 88 (52, 113) 0.58

!Median (IQR); n (%).
*Wilcoxon rank sum test; Pearson’s Chi-squared test; Fisher’s exact test.
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TCAACTAGAGGC|[C/T] TCTGTAAA|G/A] GGTGAGCCATGAI‘GGTCAGCTCCAGAGGCTCTTCGCTr?r?CSTTgCAGAAAACbCC/AbATGACCCAATGACTTGGG

Foxa2 tat €bo
CTGAAGAAGGTGCTAGAGTTGCAGCTATCATGTGCAATCAGATGGCTATTCTTCTACTAAGATAAGATTTTCCATTATTTCACAGGATAGACAGCCAAAGTG
C/ebp C/ebp Hnfla
GAGTCCTTGGAGAGCTTCTTCATTTCTCCTGTCACAGAGGTGACTCAGTAGTCACAGGAGTTITGTAATAAATAACCCA[C/T]ATCGATTTCTCTGTTCTGG
Stat3 Foxal Foxal

AACTATGTTGCTTCCCTTCCTCCCAGAGCCCTGACACTGCGAGAAGCAGAATTGGAAGTCATTTACATAGTGGCA%&EACGCTTC[T/C}ACTGCCTTGGGT
Stat3 C/ebp Octl C/ebp

ATAAATCCAGGCAG|[G/A] ATGGGGCAAGTCITIGAGAGGAGGGATCTAGGACTTCT [A/G]GT [C/T]CCTGAGCTTTCAACCAAAGGCATCTTCTCCAAGG
P53

GGGTGAATCCATATTCTGTTACCACTGGCAGCAGAGAGTGACATGGAGAAGCAGTTGTGGTGTTTCCTGGTCTTGATCAGCTTCTCCAATGC
NF-Kb
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able OR 95% Cl P- value

Number of pathologies *0.036
1vs. 0 10.660 1.448-78.48
2vs. 0 12.135 1.787-82.41
2vs. 1 1.138 0.344-3.77
mCRP >4000 ng/mL 4.551 1.329-15.58 *0.016
Lymphocytes <0.004x10°/L 4615 1.493-14.26 *0.008
Procalcitonin >0.5 ng/mL 18.199 2.235-148.17 *0.007

*Statistically significant.
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Gene

C-reactive protein
Interleukin-1f
Interleulin-6
Cyclooxygenase 2
Tumor necrosis factor-o.
Arginase 1

Resistin-like molecule o
Chitinase 3-like 3

beta-actin

GTC TGC TAC GGG GAT TGT AGA
CGT GGA CCT TCC AGG ATG AG
CGG CCT TCC CTA CTT CAC AA
CTG ACC CCC AAG GCT CAA AT
TGA GCA CAG AAA GCA TGA TCC
CTT GCG AGA CGT AGA CCC TG
CTG GGA TGA CTG CTA CTG GG
CCA GCA GAA GCT CTC CAG AAG

CAT CCG TAA AGA CCT CTA TGC CAA C

Reverse (5'-3')

CAC CGC CAT ACG AGT CCT G

CAT CTC GGA GCC TGT AGT GC

TTC TGC AAG TGC ATC ATC GT

TCC ATC CTT GAA AAG GCG CA

GCC ATT TGG GAA CTT CTC ATC

CTT CCT TCC CAG CAG GTA GC

CAG TGG TCC AGT CAA CGA GTA

TCA GCT GGT AGG AAG ATC CCA

ATG GAG CCA CCG ATC CAC A
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Name
15327446000
1581233340
581382318
1580958253

1581285109

pos
90800879
90535929
90598142
90804626

90736666

0.148

0.147

0.147

0217

0.101

1.62 x107
1.62 x107
1.16 x107

1.99 x10°°

F

‘ 0.00056832
‘ 0.00172178
‘ 0.00172178
‘ 0.00172178

‘ 0.01699241
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Enhancer haplotype E1

E Foxal g

TCCCT(d ] GTTAAGGATC CAGCAATGCC ATGAGCTGTG
CTACAGCTCT CATCAGACCC TTAGCCTIGGG GACCACCATA TGCTGCAGGT
ATGgi TGA TTCCCATSEHGACACTGG AAGAGAGGGT GGGGTGGAGG

TGGGGAAGGT ATTTTTAGAA

AGAG AGACCACTGT

GATTA

AGCTTTTAGA CTTCAGTATC

Octl
CTCAGCATICT TCTTAGACTG

GGACAGATCT GTAGTTCTTT

GAAGAGAAA
CCTTAAATTT

CCAGAGCTTG

Enhancer haplotype E2

.

TCCCT({ TGCTCA 1 GTTAAGGATC
CTACAGCTCT CATCAGACCC TTAGCCTIGGG
ATGE; TGA TTCCCATiEi GACACTGG

CGGGGAAGGT ATTTTTAGAA GGCAGCTGTG

Foxal
CTCGTGTGGA TGGGA[I'TGAC TCAGAGAGAG

AAAACCTTTT AGCAGCAAAT AGCTTTTAGA

TC CATCAGCATG CTCAGCATCT

GCAAGA

Hfn4a
CAAAGGGTGG ACCTCTGTGG| GGACAGATCT

GGCAGCTGTG ACACATCTCA AGTTATACTG

C/ebp

AAGTT TCCACCGA

K
TACTGGAAGQA

C

CCTGCAGCCT

CAGCAATGCC

GACCACCATA

AAGAGAGGGT

ACACATCTCA

AGACCACTGT

CTTCAGTATT

TCTTAGACTG

GTAGTTCTTT

NFkB

Hfn4da
GTGTAGGTCA CAGACGCAGC TTGGATCTGG TGTAGCTGTG GTTGT AT A AGCAG

Stat3
GCGGCCCTAA AAAAGAGAAA AAAAAAAAAA AAAGAGTGGT ACAGAGCT GCCTGGAA

AG_TGAGGTCAAT GCAC

GGGAA[IT CIr2

AAGGAGCAGG CTAGCA G TGGCATTTGG

TATGAGTACT TGCTTACTCT] GTCCA ATGCGATCTG CTCATGTGGA TGGGRAILTGA
Foxa2

TGACTGCTTA GAAAACTCAA CACTGAGACT GTGTTCTGAG GTAGCTGCTT AAAACCTTTT AGCAGCAAAT

GATTCTACAG CATTGCGCAG CCCTGCAGTC GGGK A AGGACGICTT GCAAGAARATC CAT AT
CCTGTGATCA CAGGAGCCTG GTATTCCATG GACAGTAAGC CCAGCAAAGC CAAAGGGTGG ACCTCTGTGG

Hfn4a
ATGAGCTGTG GTGTAGGTCA CAGACGCAGC TTGGATCTGG TGTAGCTGTG GTTGT AT A NGCAG
Stat3
TGCTGCAGGT GCGGCCCTAA AAAAGAGAAA AAAAAAAAAA AAAGAGTGGT ACAGAGCT GCCTGGAA
I

CEp—s .=t A
GGGGTGGAAG AAGGAGCAGG ATAGCAGCAG TGAGGTCAAT GGGAATT CITAIGGCAC
AGTTATACTG TATGRGTACT TGCTTA

T GTCCAG'GGC ATGCGATCTG

C/ebp
GATTAAAGTT TCCACCGAGC TGACTGCTTA GAAAACTCAA CACTGAGACT GTGTTCTGAG GTAGCTGCTT

Stat3 NFkB C/ebp Stat3
GCATTC GGAGGCATTT CAGGACACTT

GAAGAGAAAG TACTGGAAIGA GATTCTACAG CATTGCGCAG CCCH
CCTTAAATTT CCTGCAGCCT CCTGTGATCA CAGGAGCCTG GTATTCCATG GACAGTAAGC CCAGCAAAGC

G TGGCATTTGG

CCAGAGCTTG
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Host defense
Modulation of coagulation
Removal of altered proteins

{ PMN adhesion to EC Binding to factor H and
{ PMN tissue accumulation conformationally-altered
J Type | interferon response proteins

C

Circulating pCRP

* Phagocytosis
J Platelet activation

.

l Acidosis

Excessive inflammation
Tissue damage

? Pro-inflammatory cytokines release
(e.g. IL-8, IL-6, IL-1b)

T PMN-platelet adhesion

T PMN tissue accumulation

{ PMN apoptosis

? NETosis

t Thrombus formation

? Endotelial dysfunction

T Platelet activation/aggregation

AN

PCRP ——0— —————  » pCRP¢—e—  » mCRP

Activated/damaged cell
or microvesicle
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Agen Species Disease/Model Effect
CRP lowering approaches
Lifestyle changes
- Exercise Human Healthy | CRP levels (83-87)
- Diet Cardiovascular disease | cardiovascular events
- Weight loss Metabolic syndrome | body weight
- Vitamin supplementation
- Smoking cessation
Medication-associated decreases in CRP level
Statins Human Cardiovascular disease | CRP levels (15-60%) (88-92)
Cholesterol
cardiovascular events
Bempedoic acid Human Cardiovascular discase 1 CRP levels by 27% (93)
Total cholesterol by 15%
Rosiglitazone Human Diabetes CRP levels (94, 95)
Pioglitazone
Dipeptidyl peptidase 4 inhibitors
Angiotensin-converting enzyme inhibitors = Human Cardiovascular disease | CRP levels (94, 96)
Metabolic syndrome IL-6 levels
Antisense oligonucleotides
CRP-mRNA antisense oligonucleotides Human Primary hepatocytes CRP mRNA (97)
Mouse CRP transgenic mice with collagen-induced arthritis | human CRP levels
1 arthritis clinical score
Rat Acute myocardial infarction CRP levels by >60% (98)
heart function
Human Healthy | CRP levels (99)
Rheumatoid arthritis No effect on arthritis clinical score
Healthy CRP level (100)
Endotoxin challenge
Atrial fibrillation CRP levels by 64% (101)
No effect on atrial fibrillation burden
CPR selective apheresis
PentraSorb® Human ST-segment Elevation Myocardial Infarction CRP levels by 50% (47, 49, 102)
| infarct size
wound healing
Severe COVID-19 1 CRP levels by 50-90% (49, 103-105)
mortality
Small-molecule CRP inhibitors
(1,6-bis (phosphocholine) -hexane) Rat Acute myocardial infarction | mortality (72)
| infarct size
cardiac dysfunction
LPS-inflamed cremasteric tissue | CRP deposition (59, 67)
leukocyte adhesion
Acute myocardial infarction CRP deposition
| leukocyte infiltration
caspase 3 expression
| TNF-o. and IL-6 expression
Renal ischemia- reperfusion lesions (75)
1 excretory function
monocyte infiltration
Human THP-1 or Jurkat cell-derived microvesicles | calcium-dependent binding (59)
Mouse Lethal influenza virus infection mortality (106)
| viral titers
| lung lesions
inflammatory cells infiltration
Phosphonate compound C10M Human ADP-activated platelets | CRP binding to platelets (65)
Monocytes platelet-monocyte aggregates
| monocyte adhesion
Endothelial cells ICAM-1 and VCAM-1 expression
Neutrophils | CD11b expression
ROS production
| NET formation
No effect on phagocytosis
Rat Renal ischemia- reperfusion CRP deposition

NET, neutrophil extracellular traps; ROS, reactive oxygen species.

I (arrow down) decreased.
4(arrow up) increased.

Acute hindlimb allograft rejection

1 excretory function
monocyte infiltration

| graft loss
| monocyte infiltration
1 CRP deposition
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p-value 95% Confidence Interval Sensitivity  Specificity

CRP (mg/L) 0.720 0.049 0.000 0.625-0.816 76.07 0.661 0712
suPAR (ng/mL) 0.698 0.050 0.000 0.599-0.797 3.76 0.643 0.673
STREM-1 (pg/mL) 0.674 0.052 0.002 0.572-0.777 247.27 0.696 0.635
HGF (pg/mL) 0.613 0.054 0.042 0.507-0.719 777.52 0.500 0.731
MCP-1 (pg/mL) 0.590 0.055 0.108 0.483-0.697 267.75 0.625 0.558
IL-1B (pg/mL) 0.582 0.055 0.141 0.474-0.690 3.16 0.464 0.692
IL-6 (pg/mL) 0.680 0.051 0.001 0.580-0.781 7.31 0.643 0.692
NLR 0.692 0.052 0.001 0.590-0.793 821 0.571 0.827
PLR 0.634 0.054 0.016 0.527-0.741 242,99 0.625 0712
ESR (mm/h) 0.633 0.054 0.017 ‘ 0.527-0.738 73.50 0.518 0731
Fibrinogen (g/L) 0.703 0.050 0.000 0.606-0.801 4.64 0.732 0.558
Ferritin (ug/L) 0.658 0.053 0.005 0.555-0.761 620.80 0.643 0.635

CRP, C-reactive protein; suPAR, soluble urokinase plasminogen activator receptor; sSTREM-1, soluble triggering receptor expressed on myeloid cells-1; HGF, hepatocyte growth factor; MCP-1,
monocyte chemoattractant protein-1; IL-1B, interleukin-1 beta; IL-6, interleukin-6; NLR, neutrophil-lymphocyte ratio; PLR, platelet-lymphocyte ratio; ESR, erythrocyte sedimentation rate; LDH,
lactate dehydrogenase; AUC, area under curve; p, statistical significance coefficient. The bold values are the statistically significant p-values.
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p-value 95% Confidence Interval Sensitivity  Specificity

CRP (mg/L) 0.577 0.062 0.199 0.455-0.698 65.36 0.616 0.571
suPAR (ng/mL) 0912 0.026 0.000 0.860-0.963 324 0.767 0914
STREM-1 (pg/mL) 0.560 0.060 0312 0.442-0.679 246.06 0.616 0.571
HGF (pg/mL) 0.659 0.055 0.007 0.553-0.766 434.61 0.630 0.600
MCP-1 (pg/mL) 0.580 0.059 0.177 0.465-0.695 316.67 0493 0.686
IL-1B (pg/mL) 0.534 0.063 0.564 0.411-0.658 227 0.603 0.543
IL-6 (pg/mL) 0.670 0.057 0.004 0.559-0.781 9.87 0.534 0.829
NLR 0.570 0.061 0239 0.451-0.689 6.34 0.548 0.600
PLR 0.584 0.064 0.161 0.458-0.710 202.78 0.671 0.486
ESR (mm/h) 0.627 0.058 0.033 0.513-0.742 67.50 0.548 0.657
Fibrinogen (g/L) 0.635 0.063 0.023 0.512-0.759 3.90 0.849 0.543
Ferritin (pg/L) 0521 0.062 0.725 0.399-0.643 466.15 0.644 0457
LDH (U/L) 0.655 0.060 0.009 0.538-0.773 254.00 0.753 0.600

CRP, C-reactive protein; suPAR, soluble urokinase plasminogen activator receptor; STREM-1, soluble triggering receptor expressed on myeloid cells-1; HGF, hepatocyte growth factor; MCP-1,
monocyte chemoattractant protein-1; IL-1p, interleukin-1 beta; IL-6, interleukin-6; NLR, neutrophil-lymphocyte ratio; PLR, platelet-lymphocyte ratio; ESR, erythrocyte sedimentation rate; LDH,
lactate dehydrogenase; AUC, area under curve; p, statistical significance coefficient. The bold values are the statistically significant p-values.
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p-value 95% Confidence Interval off value Sensitivity  Specificity

CRP (mg/dL) 0.698 0.069 0.010 0.562-0.834 79.12 0.765 0.604
suPAR (ng/mL) 0.771 0.060 0.000 0.653-0.889 520 0.765 0.780
STREM-1 (pg/mL) 0.767 0.066 0.001 0.637-0.896 334.06 0.765 0.747
HGF (pg/mL) 0.797 0.054 0.000 0.692-0.902 802.76 0.824 0.703
[ MCP-1 (pg/mL) 0.701 0.067 0.009 0.570-0.832 389.32 0.588 0.758
IL-1B (pg/mL) 0.785 0.048 0.000 0.691-0.879 3.44 0.706 0.692
IL-6 (pg/mL) 0.752 0.062 0.001 0.631-0.873 14.86 0.765 0.736
NLR 0.685 0.069 0.016 0.550-0.820 8.39 0.588 0.670
PLR 0.524 0.074 0.758 0.378-0.669 242,99 0.529 0.549
ESR (mm/h) 0.562 0.067 0418 0.431-0.693 73.50 0.529 0.626
Fibrinogen (g/L) 0.594 [ 0.066 0220 0.464-0.724 5.07 0.588 i 0.560
Ferritin (ug/L) 0.703 0.058 0.008 0.590-0.816 1017.50 0.706 0.681
LDH (U/L) 0.809 0.050 0.000 0.710-0.907 379.50 0.824 0.758

CRP, C-reactive protein; suPAR, soluble urokinase plasminogen activator receptor; STREM-1, soluble triggering receptor expressed on myeloid cells-1; HGF, hepatocyte growth factor; MCP-1,
monocyte chemoattractant protein-1; IL-1B, interleukin-1 beta; IL-6, interleukin-6; NLR, neutrophil-lymphocyte ratio; PLR, platelet-lymphocyte ratio; ESR, erythrocyte sedimentation rate; LDH,
lactate dehydrogenase; AUC, area under curve; p, statistical significance coefficient. The bold values are the statistically significant p-values.
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Variable Univariate analysis Multivariate analysis

95% Cl 95% Cl
CRP (mg/L) 2.364 0.844-6.623 0.102
suPAR (mg/mL) 7.747 2.807-21.384 < 0.0001 6.688 1.692-26.435 0.007
STREM-1 (pg/mL) 5.109 1.798-14.522 0.002 1.901 0.513-7.044 0.336
HGF (pg/mL) 4.121 1.570-10.819 0.004 1.334 0.309-5.762 0.699
MCP-1 (pg/mL) 2917 1.143-7.444 0.025 0.323 0.084-1.239 0.099
IL-1 (pg/mL) 3251 1.289-8.203 0.013 0.814 0.225-2.940 0.753
IL-6 (pg/mL) 5.276 1.903-14.628 0.001 10.358 2.238-47.943 0.003
NLR 2.120 0.746-6.026 0.159
Ferritin (ug/L) 4.257 1.693-10.707 0.002 0.809 0.262-2.495 0.713
LDH (U/L) 5.740 1.897-17.373 0.002 6.794 1.945-23.733 0.003
Severe (yes) 5.367 1.206-23.892 0.027 1.408 0.273-7.259 0.683
Age (> 60 years) 1.141 0.378-3.442 0.815
Gender (M) 1.359 0.537-3.436 0.518
Vaccination (no) 1.830 0.641-5.223 0.259

CRP, C-reactive protein; suPAR, soluble urokinase plasminogen activator receptor; STREM-1, soluble triggering receptor expressed on myeloid cells-1; HGF, hepatocyte growth factor; MCP-1,
monocyte chemoattractant protein-1; IL-1B, interleukin-1 beta; IL-6, interleukin-6; NLR, neutrophil-lymphocyte ratio; LDH, lactate dehydrogenase; HR, hazard ratio; Cl, confidence interval; p,
statistical significance coefficient. The bold values are the statistically significant p-values.
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Mild Moderate SEE

Median [IQR] Mean [95% Cl] ~ Median [IQR] = Mean [95% Cl]  Median [IQR] = Mean [95% Cl]

54.14 [16.45- 67.25 [52.69- 107.7 [90.61-
CRP (mg/L) 7.01 [5.05-10.57) 12,59 [2.516-22.66] L { 99.18 [45.64-166) [ < 0.0001
102.9] 81.81] 1249]
5247 [31.75-
F 6.45 [4.72-17.69) 1533 [-1.162-31.83] | 29.56 [9.34-85.91] 7339] 94.95 [40.67-146]  98.2 [74.88-121.5] < 0.0001
35 [29.42- 13.2 [55.07- 1153 [90.07-
M 7.2 [419-11.32] 7.644 [2.051-13.24] 7235 [29 78.71 [58.4-99.01] 1132 [55.07 53 190.07 0.0012
122.1] 184.2] 1405]
SuPAR (ng/mL) 1,51 [0.99-1.78] 147 [117-1.77) 3.14 [2.05-492] 3.68 [3.19-4.18] 431 [271-623] 5.06 (4.29-5.82] < 0.0001
F 1,12 [0.98-1.83] 1.36 [1.009-1.713] 299 [1.82-4.92] 3.6 [279-4.41] 43 [264-7.08) 539 (3.96-6.81] < 0.0001
M 1.68 [1.13-2.18] 1.66 [0.87-2.45] 331 [2.34-497) 3.75 [3.11-4.39] 454 [2.73-622] 4.8 [3.96-5.64] 0.0030
STREM-1 (pg/ 2499 (194.8- 3183 [211.3- 354.8 [304.3-
144.5 [106.4-189.9: 1468 [115.7-178 2888 (252.5-325 < 0.0001
mL) L ! ( ! 341.9] ! 453.7) 405.3)
2409 [155.8- 250.1 [197.4- 317.4 [189.7- 353.5 [259.5-
F 139 [94.46-188.1] 140.7 [90.88-190.5 L L [ ; 0.0051
303.9] 302.7) 448.9] 447.5)
355.7 [297.2-
M 160.7 [115-192.4] 156 (89.65-222.4] 275 [198-428.8] 3156 [266.1-365] 3192 [212.5-466] P 0.0188
HGF (pg/mL) 3187 [147.6-619.3]  357.1 [180.4-533.8] | 478.6 [262.7-1184] | 8185 [628.7-1008] = 7054 [2958-1691] | 1157 [872.3-1441]  0.0173
662.7 [410.2-
F 184.5 [82.13-399.1 2386 [29.81-447.4] | 366.5 (205.3-1021] e 8916 [322.5-1733] | 1086 [733.4-1439]  0.0042
M 555.5 [326.2-723) 5349 [190.8-879.1] | 598.9 [265.9-1587] | 926.3 [652.9-1200] | 569.1 [2723-1629] = 1208 [774.8-1642] 03299
265.1 [199.6- 421.2 [2839-
MCP-1 (pg/mL)  265.1 [118.1-337.8] 2542 [169.6-338.7] o1 585 3235 (2103-551] 6346 [404.2-865] 0.1820
3416 [2323-
F 2205 [118.1-337.8] | 2315 [112.2-350.9 248.7 [179-328.9) 266 [213.9-318] s 8052 [340.3-1270]  0.0136
M 309.8 [156.1-398.2]  288.1 [75.83-500.3 22 (20932 AR ACIOLL: 301.4 [179.3-544] i 0.8543
’ B cmEe 596.2 7562 ’ - 7347 i
2493 [1.301- 3238 [2.268- 3251 [1301- 3533 [2.891-
IL-1B (pg/mL) 1301 [0.743-1.958] 1291 [0.6735-1.909] e e Aid T 0.0060
1.126 [0.0915- 2.493 [0.954- 3.068 [1.133- 2493 [1.874- 3226 [2.395-
F 1.229 [0.05828-2.4 0.0312
2356 3638 5.004 4754 4056
2493 [1.301- 3638 [1301-
M 1356 [1.041-1.758] 1385 [0.7805-1.989] 3356 [2.32-4.391] 3.757 [2.8-4.713] 0.2042
3.709 5578
1878 [7.371- 12.77 [3.235- 46.26 (26.52-
1L-6 L 1.75 [0.4-5.02 2.64 (0.6754-4.605 565 [2.59-13.85 0.0002
(pg/mL) ( 1 { [ ! 30.19 10.95 65.99
09683 [-0.292- 8.161 [4.032-
F 0.5 [0.0775-1.95] ( 423 [2.33-10.57) 1585 [4.64-49.07] 6147 [21.3-1016] < 0.0001
2.228) 12.29
26.13 [7.025- 35.15 [16.36-
M 5.4 [2.623-7.42] 5.148 [1.169-9.126 565 [2.59-24.4] 9.69 [2.565-39.32] 0.4600
4524 53.95
NIR 2675 [133-4795] 373 [1.922-5.58] 5.076 [3.226- 6239 [5.059- 9254 [3.421- 10.31 [8.442- < 00001
il o O RN 7.288) 7419 13.72 1217 :
6975 [5.001- 8612 [3317- 9.412 (7.248-
F 3864 [2013-8.795] | 5.096 [0.6332-9.559] | 5.281 [3.06-8.084] 0948 1285 1o 0.0001
4.933 [3.383- 11.44 [8.111-
M 2469 [1.124-3247) | 2.972 [0.8438-5.099] 529 [4.335-6.245] | 9.87 [4.745-15.64] 0.1033
6814 14.77
221.3 [145.9- 277.8 [232.5- 2639 [178.8- 327.7 [2703-
PLR 1508 [116.8-208.8: 199.7 [112.6-286.9] 0.0177
3364 323.1 415.9 385.1
F 144.1 [1214-192.1 205.1 [67.48-342.8] 232 16 Bzlals el 354.2 [241.4-467) 0.0346
: U AR 304.3 3445 4225, ’ . :
| 273.6 [206.3-
M 189.1 [99.83-280.6, 190 [67.33-312.7] 213 [127.1-336.8] 09 275 [178.8-421] 306.8 [250.6-363] 0.1966
64.31 [55.97-
ESR (mm/h) 295 [16.5-53.75) 385 [20.6-56.4] 60.5 [40-80] P 70 [42.5-102) 71.86 [62.53-812]  0.0055
62.22 [47.95- 71.63 [57.54-
F 39 [20-75 45.11 [19.62-70.6 60 (30-75 60 (43.75-107 0.1041
20:75] [ ! (30:73] 7649 t ! 85.72)
65.84 [55.26- 72.06 [58.95-
M 15 [6.5-52.5] 26.6 [-5.064-58.26] 61 [46-85] g% 75 (36-100] 85.17] 0.0254
- 4681 [4.404-
Fibrinogen (g/L) = 3475 [3.215-4.08] 3592 [3.248-3.936] 478 [3.74-537) 1958 537 [4.29-5.82] 5.269 [4.907-5.63] < 0.0001
4611 [4.158- 4875 [3.785-
F 361 [3.19-4.42 3721 [3.197-4.245 461 [3.61-5.37 4.821 [4.403-5.24 0.0202
] ! ] ! 5.065 5.618] t
4736 [4.375- 5.632 [5.082-
M 3.44 (3.055-3.625] 336 (2.934-3.786 4875 [4.14-5.498] 582 [4.545-7.11] L 0.0007
5.097 6.181]
Ferritin (g/L)  213.6 [100.8-490.1] = 4084 [25.4-7913 498.2[209.9-1261] 1034 [515.6-1553]  862.5 [353.3-1794] 1568 [779.1-2357) 0.0029
280.7 [103.7-
F 1022 [7643-253.8] 1525 [-23.47-328.5) 1638] 3782 [200-556.3] | 658.1 [298.5-1674] 1133 [711.9-1553 0.0003
M 4545 [213.6-1220] 664.2 [-179-1507 9162 [457.3-1633] 1510 [645.1-2374]  920.6 [362.7-2000] 1891 [530.6-3252 03693
2943 [264.1- 396.4 [339.9-
LDH (U/L) 168.5 [133.3-196.8] 166 [143.1-188.9) 280 [202.3-386] [ 338 [240-481] L < 0.0001
3245] 45238]
F 162 [132-211] 1613 [121.5-201 2255 [184-298.8) 2507 [218¢- 382 [308-531.5) 209 [350¢- < 0.0001
282.7) 4912]
M 177 (1485-194.5] 172.6 [139.4-205.8] 304.5/[248.3: 328 128072 311 [211.3-4725) 3726 12905 0.0210
4138 370.8) 463.8)

CRP, C-reactive protein; suPAR, soluble urokinase plasminogen activator receptor; STREM-1, soluble triggering receptor expressed on myeloid cells-1; HGF, hepatocyte growth factor; MCP-1,
monocyte chemoattractant protein-1; IL-1p, interleukin-1 beta; IL-6, interleukin-6; NLR, neutrophil-lymphocyte ratio; PLR, platelet-lymphocyte ratio; ESR, erythrocyte sedimentation rate; LDH,
lactate dehydrogenase; F, females; M, males; IQR, interquartile range; CI, confidence interval; p, statistical significance coefficient. The bold values are the statistically significant p-values.
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7.54 [6.24- 56.91 [20.45- 35.18 [8.32- 99.77 [50.22- 92.28 [28.25-
CRP (mg/L) 5.38 [1.57-6.45] 14.18] 107.8 103.3] 0.3762 1648 1832 0.7533
4,605 [2.985- 19 [1.295-
SUPAR (ng/mL) | 199 [1.12-263] = 136 [0.97-1.72] L <0.0001 574 [(383-711] | 237(17132] | <0.0001
5525 2665]
STREM-1 (pg/ 1091 [82.89- | 1837 [1327- 2603 [1913- 2432 [199.1- oz 317.4 2124 | 3192 [207.2- ol
mL) 1217 193.6] 336.8 486.6] g 4521 4644 g
204.1 [42.15- 400.6 [165- 580.8 [327.5- 299.2 [195.7- 827 [303.7- 569.1 [286.9-
HGF (pg/mL) ; : 808 2221057 0.0322 L & 0.3542
301.5] 7104] 1610] 625.1] 1762 1489
1066 [1059- 3068 [2175-  307.1 [2018- 2535 [1842- 3224 [207.7- | 3353 [2097-
MCP-1 1) 02062 0.8211
(pg/mL) 315.7] 104] 5282 3309] 544 857.4
2493 [1301-  2.104 [0.954- 3638 [1301- | 3251 [1301-
IL-1f L) e -1.. 5 .95-2. . J
B (pg/mL) 1301 (0-1301] 141 [0.95-221] ik L 0.0405 e oy 0.7272
6025 [3.11- 15.11 [4.89- 6.16 [1.81-
11-6 (pg/mL) 0.1[001-195] | 3.15[0.5-6.16] o 45 [207-8.813] 03049 e o 0.147
NIR 2469 [09167- | 2678 [1349- | 5195 [3313- | 4933 [2742- o234 8.505 [3.392- | 10.63 [3.566- 06815
3.864] 7.59] 7.912] 6.888] 1374 1385
1441 [135- 157.6 (1078- | 2318 [1875- 1647 [1096- 249 (178.3- 3026 [1825-
PIR 0.0955 0.5476
189.1] 2279] 336.6 325.8) 4045 1294
ESR (mm/h) 20 [5-100] 39[17-50] | 675 [47.75-80] = 60 [2625-81] 03479 75[45-105] | 55 [32-9625) 0.4037
5065 [4253- | 382 [3365- 5.37 [4.545- 5.05 [3.473-
Fibri L) | 429 [282461] | 3.44[3.24-374 0.0088 0.3042
ibrinogen (g/L) [ ! [ ] 5.58] 5075] 5.82] 6.08]
» 236.6 [236.6- 190.5 [99.31- 5252 [189- 44455 (2616~ 837 [366.5- 988.8 [316.6-
F it] L) 0.6605 0.7174
erritin (ug/L) 236.6] 525.6) 1301] 1019] 2 1624] 2830]
205 [2143- 2255 [1875- 3315 [176-
LDH i % 1 130-211 1 147-194.! B 2 [272-52 .1471
(un) 37[130-211] | 170 [147-1945] B ] 0.1088 362 [272-525) P 0.147

CRP, C-reactive protein; suPAR, soluble urokinase plasminogen activator receptor; STREM-1, soluble triggering receptor expressed on myeloid cells-1; HGE, hepatocyte growth factor; MCP-1,
monocyte chemoattractant protein-1; IL-1B, interleukin-1 beta; IL-6, interleukin-6; NLR, neutrophil-lymphocyte ratio; PLR, platelet-lymphocyte ratio; ESR, erythrocyte sedimentation rate; LDH,
lactate dehydrogenase; p, statistical significance coefficient. The bold values are the statistically significant p-values. The different coloring was performed in order to make it easier to discriminate
between the three different groups: mild (gray color), moderate (blue color) and severe (peach color).
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Variable Total N=62 Mild/Moderate disease Severe/Critical disease
N=31 N=31

Age, years median (range) 57.5 (32-91) 59 (32-91) 57 (32-78) 0.526
Male sex, N (%) 41 (66) 20 (65) 21 (68) 0.788
Symptom duration, days median (range) 10 (2-30) 10 (2-24) 10 (5-30) 0.576
Length of hospital stay, days median (range) | 7 (2-54) 6 (2-23) 10 (3-54) <0.001*
Intensive care, N (%) 8(13) 0 8(26) 0.005*
Stay at intensive care unit, days median 9 (1-24) N/A 9 (1-24) N/A
(range)
Remdesivir, N (%) 22 (35) 8 (26) 14 (45) 0.184
Corticosteroid therapy, N (%) 40 (65) 14 (45) 26 (84) 0.003*
Mechanical ventilation, N (%) 4(6.5) 0 4 (13) 0.113
Deceased, N (%) 3(4.8) 0 3(9.7) 0.238
Pre-existing comorbidities
Diabetes, N (%) 15 (24) 6 (19) 9(29) 0.554
Cardiovascular disease, N (%) 35 (56) 14 (45) 21 (68) 0.124
Chronic pulmonary disease, N (%) 5(24) 8 (26) 7 (23) 1
Current or ex-smoker, N (%) 34 (55) 7 (55) 17 (55) 1
Acute renal failure, N (%) 0(16) 6(19) 4(13) 0.731
Chronic renal failure, N (%) 7(11) 3(97) 4(13) 1
Renal replacement therapy, N (%) 3(4.8) 0 3(9.7) 0.238
Body mass index (kg/mz), median (range) 30 (22-45) 27.5 (22-43) 31 (24-45) 0.024*
Immunocompromised“ at inclusion, N (%) 8 (13) 5 (16) 3(9.7) 0.449
Analytical variables
Haemoglobin g/L 140 (90-171) 130 (90-149) 126 (97-171) 0.451
White blood cell count (x10°/L) 6.7 (0.4-49) 6.2 (0.4-17) 7.2 (1.4-49) 0.149
Platelet count (x10°/L) 239 (20-668) 234 (20-543) 239 (134-668) 0475
Neutrophil count (x10°/L) 4.95 (0-17.5) 4.2 (0-15.6) 6.1 (0.9-17.5) 0.012*
Lymphocyte count (x10°/L) 1(0.1-2.8) 12(0.3-22) 0.9 (0.1-2.8) 0.089
Plasma creatinine (pmol/L) 69 (36-1224) 70 (40-390) 66 (36-1224) 0.46
eGFR MDRD (mL/min/1.73m?) 95 (4-95) 95 (10-95) 95 (4-95) 0.652
Lactate dehydrogenase (ukat/L) 6.45 (3.2-16) 5.6 (3.2-16) 7.2 (4-16) 0.002*
suPAR (ng/mL) median (range) 5.9 (2.9-29) 5.0 (2.9-11.1) 6.6 (4.2-29)° 0.002*
Neutrophil-lymphocyte ratio median (range) 4.9 (0.2-87.5) 3.7 (0.2-8.9) 6.1 (0.4-87.5) 0.002*
SARS-CoV-2 viral load (ct-value)" 359 (17.8-39.0)  39.0 (21.8-39.0) 32.2 (17.8-39.0) 0.015*
PCRP (pg/mL) 63 (6-477) 40 (6-376) 90 (10-477) 0.043*
mCRP (ng/mL) 33.02 (12.6- 3272 (12.6-57.7) 33.3 (21.7-50.4) 0.736

57.7)

N/A, Not applicable.
ct-value, cycle threshold-value.

*P < 0.05 = significant. NR, not relevant, *values missing for two patients, “values missing for two patients, “values missing for one patient

t, 128,
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Renal pathology score Double positive antibodies

r value P value
Activity indices score 0.126 0.400
Cell/cell fiber crescent 0.008 0.953
Neutrophil infiltration and/or nuclear fragmentation 0.017 0.896
Interstitial inflammatory 0.143 0.267
Chronicity indices score 0.192 0.196
Global sclerosis 0.071 0.581
Fibrous crescent -0.210 0.017
Tubular atrophy 0.248 0.022
IgG deposition -0.365 0.004
IgA deposition -0.102 0429
IgM deposition -0.160 0213

C3c deposition 0.129 0316
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@

cal Evalua
Number of patients

Age (median and range) (years)

Female, no. (%)

Hypertension (BP=140/90mmHg), no. (%)
Nephrotic syndrome, no. (%)

Acute kidney injury, no. (%)

Anemia, no. (%)

Neurological disorder, no. (%)

SLEDAL mean * s.d

Follow-up time, m, median (range)

Duration from SLE onset to renal biopsy, (months), mean + s.d

90
32.51(14-67)
84.4%
47(52.2)
49(54.4)
18(20.0)
41(45.6)
5(5.6)
17463
56.73(27-86)

240 +39

Assessment

Leukocytopenia, no. (%)
Thrombocytopenia, no. (%)

Hematuria, no. (%)

Leukocyturia, no. (%)

Hemoglobin, mean + 5.d.(g/L)

Urinary protein, median (range) (g/24h)
Serum creatinine, median (range) (umol/L)
C3 level, median (range) (g/L)

C4 level, median (range) (g/L)

ANA (+), no. (%)

Anti-dsDNA antibodies, no. (%)

20(22.2)
12(133)
72(80.0)
49(54.4)

1084 + 24.6
3.8(0.2-22.45)
75.4(26.1-792.0)
0.5(0.15-1.38)
0.11(0.00-1.01)
87(96.7)

69(76.7)
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