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Editorial on the Research Topic

Community series in biology of C-reactive protein, volume II
C-reactive protein (CRP) is an evolutionarily conserved protein with pattern

recognition receptor-like activities (1). Experiments performed in vitro and employing

mouse models of human diseases have revealed that CRP possesses anti-bacterial, anti-

atherosclerotic, anti-arthritic and anti-amyloidogenic activities (2–8). In addition to

executing host-defense functions, CRP also serves as a biomarker of inflammation (9).

This Research Topic includes nine articles: four of these articles report latest findings on the

structure-function relationships of CRP and the other five articles cover the developments

in the clinical utility of CRP.

CRP exists and is active in three different structural conformations: native pentameric

CRP, monomeric CRP (mCRP) and intermediate or non-native or transitional or modified

or loosened pentameric CRP (pCRP*) (10). The abbreviation CRP represents native

pentameric CRP. Potempa et al. reviewed the literature on the three forms of CRP and

re-evaluated their roles in the tissue repair processes and thereby resolving some

controversies on the structure-function relationships of CRP.

It has been shown previously that CRP binds to Fcg receptors (FcgR); neither the

complexing of CRP with a ligand nor a conformational change in the native pentameric

structure of CRP was required for CRP to bind to FcgRs (11, 12). Henning et al. thoroughly

investigated the CRP-FcgR interactions by employing both CRP and mCRP in both free

and immobilized forms. They found that both forms of immobilized CRP engaged both the

activating and inhibitory FcgRs. Activation of FcgRs by fluid-phase CRP was considerably

lower than with immobilized CRP but was enhanced in the presence of streptococci.

Immobilization of CRP exposed mCRP epitopes, suggesting that pCRP*, not CRP, is the

major FcgR-activating conformation.

The primary ligand-binding specificity of CRP is for phosphocholine (PCh)-containing

substances such as cell wall C-polysaccharide of pneumococci. CRP has been shown to

protect mice against lethal pneumococcal infection but only when CRP is administered to

mice during the early stages of infection. Employing CRP-deficient mice in pneumococcal

infection experiments, Agrawal et al. found that CRP was protective against late-stage
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infection also; however, the protection against late-stage infection

involved structural changes in CRP and subsequent binding of CRP

to PCh and of structurally altered CRP to both PCh and amyloids

present on the bacterial surface. In addition, their data also

suggested that the amyloid-binding protein, serum amyloid P

component, cooperated with CRP in reducing bacteremia and

bacterial load in mice infected with pneumococci. The PCh-

binding function of CRP has been conserved throughout

evolution from arthropods to humans. However, it was not

known whether the amyloid-binding function of structurally

altered CRP has also been evolutionarily conserved. Agrawal et al.

isolated arthropod CRP from American horseshoe crab Limulus

polyphemus (Li-CRP) and investigated the anti-amyloidogenic

activity of Li-CRP. They report that Li-CRP binds to amyloids

and prevents the formation of amyloid fibrils, and unlike human

CRP, Li-CRP does not require any changes in its overall structure to

bind to amyloids. Their data further suggested that a variety of Li-

CRP molecules of different subunit compositions were present in

Limulus hemolymph, raising the possibility that the presence of

various Li-CRP species in hemolymph facilitates the recognition of

a range of proteins with differing amyloidogenicity. It was

concluded that the binding of CRP to amyloids is also an ancient

function of CRP. In invertebrates, the amyloid-binding function of

CRP can protect the host from toxicity caused by amyloidogenic

and pathogenic proteins. In humans, the amyloid-binding function

of CRP can protect against inflammatory diseases in which the host

proteins are ectopically deposited on either host cells or foreign cells

in an inflammatory milieu since immobilized proteins may expose

amyloid-like structures after deposition at places where they are not

supposed to be.

Since the serum level of CRP rises in inflammatory states, serum

CRP is used as a non-specific biomarker of inflammation. In this

Research Topic, there are five reports on the use of CRP as a co-

biomarker for specific diseases. Chen et al. investigated whether

CRP could be used as a co-biomarker to improve the prediction of

venous thromboembolism in patients with bladder cancer. They

found that the combined model of elevated CRP and elevated D-

Dimer levels offers superior predictive performance. Chen et al.

investigated whether CRP could be used as a co-biomarker for

predicting severity in acute pancreatitis. They report that the ratio

of serum CRP to serum calcium levels is a novel biomarker for

predicting severity in acute pancreatitis in their retrospective cross-

sectional study. However, further multicenter prospective cohort

studies are needed to confirm its clinical utility. Huang et al.

performed a cross-sectional study and investigated whether CRP

could be used as a co-biomarker for the prevalence of

hyperuricemia in adults with diabetes or prediabetes. They found

that an elevated CRP to high-density lipoprotein cholesterol ratio

was significantly associated with a higher risk of hyperuricemia in

adults with diabetes or prediabetes. Wu et al. investigated the

association of CRP with hepatic fibrosis in US and Chinese

patients with metabolic dysfunction-associated steatotic liver

disease (MASLD) and assessed its predictive efficacy. They found
Frontiers in Immunology 025
a significant correlation between elevated CRP levels and increased

risk of fibrosis and cirrhosis in US MASLD patients and between

elevated CRP levels and hepatic fibrosis in Chinese MASLD

patients. Finally, Xu et al. reviewed the published literature and

performed meta-analysis of the data to compare the diagnostic

accuracy of resistin and CRP levels for sepsis in neonates and

children. They found that both CRP and resistin levels could be

used as biomarkers for detecting pediatric and neonatal sepsis.

In summary, recent data indicate that the native pentameric

structure of CRP is flexible and that the structural changes in CRP is

a key mechanism for CRP to be protective against inflammatory

diseases. Appropriately designed animal models can be used to

further understand the conformation-dependent actions of CRP in

vivo (1). Potempa et al. provides a review of the shortcomings of the

currently available diagnostic tests for CRP and highlight the need

for change in how CRP is currently utilized in clinical practice.
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An evolutionarily conserved
function of C-reactive protein
is to prevent the formation
of amyloid fibrils
Alok Agrawal1*†, Asmita Pathak1†, Donald N. Ngwa1,
Avinash Thirumalai 1, Peter B. Armstrong2 and Sanjay K. Singh1*

1Department of Biomedical Sciences, Quillen College of Medicine, East Tennessee State University,
Johnson City, TN, United States, 2Marine Biological Laboratory, Woods Hole, MA, United States
C-reactive protein (CRP) binds to phosphocholine (PCh)-containing substances and

subsequently activates the complement system to eliminate the ligand. The PCh-

binding function of CRP has been conserved throughout evolution from arthropods

to humans. Human CRP, in its structurally altered conformation at acidic pH, also

binds to amyloid-b (Ab) and prevents the formation of Ab fibrils. It is unknown

whether the Ab-binding function of CRP has also been evolutionarily conserved.

The aim of this study was to determine whether CRP isolated from American

horseshoe crab Limulus polyphemuswas also anti-amyloidogenic and whether this

function required structural alteration of LimulusCRP (Li-CRP). TwoCRP species Li-

CRP-I and Li-CRP-II were purified from hemolymph by employing PCh-affinity

chromatography and phosphoethanolamine-affinity chromatography, respectively.

Both Li-CRP-I and Li-CRP-II bound to immobilized Ab at physiological pH. Unlike

humanCRP, Li-CRP did not require any changes in its overall structure to bind to Ab.
Both Li-CRP-I and Li-CRP-II bound to Ab in the fluid phase also and prevented the

fibrillation of Ab. Additionally, ion-exchange chromatography of purified Li-CRP

indicated that a variety of Li-CRP molecules of different subunit compositions were

present in Limulus hemolymph, raising the possibility that the presence of various

Li-CRP species in hemolymph facilitates the recognition of a range of proteins with

differing amyloidogenicity. We conclude that the binding of CRP to Ab is an ancient

function of CRP. In invertebrates, the Ab-binding function of CRP can protect the

host from toxicity caused by amyloidogenic and pathogenic proteins. In humans,

the Ab-binding function of CRP can protect against inflammatory diseases in which

the host proteins are ectopically deposited on either host cells or foreign cells in an

inflammatory milieu since immobilized proteins may expose Ab-like structures after

deposition at places where they are not supposed to be.
KEYWORDS

C-reactive protein, Limulus polyphemus, American horseshoe crab, amyloidosis,
protein toxicity
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Introduction

C-reactive protein (CRP) is characterized by its ability to bind to

phosphocholine (PCh) or to both PCh and phosphoethanolamine

(PEt) in a Ca2+-dependent manner (1–6). Human CRP is encoded

by a single gene producing a non-glycosylated polypeptide of 206

amino acid residues and is a cyclic pentamer of five identical non-

covalently attached subunits (7). The molecular weights of the

pentamer and subunits are ~115 kDa and ~23 kDa, respectively.

The interfaces of the CRP pentamer are flexible (8–10). Human

CRP also has the ability to multimerize as a stack of two pentamers

in the presence of zinc ions or high levels of NaCl (10–12).

Human CRP functions in two different conformations: as a

native pentamer at physiological pH and as a non-native pentamer

at acidic pH (13). When exposed to acidic pH, the native

pentameric conformation of CRP is altered (8, 10, 14–17). Such

non-native pentameric CRP is also generated by exposure of native

CRP to H2O2 (16, 18). Native CRP binds primarily to PCh-

containing substances and subsequently activates the complement

system to eliminate the ligand (19, 20). Non-native CRP binds to

amyloid-b peptide 1-42 (Ab) and to Ab-like structures displayed on
immobilized, denatured and aggregated proteins, in addition to

retaining the ability to bind to PCh (15, 21–24). It has also been

recently shown that non-native pentameric CRP binds to Ab in the

fluid phase, subsequently preventing their fibrillation (21). Thus,

human CRP is an anti-amyloidogenic protein; however, an

inflammatory milieu and subsequent conformational changes in

native CRP are required for human CRP to be anti-amyloidogenic.

CRP has been conserved throughout evolution (25–27). The

earliest known CRP is reported from arthropods American

horseshoe crab Limulus polyphemus (28), Japanese horseshoe crab

Tachypleus tridentatus (29) and South Asian horseshoe crab

Carcinoscorpius rotundicauda (30). CRP has also been isolated

and characterized from the mollusk Achatina fulica (31, 32). It is

unknown whether the anti-amyloidogenic function of human CRP

has been evolutionarily conserved and whether CRP from

invertebrates exhibits structure-based ligand-binding properties.

CRP from L. polyphemus which diverged from the vertebrate

lineage ~500 million years ago (35) has been previously investigated

in greater detail (28, 33–38): Limulus CRP (Li-CRP) is encoded by

three homologous genes producing three types of subunits (34). All

three subunit types have 218 amino acid residues and are present

approximately in equimolar amounts (35). They also share an

identical N-terminal sequence of 44 amino acid residues and an

identical C-terminal sequence of 13 amino acid residues (35). There

is only 10% microheterogeneity amongst the rest of the amino acid

sequences. There are six half-cystines that form the three intrachain
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disulfide bonds in all subunits (35). The positions of six half-

cystines are constant in all subunits. All three types of subunits

are glycosylated although the glycosylation is variable (35). The sites

of glycosylation are also constant in all three subunits. Each type of

subunit forms a hexagonal structure as revealed by electron

microscopy and two hexamers are stacked together to form the

Li-CRP dodecamer. The molecular weights of Li-CRP dodecamer

and subunits are ~300 kDa and ~25 kDa, respectively (36). Thus,

there are twelve subunits in each Li-CRP molecule. Each type of

subunit binds to both PCh and PEt in a Ca2+-dependent manner

(34). There is no immunological cross-reactivity between Li-CRP

and human CRP (28, 39).

There are two other proteins similar to Li-CRP present in

Limulus hemolymph. One has been named human serum amyloid

P component (SAP)-like protein which has an affinity for PEt and

carbohydrate moieties but not PCh (33, 40–42). The N-terminal

amino acid sequences of Li-CRP and SAP-like protein are different.

The first ten N-terminal amino acid residues of Li-CRP are

LEEGEITSKV/I and of SAP-like protein are AVDIRDVKIS (34, 35,

41). The other protein similar to Li-CRP in hemolymph has been

named limulin which binds to fetuin or sialic acid (28, 33, 43–45).

The aim of this study was to determine whether Li-CRP was an

anti-amyloidogenic protein like human CRP and whether this

function of Li-CRP required acidic pH. Since Li-CRP is known to

bind to both PCh and PEt, we isolated Li-CRP from the hemolymph

employing two different affinity chromatography methods. Li-CRP

isolated by PCh-affinity chromatography was named Li-CRP-I and

Li-CRP isolated by PEt-affinity chromatography was named Li-

CRP-II. Both CRP species, Li-CRP-I and Li-CRP-II, were then

characterized and investigated for their effects on Ab fibrillation.

Materials and methods

Purification of human CRP

Human CRP was purified from discarded body fluids

employing PCh-affinity chromatography, exactly as described

previously (46).
Purification of Li-CRP-I and Li-CRP-II

Limulus hemolymph was obtained from Marine Biological

Laboratory. Li-CRP was purified from the hemolymph as

described previously, with some modifications (33). Hemolymph

was first centrifuged at 15,000 g for 15 min to collect the clear blue

plasma. The plasma was passed through a Sepharose 4B

(MilliporeSigma, 4B200) column in 10 mM Tris-HCl, pH 7.2,

containing 150 mM NaCl (TBS) and 2 mM CaCl2 to remove

carbohydrate-binding proteins. Next, polyethylene glycol-8000

was added to the plasma at a final concentration of 3% and

incubated at 4°C for 16 h with shaking to remove hemocyanin.

The plasma was then centrifuged at 30,000 g for 30 min. The blue

pellet was discarded, and the transparent plasma was recovered and

used to purify Li-CRP by employing two different affinity

chromatography methods, as follows.
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Method 1: Li-CRP was isolated from plasma by employing Ca2

+-dependent PCh-affinity chromatography as described previously

for purification of human CRP (46). Briefly, plasma was passed

through a PCh-Sepharose column in a Ca2+-containing buffer. After

washing the column, Li-CRP was eluted by using EDTA. The EDTA

eluate was concentrated and Li-CRP was further purified by using

gel filtration chromatography on a Superose 12 column in TBS

containing 5 mM EDTA. Fractions containing Li-CRP were pooled

and dialyzed against TBS containing 2 mM CaCl2. This preparation

of pure Li-CRP which involved purification by PCh-affinity

chromatography was named Li-CRP-I.

Method 2: Li-CRP was isolated from plasma by employing

Ca2+-dependent PEt-affinity chromatography as described

previously for purification of recombinant human CRP mutants

(46). Briefly, plasma was passed through a PEt-Sepharose column in

a Ca2+-containing buffer. After washing the column, Li-CRP was

eluted by EDTA. The EDTA eluate was concentrated and Li-CRP

was further purified as described above in method 1. This

preparation of pure Li-CRP which involved purification by PEt-

affinity chromatography was named Li-CRP-II.

The purity of Li-CRP preparations was determined by using

denaturing SDS-PAGE under reducing conditions in a 4-20%

gradient gel and by N-terminal sequencing. The N-terminal

amino acid sequencing of Li-CRP was performed at the

Molecular Structure Facility, University of California, Davis. The

concentrations of Li-CRP-I and Li-CRP-II were determined by

using the extinction coefficient of 15.49 at A280 (36).

Determination of the overall structure of
Li-CRP

The molecular weight of native Li-CRP was determined by

employing gel filtration chromatography on a calibrated Superose

12 column (10/300 GL, GE healthcare), as described previously for

human CRP (46). The gel filtration column was equilibrated with

TBS containing 5 mM EDTA. Li-CRP was injected into the column

and eluted with TBS containing 5 mM EDTA at a flow rate of 0.3

ml/min. Fractions (60 fractions, 250 ml each) were collected and

absorbance at 280 nm measured to locate the elution volume of Li-

CRP. The molecular weight of the subunits of Li-CRP was

determined by employing denaturing SDS-PAGE under reducing

conditions in a 4-20% gradient gel. The composition of Li-CRP was

further evaluated by employing anion exchange chromatography on

a MonoQ column (5/50 GL, GE healthcare), as described previously

for human CRP (46). The fractions collected after the

chromatography were subjected to denaturing SDS-PAGE under

reducing conditions in a 4-20% gradient gel.

Deglycosylation of Li-CRP

Deglycosylation of Li-CRP was performed using the

Glycoprofile IV Chemical Deglycosylation kit (MilliporeSigma,

PP0510) according to manufacturer’s instructions. Briefly, 150 µl

of chilled trifluoromethanesulfonic acid (MilliporeSigma, 34781-7)

was added to 1 mg of cold lyophilized Li-CRP and incubated on ice

for 25 min with occasional shaking. Bromophenol blue (0.2%; 4 µl)
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was added to the reaction followed by dropwise addition of 60%

pyridine solution (MilliporeSigma, P5496) in a methanol-dry ice

bath until the color of the reaction changed from red to light purple

or blue. Samples were then dialyzed against TBS overnight. The

deglycosylation of Li-CRP was verified and the molecular weight of

the deglycosylated subunits determined by employing denaturing

SDS-PAGE under reducing conditions in a 4-20% gradient gel.

Generation of polyclonal
anti-Li-CRP-I antibodies

Li-CRP-I was purified as described above. Rabbit polyclonal

antibodies against purified Li-CRP-I were generated commercially

by Thermo Fisher Scientific. The antiserum obtained from the

company was used as such after titrating to determine the

dilution to be used in the assays.

Immunological cross-reactivity assay

The immunological cross-reactivity between Li-CRP-I and Li-

CRP-II was determined by employing anti-Li-CRP-I antibodies and

purified Li-CRP-I and Li-CRP-II, as follows. Microtiter wells were

coated with increasing amounts of Li-CRP-I or Li-CRP-II and

incubated at 37°C for 2 h. The unreacted sites in the wells were

blocked with TBS containing 0.5% gelatin for 45 min at room

temperature. Next, anti-Li-CRP-I antibodies diluted in TBS was

added to the wells and incubated at 37°C for 1 h. HRP-conjugated

donkey anti-rabbit IgG, diluted in TBS, was used as the secondary

antibody. Color was developed using ABTS as the substrate and the

OD was read at 405 nm in a microtiter plate reader.

PCh-binding assay

Binding activity of Li-CRP for PCh was measured by using

pneumococcal C-polysaccharide (PnC; purchased from Statens

Serum Institut) as the PCh-containing ligand, exactly as described

previously (9).
Preparation of Ab peptides, monomers
and fibrils

Lyophilized Ab peptide 1-42 was purchased from Bachem (H-

1368) and reconstituted according to manufacturer’s instructions.

Reconstituted Ab peptide solution should contain Ab monomers;

however, oligomers of Ab monomers are also present in the

reconstituted Ab peptide solution (47). Ab monomers were

prepared from Ab peptides according to a published method (48)

and exactly as described previously (21). In brief, lyophilized Ab
peptides were dissolved in hexafluoroisopropanol (MilliporeSigma)

and incubated at 37°C for 2 h for monomerization of the

oligomers present in the Ab peptide solution. After removing

hexafluoroisopropanol by evaporation overnight, the vials

containing the film of Ab monomers were stored at -20°C. Ab
fibrils were prepared from Ab peptides according to a published

method (48) and exactly as described previously (21). In brief, when
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needed, ice-cold TBS was added to a vial containing the film of Ab
monomers to obtain a 200 mg/ml solution of Ab monomers. To

prepare Ab fibrils, the Ab monomers were vortexed and transferred

to a 96-well microtiter plate (Immunochemistry Technologies, Costar

266). The plate was incubated at 37°C for 3 h with shaking at 300

rpm. The resulting Ab fibrils were stored at -20°C until needed.
Li-CRP-Ab binding assay

Binding activity of Li-CRP for immobilized Ab was evaluated as

described earlier (21). Briefly, lyophilized Ab peptides were

reconstituted in TBS. Microtiter wells were coated with 10 mg/ml

of Ab at 4°C overnight. The unreacted sites in the wells were

blocked with TBS containing 0.5% gelatin. Li-CRP, diluted in TBS

containing 0.1% gelatin, 0.02% Tween-20 and 2 mM CaCl2 (TBS-

Ca), was added in duplicate wells and incubated at 37°C overnight.

After washing the wells, rabbit polyclonal anti-Li-CRP-I antibody

was used to detect bound Li-CRP. HRP-conjugated donkey anti-

rabbit IgG (GE Healthcare) was used as the secondary antibody.

Color was developed, and the OD was read at 405 nm.
Human SAP-Ab binding assay

Binding activity of human SAP (Calbiochem, 565190) for

immobilized Ab was evaluated as follows. Microtiter wells were

coated with 10 µg/ml of Ab peptide, monomer and fibrils diluted in

TBS. The unreacted sites in the wells were blocked with TBS

containing 0.5% gelatin for 45 min at room temperature. SAP,

diluted in TBS-Ca was then added in duplicate wells and incubated

for 2 h at 37°C. Bound SAP was detected by using rabbit anti-

human SAP (Calbiochem, 565191) by adding the antibody (5 µg/

ml) to the wells and incubating at 37°C for 1 h. HRP- conjugated

donkey anti-rabbit antibody (Southern Biotech, 6441-05) was used

as the secondary antibody. Color was developed, and the OD was

read at 405 nm.

Thioflavin T assay for Ab fibrillation

The fibrillation of Ab monomers was monitored by employing

ThT assay according to a published method (49, 50) and exactly as

described previously (21). In brief, the effects of Li-CRP on Ab
fibrillation were determined by adding CRP to Ab at time zero, that

is, CRP and Ab were mixed together before the beginning of the

fibrillation reaction. The fibrillation reaction mix was prepared with

and without CRP. In CRP-containing mixture, the final

concentrations of CRP were 1, 10 and 100 mg/ml. After vortexing,

240 ml of each mixture was transferred in triplicate wells in a 96-well

microtiter plate (Immunochemistry Technologies, Costar 266).

Fluorescence was measured by using the Synergy H1 microplate

reader (BioTek) with excitation at 440 nm and emission at 480 nm.

After the first measurement at 5 min, the plate was incubated at 37°

C for 3 h with shaking at 300 rpm; fluorescence was measured every

15 min for 3 h.
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Results

Verification of the composition and
characteristics of Li-CRP-I and Li-CRP-II

Gel filtration and SDS-PAGE were performed to determine the

molecular weight of native Li-CRP, the number of subunits in each

molecule and the molecular weight of the subunits. As shown in

Figure 1A, the elution volumes from the calibrated gel filtration

column for both Li-CRP-I purified by PCh-affinity chromatography

and Li-CRP-II purified by PEt-affinity chromatography were 10 ml.

The molecular weights of both Li-CRP-I and Li-CRP-II were

calculated to be ~300 kDa. SDS-PAGE (Figure 1B) revealed that

Li-CRP-I was composed of two types of subunits of molecular

weight 27.3 ± 1.7 kDa (band A) and 25.8 ± 2.7 kDa (band B). The

band A was a doublet of two bands. Li-CRP-II was also composed of

two types of subunits of molecular weight 29.6 ± 2.6 kDa (band C)

and 24.7 ± 2.5 kDa (band D), although a third subunit of molecular

weight 28.2 ± 2.5 kDa was also seen as a faint band in between

bands C and D. In another preparation of Li-CRP-II, there was an

additional faint band of molecular weight 54.8 ± 0.01 (band E,

Figure 1D). Thus, both Li-CRP-I and Li-CRP-II were composed of

twelve subunits, assuming an average molecular weight of 25 kDa

for each subunit.

We checked the purity of Li-CRP-I eluted by using either EDTA

(lane 2) or PCh (lane 3) from the PCh-affinity column (Figure 1C).

We also compared the purity of Li-CRP-I purified by either affinity

chromatography (lanes 2-3) only or by affinity chromatography

followed by gel filtration (lanes 4-5). As shown, there was no

difference in the purity of Li-CRP-I eluted by either EDTA or

PCh from the affinity column. Similarly, there was no difference in

the purity of Li-CRP-I purified by just affinity chromatography or

by affinity chromatography followed by gel filtration. These results

indicated that the affinity-purified Li-CRP-I was pure; there was no

need for further purification.

The purity of Li-CRP-II eluted by using either EDTA (lanes 2-4)

or PEt (lanes 5-7) from the PEt-affinity column was also

investigated (Figure 1D). As shown, when Li-CRP-II was eluted

from the affinity column by using PEt (lane 5), the top band C (as

shown in Figure 1B) was absent; instead, there was a doublet of the

middle band. We also compared the purity of Li-CRP-II purified by

either affinity chromatography (lanes 2 and 5) alone or by affinity

chromatography followed by ion-exchange chromatography (lanes

3 and 6) or by affinity chromatography followed by gel filtration

(lanes 4 and 7). There was no difference in the purity of Li-CRP-II

purified by just affinity chromatography or by affinity

chromatography followed by either ion-exchange chromatography

or gel filtration. These results indicated that the affinity-purified Li-

CRP-II was also pure; there was no need for further purification.

To remove the contaminant protein (band E) present in Li-

CRP-II, each fraction collected after ion-exchange chromatography

was subjected to SDS-PAGE individually (Figure 2A), instead of

pooling the fractions (lane 2, Figure 1D). As shown in Figure 2A,

the intensity of band E was directly proportional to the intensity of

band C and that the compositions of Li-CRP-II present in each
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fraction were different from each other. Some fractions had more of

subunit C and some had more of subunit D. That was not the case

with Li-CRP-I (Figure 2B); when individual fractions of Li-CRP-I

after ion-exchange chromatography were subjected to SDS-PAGE,

the composition of Li-CRP-I in each fraction was the same.

Deglycosylation of Li-CRP followed by SDS-PAGE were

performed to determine whether each type of subunit present in

Li-CRP-I and Li-CRP-II was glycosylated. As shown in Figure 2C,

deglycosylation of Li-CRP-I resulted in a single band of molecular

weight 23.2 kDa (lanes 1 and 2). Similarly, deglycosylation of Li-

CRP-II also resulted in a single band of molecular weight 23.2 kDa
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(lanes 4 and 5). These data suggest that the difference in the

electrophoretic mobility between subunits A and B and between

subunits C and D was due to the difference in the extent of

glycosylation of each type of subunit. Bands A and B were the

products of a single gene and bands C and D were also the products

of a single gene.

Native PAGE was also performed to check the purity of Li-CRP

preparations. As shown in Figure 2D, there was only one band for

Li-CRP-I, further indicating that it was a pure preparation of Li-

CRP-I. In contrast, two bands were observed in the native PAGE of

Li-CRP-II. This was not expected. Likely, the top band seen in Li-
FIGURE 1

Purification of Li-CRP-I and Li-CRP-II. (A) Elution profiles of Li-CRP-I and Li-CRP-II from the gel filtration column are shown. The arrows point to
the elution volumes of molecular weight markers: apoferritin (440 kDa), human CRP (120 kDa) and BSA (66 kDa). A representative of three
chromatograms is shown. (B) Li-CRP-I and Li-CRP-II were subjected to SDS-PAGE. Lane 1, Bio-Rad broad-range molecular weight markers; Lane 2,
Li-CRP-I eluted from the PCh-affinity column by using EDTA; Lane 3, Li-CRP-I eluted from the PCh-affinity column by using PCh; Lane 4, Li-CRP-II
eluted from the PEt-affinity column by using EDTA; Lane 5, Li-CRP-II eluted from the PEt-affinity column by using PEt; Lane 6, Bio-Rad low-range
molecular weight markers. The molecular weights of the CRP subunits were calculated from three separate gels and presented as average ± SEM
(see the Results section). (C) Lane 1, molecular weight markers; Lane 2, Li-CRP-I eluted from the PCh-affinity column by using EDTA; Lane 3, Li-
CRP-I eluted from the PCh-affinity column by using EDTA, followed by gel filtration chromatography; Lane 4, Li-CRP-I eluted from the PCh-affinity
column by using PCh; Lane 5, Li-CRP-I eluted from the PCh-affinity column by using PCh, followed by gel filtration chromatography; Lane 6,
molecular weight markers. (D) Lane 1, molecular weight marker; Lane 2, Li-CRP-II eluted from the PEt-affinity column by using EDTA; Lane 3, Li-
CRP-II eluted from the PEt-column by using EDTA, followed by ion-exchange chromatography; Lane 4, Li-CRP-II eluted from the PEt-column by
using EDTA, followed by gel filtration chromatography; Lane 5, Li-CRP-II eluted from the PEt-affinity column by using PEt; Lane 6, Li-CRP-II eluted
from the PEt-column by using PEt, followed by ion-exchange chromatography; Lane 7, Li-CRP-II eluted from the PEt-column by using PEt, followed
by gel filtration chromatography; Lane 8, molecular weight markers. A representative of three Coomassie brilliant blue-stained gels is shown for
each panel.
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CRP-II lane contained ligand-bound Li-CRP-II and the ligand

could be the protein seen as band E in SDS-PAGE gels.

The N-terminal sequences of the first ten amino acids of Li-

CRP-I and Li-CRP-II were LEEGEITSKV and LEEGEITSKI,

respectively. The amino acid sequences of Li-CRP-I and Li-CRP-

II were identical for the first nine residues. Sequencing of Li-CRP-II,

however, revealed an additional protein with the sequence

MLTTKVRFFH of the first 10 residues, probably reflecting the

band E in Li-CRP-II.

The preparations of Li-CRP-I and Li-CRP-II purified by affinity

chromatography and gel filtration as shown in Figure 1B were used

in the subsequent experiments involving Li-CRP.
Li-CRP-II reacts with polyclonal antibodies
to Li-CRP-I

Immunological cross-reactivity assays for Li-CRP-I and Li-

CRP-II showed that the antibodies to Li-CRP-I reacted with both

Li-CRP-I and Li-CRP-II with almost equal affinity (Figure 3). These

data suggested that anti-Li-CRP-I antibodies could be used to detect
Frontiers in Immunology 0612
both Li-CRP-I and Li-CRP-II. These results were not surprising

considering the similarity in the amino acid sequences of Li-CRP-I

and Li-CRP-II.
Li-CRP binds to PCh but not as avidly as
human CRP does

We next evaluated whether Li-CRP-II which was purified by

PEt-affinity chromatography bound to PCh also and, if so, then

whether the PCh-binding ability of Li-CRP-II was different from

that of Li-CRP-I and human CRP. As shown in Figure 4, both Li-

CRP-I and Li-CRP-II and human CRP bound to PCh in a CRP

concentration-dependent manner. However, the binding of Li-

CRP-I and Li-CRP-II to PCh was not comparable to each other

and was different from human CRP. For equivalent binding (OD at

405 nm equal to 1) of Li-CRP-I, Li-CRP-II and human CRP to PCh,

the required concentrations of Li-CRP-I, Li-CRP-II and human

CRP were 1.2 mg/ml, 12 mg/ml and 0.009 mg/ml, respectively. Thus,

for equivalent binding of Li-CRP-II and Li-CRP-I to PCh, 10-times

more of Li-CRP-II was required compared to Li-CRP-I, indicating
FIGURE 2

Characterization of Li-CRP-I and Li-CRP-II. (A) Li-CRP-II, purified by affinity chromatography and gel filtration, was subjected to ion-exchange
chromatography on a MonoQ column (chromatogram not shown). Fractions (18-35) collected from the MonoQ column were subjected to SDS-
PAGE. (B) Li-CRP-I, purified by affinity chromatography and gel filtration, was subjected to ion-exchange chromatography on a MonoQ column
(chromatogram not shown). Fractions (18-35) collected from the MonoQ column were subjected to SDS-PAGE. (C) Native and deglycosylated Li-
CRP-I and Li-CRP-II were subjected to SDS-PAGE. Lane 1, Li-CRP-I (10 mg); Lane 2, deglycosylated Li-CRP-I (80 mg); Lane 3, molecular weight
markers; Lane 4, Li-CRP-II (10 mg); Lane 5, deglycosylated Li-CRP-II; Lane 6, molecular weight markers. (D) Li-CRP-I and Li-CRP-II were subjected
to native PAGE. Lane 1, Li-CRP-I; Lane 2, Li-CRP-II. A representative of two Coomassie brilliant blue-stained gels is shown for each panel.
frontiersin.org

https://doi.org/10.3389/fimmu.2024.1466865
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Agrawal et al. 10.3389/fimmu.2024.1466865
that the PCh-binding avidity of Li-CRP-II was 90% less than that of

Li-CRP-I. For equivalent binding of Li-CRP-II and human CRP to

PCh, ~1300-times more of Li-CRP-II was required compared to

human CRP, indicating that the PCh-binding avidity of Li-CRP-II

was ~99% less than that of human CRP. Similarly, for equivalent

binding of Li-CRP-I and human CRP to PCh, ~130-times more of

Li-CRP-I was required compared to human CRP, indicating that

the PCh-binding avidity of Li-CRP-I was also ~99% less than that of

human CRP.
Like human SAP, both Li-CRP-I and Li-
CRP-II bind to immobilized Ab at
physiological pH

Employing solid-phase Ab-binding assays, the binding of Li-

CRP to immobilized Ab, in the presence and absence of Ca2+, was

determined. As shown in Figure 5, Li-CRP-I bound to immobilized

Ab peptides, monomers and fibrils, at physiological pH, in a CRP

concentration-dependent manner. The binding of Li-CRP-I to Ab
did not require Ca2+ since the binding also occurred in the absence

of Ca2+. Similarly, Li-CRP-II also bound to Ab peptides, monomers

and fibrils, at physiological pH, in a CRP concentration-dependent

manner. However, in contrast to Li-CRP-I, the binding of Li-CRP-

II to Ab was Ca2+-dependent since the binding of Li-CRP-II to Ab
was either absent or drastically reduced in the absence of Ca2+.

These data suggest that Ab is a ligand of both native Li-CRP-I and
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native Li-CRP-II although the undefined Ab-binding site may be

located on different regions in Li-CRP-I and Li-CRP-II.

Next, to compare Li-CRP with human SAP, the binding of

human SAP to immobilized Ab, in the presence and absence of

Ca2+, was investigated (Figure 6). As shown, human SAP bound to

immobilized Ab peptides, monomers and fibrils, at physiological

pH, in the presence of Ca2+ and in an SAP concentration-dependent

manner. However, like Li-CRP-II, human SAP did not bind to Ab
in the absence of Ca2+, suggesting that Li-CRP-II and human SAP

recognize Ab in similar environment.
Both Li-CRP-I and Li-CRP-II prevent
fibrillation of Ab

Next, we investigated whether Li-CRP capable of binding to

immobilized Ab can also bind to Ab when both Li-CRP and Ab are

in the fluid phase and inhibit the formation of Ab fibrils. Ab
monomers were employed in the fibrillation assays (Figure 7). In

the absence of Li-CRP, the fibrillation of Ab began within 5 min and

continued until ~2 h when further fibrillation stopped (black curves

in both panels). Both Li-CRP-I and Li-CRP-II inhibited the

fibrillation of Ab in a CRP concentration-dependent manner. In

case of Li-CRP-I, there was no statistically significant difference in

fibrillation with or without 1 mg/ml of Li-CRP-I and there was no
FIGURE 3

Reactivity of anti-Li-CRP-I antibodies with Li-CRP-II. Microtiter wells
were coated with Li-CRP-I and Li-CRP-II. After blocking the
unreacted sites in the wells, rabbit polyclonal anti-Li-CRP-I antibody
was added to the wells. Bound antibody was detected by HRP-
conjugated donkey anti-rabbit IgG. Color was developed and the
OD was read at 405 nm. The experiment was performed three times
and comparable results were obtained each time. Results of a
representative experiment are shown.
FIGURE 4

PCh-binding activity of Li-CRP-I and Li-CRP-II. Microtiter wells were
coated with PnC. After blocking the unreacted sites in the wells,
human CRP and Li-CRP diluted in TBS-Ca were added to the wells.
Bound human CRP was detected by using rabbit anti-human CRP
antibody and bound Li-CRP was detected by using anti-Li-CRP-I
antibody. HRP-conjugated donkey anti-rabbit IgG was used as the
secondary antibody. Color was developed and the OD was read at
405 nm. Data shown are mean ± SEM of three experiments.
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statistically significant difference in fibrillation with 1 mg/ml and 10

mg/ml of Li-CRP-I. There were statistically significant differences in

the fibrillation when Li-CRP-I was used at 10 mg/ml and 100 mg/ml.

In case of Li-CRP-II, the inhibition of fibrillation was more efficient;

even 1 mg/ml of Li-CRP-II was able to significantly inhibit the

fibrillation of Ab and the inhibition of fibrillation was significantly

more at higher concentrations of Li-CRP-II. Thus, both Li-CRP-I

and Li-CRP-II bound to Ab in the fluid phase, inhibited the rate of

fibrillation of Ab over time, and also inhibited the total amount of

the fibrils formed by the end of the fibrillation reaction.
Discussion

In this study, we tested the hypothesis that the recently reported

function of human CRP to bind to Ab peptides and prevent their

fibrillation (21) has been evolutionarily conserved. Two different

CRP species, termed as Li-CRP-I and Li-CRP-II, were isolated from

hemolymph of L. polyphemus and investigated for their anti-
Frontiers in Immunology 0814
amyloidogenic activity. Our major findings were: 1. A variety of

Li-CRP molecules of different subunit compositions are present in

Limulus hemolymph. 2. Both Li-CRP-I and Li-CRP-II bound to

both immobilized and fluid-phase Ab. 3. The binding of both Li-

CRP-I and Li-CRP-II to Ab did not require acidic pH or any

structural alteration of the Li-CRP dodecamers. 4. Both Li-CRP-I

and Li-CRP-II prevented the formation of Ab fibrils. These findings

indicate that Li-CRP is an anti-amyloidogenic protein and raise the

possibility that the presence of various Li-CRP species in

hemolymph facilitates the recognition of a range of proteins with

differing amyloidogenicity.

Before purifying Li-CRP by employing affinity chromatography,

the SAP-like protein was removed by passing the hemolymph

through a Sepharose column. Also, purified Li-CRP-I and Li-

CRP-II did not bind to fetuin when passed through a fetuin-

sepharose column (sialic acid affinity chromatography) indicating

that both Li-CRP preparations did not contain limulin either (data

not shown). The results of the N-terminal sequencing of Li-CRP-I

and Li-CRP-II verified the purity of Li-CRP preparations. Both Li-
FIGURE 5

Ab-binding activity of Li-CRP-I and Li-CRP-II. (A) Microtiter wells were coated with Ab peptides. The unreacted sites in the wells were blocked with
gelatin. Li-CRP, diluted in TBS-Ca and TBS-EDTA, was added to the wells. Bound CRP was detected by using anti-Li-CRP-I antibody as the primary
antibody and HRP-conjugated donkey anti-rabbit IgG as the secondary antibody. Color was developed and the OD was read at 405 nm. Data shown
are mean ± SEM of three experiments. (B) As in A, except that the microtiter wells were coated with Ab monomers. (C) As in (A), except that the
microtiter wells were coated with Ab fibrils.
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CRP-I and Li-CRP-II were dodecamers with a molecular weight of

~300 kDa consisting of two types of glycosylated subunits, six

copies of each, with the same N-terminal amino acid residues as

reported previously (33–36). The results of the deglycosylation

experiments, combined with the amino acid sequencing data,

indicated that the two types of subunits of Li-CRP-I were

differentially glycosylated forms of a single gene product.

Similarly, the two types of subunits of Li-CRP-II were also

differentially glycosylated products of another homologous gene.
Frontiers in Immunology 0915
It is not clear whether the PCh-binding and PEt-binding activities

of Li-CRP-I and Li-CRP-II were due to the differences in the extent

of glycosylation or due to being the products of homologous genes.

The data obtained from the PCh-binding assays suggested that

Li-CRP-II, which was purified by PEt-affinity chromatography,

bound to PCh also, although purified Li-CRP-II did not bind to

PCh on the PCh-Sepharose column (data not shown). Similarly, Li-

CRP-I, which was purified by PCh-affinity chromatography, either

did not bind or bound poorly to PEt on the PEt-Sepharose column
FIGURE 6

Ab-binding activity of human SAP. Microtiter wells were coated with Ab peptides, monomers and fibrils. The unreacted sites in the wells were
blocked with gelatin. Human SAP, diluted in TBS-Ca and TBS-EDTA, was added to the wells. Bound SAP was detected by using rabbit polyclonal
anti-SAP antibody as the primary antibody and HRP-conjugated donkey anti-rabbit IgG as the secondary antibody. Color was developed and the OD
was read at 405 nm. Data shown are mean ± SEM of three experiments.
FIGURE 7

Effects of Li-CRP-I and Li-CRP-II on the formation of Ab fibrils. The fibrillation of Ab was measured by ThT fluorescence in the absence (black) or
presence of 1 mg/ml (blue), 10 mg/ml (red) and 100 mg/ml (green) of Li-CRP. Li-CRP-I and Ab monomers were mixed at time zero and added to
microtiter wells. After the first measurement at 5 min, the plate was incubated at 37°C with shaking; fluorescence was measured every 15 min.
Results are plotted as mean arbitrary units (a.u.) ± SEM of three experiments. For the time period of 5 min to 2 h, p values were determined by
employing linear regression analysis of the slopes. For the time period of 2.25 h to 3 h, p values were determined by taking the mean of all points
and employing student unpaired t test. NS, not significant (p>0.05); * < 0.05; ** <0.008.
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(data not shown). The PEt-binding activity of Li-CRP-I could not

be assessed by using immobilized biotinylated PEt as the PEt-

containing ligand (18) since Li-CRP bound to biotin itself. It is

possible that Li-CRP-II preparations contained some Li-CRP-I and

that Li-CRP-I preparations contained some Li-CRP-II.

Our data indicate that the anti-amyloidogenic function of CRP

has been conserved from arthropods to humans. The difference

between Li-CRP and human CRP in exerting their anti-

amyloidogenic function is that Li-CRP does not require any

change in its dodecameric structure while human CRP requires

an inflammatory milieu that can change its pentameric structure

(8). In this regard, Li-CRP, specifically Li-CRP-II, is more like

human SAP. Human SAP also bound to Ab peptides and fibrils

without any structural alteration of SAP and needed Ca2+ (23, 51–

53). The binding of SAP to Ab is known to prevent fibrillation and

the binding of SAP to the fibrils of Ab prevents further fibrillation

(51–55). The findings that both, Li-CRP which is a dodecamer and

human CRP which is a pentamer, bind to Ab suggest that an Ab-
binding site is located on each subunit. This is reasonable to assume

since the Ab and Ab-like structures can be accommodated by a

single CRP subunit.

To determine the role of the carbohydrate component of Li-

CRP in binding to their ligands, Li-CRP was deglycosylated by

employing two methods: chemical deglycosylation (Figure 2C) and

enzymatic deglycosylation (data not shown). Enzymatic

deglycosylation was performed under both denaturing and non-

denaturing conditions using the Protein Deglycosylation Mix II kit

(New England Biolabs, P6044). Both deglycosylation procedures

resulted in the denaturation of the protein. Therefore, the role of the

carbohydrate moieties present on Li-CRP-I and Li-CRP-II in

binding to their ligands could not be evaluated in functional assays.

The data obtained from the biochemical analyses of Li-CRP

indicated that Li-CRP-II existed in both free and ligand-bound

form in hemolymph. This interpretation is based on the finding that

the intensity of the contaminant band E in the gels, possibly a Li-

CRP-II ligand, was proportional to the intensity of one of the two

Li-CRP-II bands. Also, the protein seen as band E could not be

removed by gel filtration and ion-exchange chromatography. The

presence of two bands for Li-CRP-II in the native PAGE gels

supported the presence of ligand-bound Li-CRP-II in

hemolymph. If the protein present in band E is a ligand of Li-

CRP-II and could be co-purified with Li-CRP-II by PEt-affinity

chromatography, then the data suggest that the PEt-binding site in

liganded Li-CRP-II was vacant. Combined data suggest that there

are two functional ligand-binding sites on Li-CRP, one site for

binding to PEt and the other site for covalent binding to a protein

ligand that has amyloid-like structures.

Previously, Li-CRP has been shown to protect against

xenobiotic insults and to chelate the heavy metals mercury and

cadmium, and hence playing a role in detoxification of heavy metals

(56). Li-CRP has also been shown to exhibit Ca2+-independent

binding to membranes mimicking the outer membrane of gram-

negative bacteria and then create pores in the lipid bilayer (57). In

addition, Li-CRP also bound to any protein immobilized on

microtiter wells which could be due to the exposure of amyloid-
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like structures on the immobilized proteins (58). We report here

that Li-CRP exerts anti-amyloidogenic function. Thus, Li-CRP is a

polyfunctional protein. Li-CRP is one of the most abundant

constitutively expressed proteins in hemolymph (28, 33–36). The

average concentration of Li-CRP in hemolymph is ~2.0 mg/ml. The

presence of high concentration of Li-CRP in hemolymph at all

times suggests an important function for the protein and a function

that is needed at all times. This can be attributed to the fact that

these animals are constantly exposed to harsh environments which

can induce the formation of amyloidogenic proteins in hemolymph.

It is likely that constitutive expression of Li-CRP helps protecting

the animals from microbial pathogens and pathogenic proteins by

utilizing its PCh-binding and Ab-binding properties, respectively.

Purified Li-CRP-II was a mixture of dodecamers composed of

different types of subunits and hexamers, as suggested by the data

obtained from ion-exchange chromatography. If the function of Li-

CRP depended upon their glycosylation (35–37), then the random

assembly of various types of subunits and hexamers into

dodecamers will generate a repertoire of native Li-CRP species

where the functional efficiency of each dodecamer will be different.

At least nine different Li-CRP species were found to be present in

hemolymph in an earlier study (36). Our findings raise the

possibility that the presence of various Li-CRP species in

hemolymph facilitates the recognition of a range of proteins with

differing amyloidogenicity. In a mouse model of amyloidosis, it has

been shown previously that injected human SAP was deposited in

amyloidotic mice while Li-CRP was not (59). It is possible that Li-

CRP was not deposited on amyloids in mice significantly since Li-

CRP might have been the mixture of a variety of dodecamers, each

being specific for a particular Ab. Although the cross-reactivity

against human CRP and rabbit CRP is weak (28, 39), Li-CRP

exhibits immunological cross-reactivity against snail CRP (31),

suggesting that CRP performs anti-amyloidogenic functions in

invertebrates in general. A mechanism for the generation of many

structurally-altered variants of human CRP pentamers has also

been reported: both, a wide range of acidic pH and the treatment of

CRP with H2O2 have all been shown to generate CRP pentamers

capable of binding to Ab (8, 9, 18). It is unlikely that the structures

of acidic pH-modified CRP molecules and H2O2-modified CRP (8,

18) will have identical structures.

We conclude that the anti-amyloidogenic function of CRP

through the recognition of Ab is an ancient function of CRP. Our

findings that the PCh-binding avidity of Li-CRP was more than

90% lower than that of human CRP suggest that the anti-

amyloidogenic function of CRP is its most basic function. In

invertebrates, the Ab-binding function of CRP can protect the

host against toxicity caused by amyloidogenic and pathogenic

proteins (60). It has been shown previously that the blocking a

region in Ab blocks Ab toxicity (61). In humans, where CRP is an

acute phase protein produced during inflammatory states (62), this

property of CRP can protect the host against inflammatory diseases

involving malfunctioning proteins such as atherosclerosis in which

LDL is ectopically deposited in the arteries, in pneumococcal

infection where complement inhibitor factor H is deposited on

pneumococci and in inflammatory arthritis in which immune
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complexes are formed, assuming that these proteins expose Ab-like
structures after deposition at places where they are not supposed to

be (63–65).
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C-reactive protein to serum 
calcium ratio as a novel 
biomarker for predicting severity 
in acute pancreatitis: a 
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Background: Acute pancreatitis (AP) is a prevalent gastrointestinal emergency 
with a wide spectrum of clinical outcomes, varying from mild cases to severe 
forms. The early identification of high-risk patients is essential for improving 
prognosis. However, the predictive and prognostic potential of the C-reactive 
protein to serum calcium ratio (CCR) in AP has not been investigated. This study 
aims to explore the association between CCR and disease severity in patients 
with AP.

Methods: This retrospective cross-sectional study included 476 AP patients. The 
CCR was calculated from C-reactive protein and serum calcium levels within 
the first 24 h of admission. Multivariable logistic regression models were used 
to evaluate the relationship between CCR and AP severity, with restricted cubic 
spline analysis and receiver operating characteristic (ROC) analysis to assess 
dose–response and predictive performance, respectively.

Results: Of the 476 patients, 176 (37%) had mild acute pancreatitis (MAP) and 
300 (63%) had moderate to severe AP. The CCR distribution had a median value 
of 17.5, with an interquartile range (IQR) of 3.0 to 60.2. Each unit increase in CCR 
was associated with a 7% increase in the risk of developing moderate to severe 
AP (OR: 1.07; 95% CI: 1.06–1.09). In fully adjusted models, this association 
remained statistically significant. The area under the curve (AUC) for CCR in 
predicting moderate to severe AP was 86.9%, with a sensitivity of 73.7% and 
specificity of 89.2%.

Conclusion: The CCR measured within the first 24 h of admission shows 
promise as a valuable biomarker for predicting the severity of AP. However, 
further multicenter prospective cohort studies are needed to confirm its clinical 
utility and investigate its role in improving treatment strategies and patient 
management.
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acute pancreatitis, C-reactive protein to serum calcium ratio, severity, biomarker, 
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1 Introduction

Acute pancreatitis (AP) is a prevalent gastrointestinal emergency, 
with an annual incidence ranging from 13 to 45 cases per 100,000 
individuals, marked by its rapid onset and potential for severe 
complications (1). The primary causes of AP comprise biliary tract 
disease, excessive alcohol consumption, and hypertriglyceridemia 
(2–4). The pathophysiology of AP involves the premature activation 
of pancreatic enzymes, leading to autodigestion of pancreatic tissue 
and triggering an inflammatory cascade that extends beyond the 
pancreas to affect distant organs (5). While the majority of AP cases 
resolve with supportive care, approximately 20% of patients progress 
to moderate to severe AP, characterized by persistent organ failure and 
local complications such as necrosis or abscess formation (6–8). Early 
identification of high-risk patients and appropriate adjustment of 
therapeutic strategies are crucial for improving patient outcomes. 
Consequently, the discovery of simple, accurate indicators to predict 
AP severity is of significant clinical value.

Since the 1970s, multifactorial scoring systems, such as the 
AP-specific Ranson score (9), Bedside Index of Acute Pancreatitis 
Severity (BISAP) (10), computed tomography severity index (CTSI) 
(11), and the broader Acute Physiology and Chronic Health 
Examination (APACHE)-II (12), have been widely employed to assess 
the severity of acute pancreatitis (AP). These scoring systems have 
become critical tools in evaluating AP severity and guiding clinical 
decision-making. However, systems with a greater number of 
indicators can be  challenging to apply in real-time due to their 
complexity and the need for multiple parameters. As a result, there is 
growing interest in simpler laboratory markers that can effectively 
evaluate AP severity, predict complications, and assess potential 
mortality risks.

Recently, novel combined indicators, such as the lactate to 
albumin Ratio (LAR) (1), C-reactive protein to lymphocyte ratio 
(CLR) (13), and neutrophil to lymphocyte ratio (NLR) (14), have been 
utilized for prognostic evaluation in patients with AP. Despite these 
advances, research on the predictive and prognostic potential of the 
C-reactive protein to serum calcium ratio (CCR) in AP remains 
limited. This study aims to explore the association between CCR and 
disease severity in AP patients, addressing a critical gap in 
current research.

2 Methods

2.1 Study population

This retrospective cross-sectional study involved in-patients with 
AP who were admitted to the First Hospital of Quanzhou Affiliated to 
Fujian Medical University between January 2018 and December 2019. 
All enrolled patients fulfilled the diagnostic criteria set by the Atlanta 
classification (15). Mild acute pancreatitis (MAP) is defined by the 
lack of organ failure and absence of local or systemic complications. 
Moderately severe acute pancreatitis (MSAP) involves transient organ 
failure or local/systemic complications without persistent organ 
failure. Severe acute pancreatitis (SAP) is marked by persistent organ 
failure. The exclusion criteria were as follows: (1) chronic pancreatitis, 
(2) malignant tumors, (3) pregnancy, and (4) incomplete data. In total, 
476 patients with AP were included in the analysis, comprising 176 

with MAP and 300 with moderate to severe AP. This study adhered to 
the Declaration of Helsinki and received approval from our 
institution’s Ethics Committee (QYL 2021–199). Given its 
retrospective nature and use of anonymized data, informed consent 
was waived.

2.2 Data collection

All patient demographic and laboratory information was 
extracted from our hospital’s electronic medical records. The collected 
data encompassed age, gender, smoking and alcohol consumption, 
preexisting conditions, disease severity, length of hospital stay, and 
laboratory results from the first 24 h after admission.

2.3 Measurement of CCR

The CCR was determined using the formula: CCR (mg/
mmol) = C-reactive protein (CRP) level (mg/L)/serum calcium 
(mmol/L).

2.4 Statistical analysis

Continuous variables were reported as the mean and standard 
deviation (SD) for data following a normal distribution, or as the 
median and interquartile range (IQR) for non-normally distributed 
data. Categorical variables were reported as percentages (%). 
Differences between groups were analyzed using one-way ANOVA for 
normally distributed continuous variables, and chi-square or trend 
tests for categorical variables.

Multivariate logistic regression models were employed to evaluate 
the odds ratios (OR) and 95% confidence intervals (CI) for the 
relationship between CCR and the incidence of moderate to severe 
AP. Variables included in the model were chosen based on their 
clinical relevance, statistical significance in univariable analyses, and 
a change in the estimated effect of at least 10% that could influence 
potential confounding effects (16). The regression analysis involved 
four models. Model 1 had no adjustments, while Model 2 was adjusted 
for age and gender. In Model 3, additional adjustments were made for 
smoking status, alcohol use, diabetes, fatty liver, etiology, and length 
of hospital stay. Model 4 further adjusted for hemoglobin and albumin 
levels on top of the factors in Model 3.

Restricted cubic spline analyses were used to explore the dose–
response relationship between CCR and the incidence of moderate to 
severe AP.

Subgroup analyses were performed by stratifying according to 
relevant covariates, including age, gender, smoking status, alcohol use, 
diabetes, fatty liver disease, and etiology.

Receiver Operating Characteristic (ROC) analysis was employed 
to evaluate the predictive performance, sensitivity, and specificity of 
CCR for moderate to severe AP incidence. The optimal threshold for 
CCR was established using the Youden Index.

All analyses were conducted with the statistical software R 3.3.2 
(http://www.R-project.org, The R Foundation) and Free Statistics 
software version 1.9. A p-value of less than 0.05 (two-sided) was 
considered statistically significant.
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3 Results

3.1 Baseline characteristics

The study population selection is illustrated in Figure 1, with a 
total of 476 patients being included. The baseline characteristics of 
the participants, categorized by CCR tertiles, are presented in 
Table  1. The enrolled patients were stratified into three tertiles 
based on their CCR levels: Q1 with 2.0 (1.0, 3.0) mg/mmol, Q2 
with 17.5 (9.9, 30.0) mg/mmol, and Q3 with 82.8 (60.4, 99.3) mg/
mmol. Among the 476 patients, the average age was 44 ± 13.2 years, 
with 364 (76.5%) of the participants being male. The CCR 
distribution had a median value of 17.5, with an IQR of 3.0 to 60.2. 
The CCR levels were higher in men compared to women (133 
[83.6%] vs. 115 [72.3%]), in smokers compared to non-smokers (67 
[42.1%] vs. 49 [30.8%]), and in drinkers compared to non-drinkers 
(81 [50.9%] vs. 61 [38.4%]). Additionally, a higher CCR was 
associated with prolonged hospitalizations, increased rates of 
diabetes and fatty liver disease, as well as a higher incidence of 
moderate to severe AP.

3.2 Relationship between CCR and the 
incidence of moderate to severe AP

Table  2 displays the findings from a multivariable logistic 
regression analysis, which assessed the association between CCR 
and the incidence of moderate to severe AP. When CCR was 
analyzed as a continuous variable, each one-unit rise (1 mg/mmol) 
was associated with a 7% increase in the risk of developing 
moderate to severe AP (OR: 1.07; 95% CI: 1.06–1.09). This 
relationship remained statistically significant after adjusting for 
covariates in models 2 and 3. In the fully adjusted model (Model 
4), which included all covariates, each unit increase in CCR was 
still linked to a 7% higher risk of developing moderate to severe AP 
(OR: 1.07; 95% CI: 1.05–1.09).

Additionally, in the fully adjusted model (Model 4), when CCR 
was treated as a categorical variable, a clear trend was observed. 
Compared to the lowest CCR group (Q1), the adjusted OR for the 
second (Q2) and third quartiles (Q3) were 4.78 (95% CI: 2.70–8.45) 
and 74.95 (95% CI: 24.14–232.73), respectively. The trend analysis 
showed a statistically significant result (p < 0.001).

FIGURE 1

The flow chart of patient selection.
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3.3 Dose–response relationships

The study applied a logistic regression model with a cubic 
spline function to investigate how CCR relates to the incidence 

of moderate to severe AP. Figure 2 presents the distributions of 
variables (depicted as blue histograms), the relationship between 
CCR and the incidence of moderate to severe AP (shown by the 
solid red line), and the 95% confidence interval (marked by red 

TABLE 1  Baseline characteristics of the patients with acute pancreatitis.

Covariates Total (n = 476) Q1 (n = 159) Q2 (n = 158) Q3 (n = 159) p value

CCR, mg/mmol 17.5 (3.0, 60.2) 2.0 (1.0, 3.0) 17.5 (9.9, 30.0) 82.8 (60.4, 99.3) < 0.001

Age, years 44.0 ± 13.2 45.3 ± 13.1 45.1 ± 14.0 41.7 ± 12.2 0.026

Gender 0.032

 � Male 364 (76.5) 115 (72.3) 116 (73.4) 133 (83.6)

 � Female 112 (23.5) 44 (27.7) 42 (26.6) 26 (16.4)

Smoking 161 (33.8) 49 (30.8) 45 (28.5) 67 (42.1) 0.023

Alcohol consumption 196 (41.2) 61 (38.4) 54 (34.2) 81 (50.9) 0.007

Diabetes 154 (32.4) 31 (19.5) 57 (36.1) 66 (41.5) < 0.001

Fatty live 280 (58.8) 67 (42.1) 101 (63.9) 112 (70.4) < 0.001

Etiology < 0.001

 � Hypertriglyceridemia 277 (58.2) 68 (42.8) 94 (59.5) 115 (72.3)

 � Biliary 92 (19.3) 36 (22.6) 34 (21.5) 22 (13.8)

 � Alcohol 53 (11.1) 26 (16.4) 14 (8.9) 13 (8.2)

 � Other 54 (11.3) 29 (18.2) 16 (10.1) 9 (5.7)

Hospitalization days, days 6.0 (5.0, 9.0) 5.0 (4.0, 7.0) 6.0 (5.0, 8.0) 8.0 (6.0, 11.0) < 0.001

Moderate to severe AP 300 (63.0) 40 (25.2) 105 (66.5) 155 (97.5) < 0.001

WBC, 109/L 11.9 (9.3, 15.4) 10.1 (7.6, 12.0) 11.9 (9.8, 15.4) 14.3 (11.6, 17.1) < 0.001

Hemoglobin, g/L 151.0 ± 22.9 146.9 ± 22.0 152.5 ± 23.8 153.8 ± 22.4 0.017

Platelets, 109/L 220.0 (181.0, 261.0) 225.0 (182.0, 268.0) 218.5 (171.2, 257.8) 220.0 (186.5, 253.5) 0.576

Serum amylase, U/L 246.5 (120.8, 627.5) 286.0 (132.0, 696.0) 234.0 (109.0, 676.0) 245.0 (117.5, 528.5) 0.189

Albumin, g/L 38.8 ± 16.9 41.8 ± 28.0 38.5 ± 5.2 36.0 ± 5.6 0.008

AST, U/L 27.0 (19.8, 44.0) 28.0 (20.0, 40.0) 27.5 (21.0, 47.0) 26.0 (19.0, 47.0) 0.459

ALT, U/L 27.0 (18.0, 45.2) 27.0 (18.5, 47.5) 30.0 (19.0, 54.0) 27.0 (17.0, 38.5) 0.287

Creatinine, umol/L 65.0 (55.0, 78.0) 64.4 (55.0, 76.0) 67.0 (56.2, 79.0) 64.0 (53.8, 79.0) 0.615

Sodium, mmol/L 133.6 ± 12.9 135.6 ± 11.3 133.4 ± 11.3 131.9 ± 15.5 0.041

Calcium, mmol/L 2.2 (2.1, 2.3) 2.3 (2.2, 2.3) 2.2 (2.2, 2.3) 2.1 (2.0, 2.3) < 0.001

CRP, mg/L 38.2 (7.0, 126.0) 5.0 (2.4, 7.0) 38.2 (22.0, 67.0) 183.0 (126.0, 200.0) < 0.001

CCR, C-reactive protein/serum calcium ratio; AP, acute pancreatitis; WBC, white blood cell; ALT, alanine transaminase; AST, aspartate transaminase; CRP, C-reactive protein.

TABLE 2  Association between C-reactive protein/serum calcium ratio and the incidence of moderate to severe acute pancreatitis.

Exposure Model 1 Model 2 Model 3 Model 4

OR (95% CI) P 
value

OR (95% CI) P 
value

OR (95% CI) P 
value

OR (95% CI) P 
value

CCR 1.07 (1.06 ~ 1.09) <0.001 1.07 (1.06 ~ 1.09) <0.001 1.07 (1.05 ~ 1.09) <0.001 1.07 (1.05 ~ 1.09) <0.001

CCR tertiles

Q1(1.0, 3.0) Reference Reference Reference Reference

Q2(9.9, 30.0) 5.89 (3.62 ~ 9.59) <0.001 6.36(3.84 ~ 10.53) <0.001 5.10 (2.91 ~ 8.94) <0.001 4.78 (2.70 ~ 8.45) <0.001

Q3(60.4, 99.3) 115.28(40.13 ~ 331.16) <0.001 115.53(39.76 ~ 335.66) <0.001 78.7(25.57 ~ 242.24) <0.001

74.95 

(24.14 ~ 232.73) <0.001

P for trend <0.001 <0.001 <0.001 <0.001

Model 1: no covariates were adjusted. Model 2: adjusted for age and gender. Model 3: adjusted for age, gender, smoking, alcohol consumption, diabetes, fatty liver, etiology and hospitalization 
days. Model 4: adjusted for age, gender, smoking, alcohol consumption, diabetes, fatty liver, etiology, hospitalization days, hemoglobin and albumin. CCR, C-reactive protein/serum calcium 
ratio; OR, odds ratios; CI, confidence intervals.
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dashed lines). After adjusting for confounding factors, a 
significant linear correlation between CCR and moderate to 
severe AP was found.

3.4 Subgroup analyses

The study further assessed possible modifiers that might 
influence the relationship between CCR and the incidence of 
moderate to severe AP. Stratification was performed based on 
variables like age, gender, smoking, alcohol consumption, 
diabetes, fatty liver, and etiology (Figure  3). Nonetheless, no 
significant interactions were detected.

3.5 ROC curve analysis

ROC curves were created to evaluate CCR’s predictive accuracy for 
moderate to severe AP, with detailed results provided in Table 3 and illustrated 
in Figure 4. The CCR had an area under the curve (AUC) of 86.933% (95% 
CI: 83.765% ~ 90.100%), and the optimal cut-off value was found to be 16.733. 
This cut-off achieved a sensitivity of 73.7% and a specificity of 89.2%.

4 Discussion

This study demonstrated that the CCR is significantly 
associated with the severity of AP. Our results show that higher 

FIGURE 2

Nonlinear relationship between C-reactive protein/serum calcium ratio and the incidence of moderate to severe acute pancreatitis. Adjusted for age, 
gender, smoking, alcohol consumption, diabetes, fatty liver, etiology, hospitalization days, hemoglobin and albumin. The red line and the area between 
the red dashed lines represents the estimated values and their corresponding 95% confidence intervals, respectively.
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CCR levels are strongly correlated with an increased risk of 
moderate to severe AP. Specifically, each one-unit increase in 
CCR was associated with a 7% higher likelihood of developing 
moderate to severe AP, even after adjusting for relevant 

confounding factors. Additionally, when patients were stratified 
into tertiles based on their CCR levels, those in the highest tertile 
demonstrated a markedly higher risk of moderate to severe AP 
compared to those in the lowest tertile. These findings suggest 

FIGURE 3

Subgroup analysis of the relationship between C-reactive protein/serum calcium ratio and the incidence of moderate to severe acute pancreatitis. 
Adjusted for age, gender, smoking, alcohol consumption, diabetes, fatty liver, etiology, hospitalization days, hemoglobin and albumin. OR, odds ratios; 
CI, confidence intervals.

TABLE 3  Information of receiver operating characteristic curve in Figure 4.

Variables AUC 95%CI Threshold Sensitivity Specificity

CCR 86.933% 83.765% ~ 90.100% 16.733 0.737 0.892

CCR, C-reactive protein/serum calcium ratio; AUC, area under the curve; CI, confidence intervals.
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that CCR could be a valuable biomarker in predicting AP severity, 
providing clinicians with a tool for early risk stratification in AP 
patients. Furthermore, the dose–response relationship between 
CCR and AP severity, as demonstrated by the restricted cubic 
spline analysis, underscores the potential clinical utility of CCR 
in managing this condition.

AP is an inflammatory condition with diverse clinical 
presentations, varying progression, and different patient 
outcomes. While mild cases often resolve rapidly, severe cases can 
induce both local and systemic inflammatory responses, 
increasing the risk of organ dysfunction or failure, which can 
be  life-threatening. Therefore, promptly identifying high-risk 
patients who could benefit from intensive care and close 
monitoring is crucial for effective management. In recent years, 
researchers have focused on developing systemic inflammatory 
biomarkers to predict the prognosis of AP patients at an early 
stage. Prominent biomarkers include the red blood cell 
distribution width to serum calcium ratio (RDW/Ca) (17), 
glycemic to lymphocyte ratio (GLR) (18), LAR (1), CLR (13), and 
NLR (14, 19). These biomarkers are being explored for their 
potential to offer early insights into disease progression and 
outcomes. However, no studies have yet explored the association 
between CCR and AP severity. Thus, this study is the first to 
evaluate the clinical relevance of CCR in AP.

The association between CRP and AP severity is well-
documented, with higher CRP levels consistently linked to worse 
outcomes, such as necrotizing pancreatitis, organ failure, and 
increased mortality (20–22). However, CRP alone may not fully 
capture the metabolic alterations associated with severe AP, 
particularly hypocalcemia, which is a known marker of poor 
prognosis in this condition. Previous studies have shown that low 
serum calcium levels are correlated with increased mortality and 
disease severity in AP (20, 23, 24). Combining CRP and calcium 
into a single ratio (CCR) adds a metabolic dimension to the 
inflammatory marker, providing a more comprehensive assessment 
of disease severity.

Biologically, the interplay between inflammation and calcium 
metabolism in AP provides a plausible mechanism for the 

observed predictive power of CCR. CRP is produced in response 
to pro-inflammatory cytokines, such as interleukin-6 (IL-6), 
which are elevated in AP (25). The inflammatory response in 
severe AP is further exacerbated by the release of pancreatic 
enzymes that cause local tissue damage and fat necrosis, leading 
to the consumption of calcium for the formation of calcium soaps 
(26). This dual process of inflammation and calcium consumption 
likely drives the progression to more severe disease. The CCR, by 
combining CRP and serum calcium, effectively reflects both of 
these pathological processes, making it a robust marker of disease 
severity. We further evaluated the predictive power of CCR within 
the first 24 h for determining moderate to severe AP, finding an 
AUC of 86.933%, indicating strong discriminative ability. Given 
the simplicity and widespread availability of both CRP and serum 
calcium measurements in clinical practice, CCR could offer a 
more practical alternative to complex scoring systems.

The strengths of this study lie in the use of CCR, a novel 
composite biomarker that evaluates AP severity by integrating 
inflammation and metabolic disturbances. Furthermore, the large 
sample size and rigorous multivariable adjustments used in our 
study enhance the robustness and reliability of our findings. 
However, there are several limitations to our study. First, the 
cross-sectional design of the study precludes the establishment of 
a causal relationship between CCR and the development of 
moderate to severe AP. Second, as this is a single-center study 
conducted solely within a Chinese population, the generalizability 
of our findings to other populations may be  limited. Lastly, 
although we  adjusted for several key confounding factors, 
unmeasured variables may still have influenced the outcomes.

5 Conclusion

The CCR measured within the first 24 h of admission shows 
promise as a valuable biomarker for predicting the severity of 
AP. However, further multicenter prospective cohort studies are 
needed to confirm its clinical utility and investigate its role in 
improving treatment strategies and patient management.
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Objective: This study aimed to investigate the association between high-

sensitivity C-reactive protein (hsCRP) levels and hepatic fibrosis in patients with

metabolic dysfunction-associated steatotic liver disease (MASLD) and assess its

predictive efficacy.

Methods: The study included 1,477 participants from the United States and 1,531

from China diagnosed with MASLD. Liver stiffness measurement (LSM) and

controlled attenuation parameter (CAP) were assessed by vibration-controlled

transient elastography (VCTE) to evaluate the presence and degree of hepatic

fibrosis and steatosis. The relationship between hsCRP levels and hepatic fibrosis

in MASLD patients was examined using multivariable-adjusted and restricted

cubic spline (RCS) models. Additionally, subgroup analyses were conducted to

investigate the potential heterogeneity among different characteristic subgroups.

Results: The results demonstrated a significant correlation between elevated

hsCRP levels and an increased risk of significant fibrosis, advanced fibrosis, and

cirrhosis in the US cohort of MASLD patients (OR 2.22, 1.69, and 2.85,

respectively; all P <0.05). The results of the Chinese cohort were consistent

with those of the US cohort, and there was a significant and positive correlation

between hsCRP levels and the risk of hepatic fibrosis in patients with MASLD (OR

2.53, 3.85, and 3.78, respectively, all P <0.001). The RCS analysis revealed a

significant non-linear relationship between hsCRP levels and the degree of

hepatic fibrosis, with disparate inflection point values observed across different

cohorts (approximately 9 mg/L in the US cohort and 4 mg/L in the Chinese

cohort). The impact of hsCRP levels on the risk of hepatic fibrosis varied across

different subgroups with distinct characteristics.
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Conclusion: The present study demonstrated a significant correlation between

hsCRP levels and the degree of hepatic fibrosis in patients with MASLD, with

notable dose-response relationships and subgroup differences.
KEYWORDS

high-sensitivity C-reactive protein, metabolic dysfunction-associated steatotic liver
disease, hepatic fibrosis, cross-regional study, dose-response relationship
1 Introduction

Metabolic dysfunction-associated steatotic liver disease

(MASLD) is a modern lifestyle disease that has emerged as a

significant public health concern, with a marked increase in

prevalence across the globe in recent years (1–4). MASLD not

only disrupts the normal physiological function of the liver but also

frequently coexists with components of metabolic syndrome,

including obesity, diabetes mellitus (DM), hypertension, and

dyslipidemia. These comorbidities further elevate the risk of

cardiovascular disease (1, 3, 5–8). In the pathological progression

of MASLD, hepatic fibrosis represents a pivotal stage whereby the

liver’s repair response to chronic injury, specifically the aberrant

proliferation of intrahepatic connective tissue and its gradual

replacement of normal liver tissue, becomes evident. In the

absence of timely and effective intervention, hepatic fibrosis will

continue to deteriorate, potentially leading to the development of

cirrhosis or even hepatocellular carcinoma (2, 5, 9, 10). This can

have a significantly detrimental impact on the lives and health

of patients.

The pathogenesis of hepatic fibrosis is a complex and intricate

process involving many factors, such as inflammation, oxidative stress,

and abnormalities in lipid metabolism. Among these, inflammation

plays a pivotal role at the core of the disease (9, 11, 12). As a sensitive

inflammatory marker, the high-sensitivity C-reactive protein (hsCRP)

concentration in the blood can be a sensitive indicator of the body’s

low-grade inflammatory response (13, 14). A substantial body of

evidence indicates that hsCRP levels are strongly linked to the onset

of cardiovascular disease, diabetes, and its associated complications

(15–17). In recent years, there has been a notable increase in research

activity concerning the role of hsCRP in the study of non-alcoholic

fatty liver disease (NAFLD) and its complications. Several studies have

demonstrated that elevated hsCRP levels are positively correlated with

the severity of NAFLD and the progression of hepatic fibrosis,

indicating that inflammatory responses play a pivotal role in the

pathological process of NAFLD (18–21). Nevertheless, research

examining the correlation between hsCRP and hepatic fibrosis in

patients with MASLD remains limited. In contrast to NAFLD,

MASLD emphasizes the pivotal role of metabolic irregularities in the

pathogenesis of the disease, encompassing a spectrum of metabolic

abnormalities such as obesity, insulin resistance, dyslipidemia, and

other metabolic disorders. Although there are numerous similarities

between MASLD and NAFLD regarding the underlying
0229
pathophysiological mechanisms, there may be notable differences

between the two regarding the clinical manifestations, rate of disease

progression, and incidence of complications. It is, therefore, of great

significance to explore the association between MASLD and hsCRP to

deepen the understanding of MASLD and optimize its prevention and

treatment strategies.

To address this research gap, this study examined the

relationship between hsCRP levels and hepatic fibrosis in patients

with MASLD. To this end, data from two distinct cohorts were

integrated: the National Health and Nutrition Examination Survey

(NHANES) cohort in the United States and the Third People’s

Hospital Cohort in Changzhou, China. The NHANES cohort, as

one of the most representative national health surveys in the United

States, provides a wealth of cross-sectional data, which can facilitate

a comprehensive understanding of the prevalence of MASLD and

its associated complications. The Changzhou Third People’s

Hospital cohort, on the other hand, provided pertinent data from

the Chinese population, enabling this study to transcend

geographical boundaries and enhance the representativeness and

generalizability of the results.

This study aimed to verify whether hsCRP levels are associated

with an increased risk of hepatic fibrosis in patients with MASLD

and to elucidate the underlying mechanisms of this association, the

dose-response relationship, and the differences in different

population subgroups. The central inquiries of this study are as

follows: (1) Is there a correlation between hsCRP levels and the

degree of hepatic fibrosis in patients with MASLD? (2) Can hsCRP

independently predict hepatic fibrosis in patients with MASLD? By

constructing a multivariable adjustment model and a restricted

cubic spline model, this study aimed to explore the possible

independent association and dose-response relationship between

the two to provide new insights and rationale for the clinical

management of MASLD.
2 Materials and methods

2.1 Study population

The data for this study were derived from two distinct cohorts:

the NHANES cohort from 2017 to 2018 in the United States and the

Changzhou Third People’s Hospital cohort in China from 2018 to

2023. The NHANES database contains data from cross-sectional
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surveys conducted every two years by the Centers for Disease

Control and Prevention (CDC). The study protocol for the

database was approved by the Ethics Review Committee of the

National Center for Health Statistics (NCHS), and all participants

provided informed consent. Following NIH regulations, the

NHANES data, which were not collected through direct

interaction with participants, could be utilized directly for data

analysis without further review by the institutional ethics

committee. Given the considerations above, the Ethics Committee

of Changzhou Third People’s Hospital concluded that no further

ethical review was necessary for the NHANES data utilized in this

study. Additionally, the study of the Chinese cohort was also

approved by the Ethics Committee of Changzhou Third People’s

Hospital. This study was conducted by the principles outlined in the

Declaration of Helsinki.

The study included 9,254 US participants and 10,477 Chinese

participants. During the screening process, the following

participants were excluded: those under the age of 20 or

pregnant, those with no liver stiffness measurement (LSM) or

controlled attenuation parameter (CAP) data or no hsCRP data,

those with excessive alcohol consumption, and those with viral

hepatitis B or C. Additionally, participants with any history of
Frontiers in Immunology 0330
autoimmune hepatitis or hepatocellular carcinoma, those who had

taken any medications that may cause fatty liver (e.g., amiodarone,

methotrexate, and tamoxifen) within the three months before

survey recruitment, and those with missing demographic data,

chronic disease data, or critical biochemical markers were

excluded. Non-MASLD participants were also excluded. After a

comprehensive screening process, 1,477 US and 1,531 Chinese

participants were ultimately included in the study for data

analysis (Figure 1).
2.2 Assessment of MASLD and
hepatic fibrosis

Vibration-controlled transient elastography (VCTE) was

conducted to evaluate the degree of hepatic steatosis, with CAP

measurements taken for this purpose. Each participant’s CAP value

of 269 dB/m or greater indicated hepatic steatosis (22). Furthermore, a

diagnosis of MASLD was confirmed if any of the following five

cardiometabolic criteria were met: (1) A body mass index (BMI) of

25 kg/m² or greater or a waist circumference (WC) of 94 cm or greater

for males and 80 cm or greater for females; (2) a fasting plasma glucose
FIGURE 1

Participant screening flowchart. (A) the US cohort; (B) the Chinese cohort. LSM, Liver stiffness measurement; CAP, Controlled attenuation parameter;
hsCRP, high-sensitivity C-reactive protein; MASLD, Metabolic dysfunction-associated steatotic liver disease.
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(FPG) level of 100 mg/dL or greater, or a two-hour post-load blood

glucose level of 140 mg/dL or greater, or a glycated hemoglobin

(HbA1C) level of 5.7% or greater, or a diagnosis of DM or on

glucose-lowering therapy for DM; (3) a blood pressure reading of

≥130/85 mmHg, or the use of antihypertensive medication; (4) a

triglyceride (TG) level ≥150mg/dL or the use of lipid-lowering therapy;

(5) a high-density lipoprotein cholesterol (HDL-C) level <40 mg/dL in

men or an HDL-C level <50 mg/dL in women or the use of lipid-

lowering therapy (5).

Hepatic fibrosis was evaluated based on LSM values. An LSM of

≥7.6 was considered indicative of significant hepatic fibrosis (F2),

while an LSM of ≥9.8 was indicative of advanced hepatic fibrosis

(F3). An LSM of ≥12.9 was indicative of cirrhosis (F4) (22).
2.3 hsCRP assessment

In the United States cohort, the hsCRP assay during the 2017-

2018 cycle was conducted using a near-infrared particle

immunoassay rate method with a Roche Cobas 6000 chemistry

analyzer (Cobas 6000), as detailed in the Laboratory Methods

Documentation section of the NHANES. The hsCRP assay for the

Chinese cohort was based on an immunoscattering turbidimetric

method, with measurements taken using a Lifotronic Specific

Protein Analyzer (PA-990Pro).
2.4 Assessment of covariates

In this study, the covariates included gender (male/female), age

(years), smoking status (yes/no), drinking habits (yes/no), and

history of chronic diseases such as DM, hypertension, and

dyslipidemia. DM was determined based on the participant’s

professional doctor’s diagnosis, FPG level of 126 mg/dl or more,

HbA1c level of not less than 6.5%, and treatment with diabetes

medication or insulin. Hypertension was identified based on the

participant’s self-reported medical history or current prescription

for hypertension medication. Dyslipidemia was defined as the

presence of one or more of the following in participants: total

cholesterol (TC) ≥200 mg/dL, TG ≥150 mg/dL, HDL-C <50 mg/dL

(in women) or <40 mg/dL (in men), and low-density lipoprotein

cholesterol (LDL-C) ≥130 mg/dL.
2.5 Statistical analysis

This study assessed normality for continuous variables using the

Kolmogorov-Smirnov test. Variables that exhibited a normal

distribution were expressed as mean ± standard deviation, whereas

those that did not conform to a normal distribution were described

using the median (and 25th to 75th percentile). To compare the

differences between these variables, one-way ANOVA or Kruskal-

Wallis tests were selected for statistical analysis based on the

distributional characteristics of the data. Categorical variables were

presented as frequencies and percentages, and the chi-square test was

employed to compare differences between groups.
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We constructed a logistic regression model to investigate the

potential association between hsCRP and hepatic fibrosis in patients

with MASLD. We calculated the odds ratio (OR) and its 95%

confidence interval (CI). We constructed multivariable-adjusted

models to assess this relationship more accurately and control for

potential confounding variables. Specifically, Model 1 was the

unadjusted base model; Model 2 incorporated gender and age as

adjustment variables based on Model 1; and Model 3 further

adjusted for smoking, alcohol consumption, diabetes,

hypertension, and dyslipidemia based on Model 2. Furthermore,

we employed the restricted cubic spline (RCS) model to investigate

the potential dose-response relationship between hsCRP and

hepatic fibrosis in MASLD patients. Based on the inflection point

values obtained from the RCS analysis, the data were divided into

two intervals and subjected to further analysis using segmented

logistic regression. This allowed for a more detailed examination of

the associations between the predictor variables and the results of

each segment.

To investigate the relationship between hsCRP and the risk of

hepatic fibrosis in MASLD patients across different subgroups, we

conducted a subgroup analysis according to gender (male/female),

smoking status (yes/no), alcohol consumption (yes/no), presence of

DM (yes/no), hypertension (yes/no), and dyslipidemia (yes/no),

and performed an interaction analysis. To assess the efficacy of

hsCRP in predicting the degree of hepatic fibrosis in patients with

MASLD, we employed receiver operating characteristic (ROC)

curve analysis.

All statistical analyses employed a two-sided test, and a P-value

of less than 0.05 was used as the threshold for determining statistical

significance. All statistical analyses were conducted using R 4.4.0 (R

Foundation, http://www.R-project.org) and SPSS 23.0 (IBM

Corporation, Armonk, NY, USA) software. GraphPad Prism

version 9.0 (GraphPad Software, Inc., USA) facilitated the

generation of graphical representations.
3 Results

3.1 Baseline characteristics of patients with
MASLD based on hsCRP quartiles in the
US cohort

The results demonstrated a statistically significant reduction in

the proportion of male patients (from 62.30% to 35.04%, P < 0.001)

with increasing hsCRP levels. The median age decreased (57.00 to

52.00 years, P < 0.001). The proportions of alcohol consumption,

hypertension, DM, and dyslipidemia differed significantly among

the different hsCRP quartiles (P values of 0.004, 0.029, <0.001, and

<0.001, respectively). Furthermore, BMI, WC, HbA1c, TC, white

blood cells (WBC), neutrophils, lymphocytes, monocytes, platelets,

gamma-glutamyltransferase (GGT), LSM, and CAP increased with

elevated hsCRP levels (all P <0.05). Conversely, HDL-C levels

exhibited a decline. Regarding hepatic fibrosis, the prevalence of

significant fibrosis, advanced fibrosis, and cirrhosis demonstrated a

notable increase with elevated hsCRP levels (P values of <0.001,

0.005, and <0.001, respectively) (Table 1).
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TABLE 1 Baseline characteristics of MASLD patients based on hsCRP quartiles in the US cohort.

Variables

hsCRP

Quartile 1
(n = 366)

Quartile 2
(n = 372)

Quartile 3
(n = 368)

Quartile 4
(n = 371)

P

Gender, n (%) <0.001

Male 228 (62.30) 222 (59.68) 183 (49.73) 130 (35.04)

Female 138 (37.70) 150 (40.32) 185 (50.27) 241 (64.96)

Age (years) 57.00 (43.00,68.00) 56.00 (42.00,68.00) 52.00 (41.00,64.00) 52.00 (39.00,62.00) <0.001

Smoke, n (%) 0.276

Yes 156 (42.62) 145 (38.98) 155 (42.12) 171 (46.09)

No 210 (57.38) 227 (61.02) 213 (57.88) 200 (53.91)

Alcohol, n (%) 0.004

Yes 193 (52.73) 179 (48.12) 173 (47.01) 147 (39.62)

No 173 (47.27) 193 (51.88) 195 (52.99) 224 (60.38)

Hypertension, n (%) 0.029

Yes 147 (40.16) 176 (47.31) 186 (50.54) 180 (48.52)

No 219 (59.84) 196 (52.69) 182 (49.46) 191 (51.48)

Diabetes, n (%) <0.001

Yes 89 (24.32) 112 (30.11) 103 (27.99) 150 (40.43)

No 277 (75.68) 260 (69.89) 265 (72.01) 221 (59.57)

Dyslipidemia, n (%) <0.001

Yes 250 (68.31) 277 (74.46) 296 (80.43) 292 (78.71)

No 116 (31.69) 95 (25.54) 72 (19.57) 79 (21.29)

BMI (kg/m2) 28.60 (26.30,32.10) 30.55 (28.00,34.20) 33.45 (29.10,37.70) 36.90 (31.75,42.80) <0.001

WC (cm) 99.70 (94.53,108.80) 105.60 (98.55,114.82) 110.55 (101.25,120.90) 117.50 (106.20,128.40) <0.001

FPG (mg/dL) 96.00 (89.00,106.75) 96.00 (89.00,110.25) 97.00 (89.75,110.00) 99.00 (90.00,118.50) 0.064

HbA1c (%) 5.70 (5.40,6.00) 5.70 (5.40,6.20) 5.80 (5.40,6.20) 5.90 (5.50,6.70) <0.001

TC (mg/dL) 185.50 (160.00,219.75) 190.00 (161.00,218.00) 195.50 (169.00,221.00) 187.00 (161.00,213.00) 0.036

TG (mg/dL) 133.00 (95.00,196.00) 150.00 (101.00,212.25) 150.00 (106.00,214.25) 139.00 (105.00,189.50) 0.052

HDL-c (mg/dL) 49.00 (41.00,61.00) 46.00 (39.00,55.00) 45.00 (39.00,52.00) 46.00 (38.00,55.00) <0.001

WBC (103 cells/mL) 6.60 (5.60,8.07) 7.10 (6.10,8.40) 7.50 (6.30,8.90) 8.30 (6.80,10.00) <0.001

Neutrophils (103 cells/mL) 3.50 (2.90,4.60) 4.10 (3.20,5.10) 4.30 (3.48,5.30) 5.00 (3.80,6.27) <0.001

Lymphocyte (103 cells/mL) 2.10 (1.70,2.60) 2.20 (1.80,2.70) 2.30 (1.80,2.70) 2.35 (1.80,2.90) 0.001

Monocyte (103 cells/mL) 0.50 (0.40,0.70) 0.60 (0.50,0.70) 0.60 (0.50,0.70) 0.60 (0.50,0.70) <0.001

Platelet (103 cells/mL) 226.50 (197.00,264.75) 233.00 (193.75,271.00) 242.50 (207.75,281.00) 267.00 (228.00,311.00) <0.001

AST (U/L) 20.00 (17.00,24.75) 21.00 (17.00,25.00) 20.00 (17.00,26.25) 18.00 (14.00,24.00) <0.001

ALT (U/L) 21.00 (15.00,29.00) 22.00 (16.00,32.00) 22.00 (16.00,31.25) 19.00 (14.00,29.00) 0.003

GGT (IU/L) 22.50 (17.00,33.00) 26.00 (18.00,41.00) 26.00 (19.00,42.00) 27.00 (19.00,43.00) <0.001

LSM (kpa) 5.15 (4.20,6.30) 5.40 (4.40,6.80) 5.60 (4.60,7.20) 5.80 (4.80,7.70) <0.001

CAP (dB/m) 301.00 (283.25,330.00) 309.00 (287.00,338.00) 316.00 (291.00,352.00) 326.00 (299.50,359.00) <0.001

(Continued)
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3.2 Baseline characteristics of MASLD
patients based on hsCRP quartiles in the
Chinese cohort

In the Chinese cohort, the results demonstrated no statistically

significant difference in the proportion of male and female patients

between different hsCRP quartiles (P = 0.071). The median age was

similar between the groups (P = 0.667). The proportions of patients

who smoke, consume alcohol, hypertension, and dyslipidemia did

not differ significantly between hsCRP quartiles (P values of 0.604,

0.407, 0.481, and 0.116, respectively). However, the proportion of

DM increased with hsCRP levels (P = 0.019). Additionally, there

was a significant positive correlation between hsCRP levels and the

following variables: BMI, WC, HbA1c, TG, GGT, and LSM (all P <

0.05). Conversely, there was a significant negative correlation

between hsCRP levels and HDL-C levels (P < 0.05). The

prevalence of significant fibrosis, advanced fibrosis, and cirrhosis

exhibited a notable increase with elevated hsCRP levels (all P <

0.001) (Table 2).
3.3 Association of hsCRP with hepatic
fibrosis in MASLD patients in the US cohort

The relationship between hsCRP and hepatic fibrosis in patients

with MASLD was investigated using multivariable model logistic

regression in the US cohort. The results demonstrated that patients

in the highest quartile of hsCRP exhibited a markedly elevated risk

of significant fibrosis (OR = 2.27, P < 0.001), advanced fibrosis

(OR = 1.76, P = 0.018), and cirrhosis (OR = 3.11, P = 0.004) in

comparison to those in the lowest quartile of hsCRP. These

associations remained significant after adjustment for potential

confounding factors, including gender, age, smoking, alcohol

consumption, DM, hypertension, and dyslipidemia (OR = 2.22,
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P < 0.001; OR = 1.69, P = 0.041; OR = 2.85, P = 0.011). These

findings suggest that hsCRP may be a valuable predictor of hepatic

fibrosis progression in patients with MASLD (Table 3).
3.4 Association of hsCRP with hepatic
fibrosis in MASLD patients in the
Chinese cohort

A similar investigation was conducted into the relationship

between hsCRP levels and hepatic fibrosis in the Chinese cohort.

The findings indicated that hsCRP levels were significantly

correlated with the risk of significant fibrosis, advanced fibrosis,

and cirrhosis after adjustment for various factors. Patients in the

higher quartiles exhibited progressively elevated risks of significant

fibrosis (OR = 2.53, P < 0.001), advanced fibrosis (OR = 3.85, P <

0.001), and cirrhosis (OR = 3.78, P < 0.001) relative to those in the

lowest hsCRP quartile. These results are consistent with those

observed in the US cohort, providing further support for the

potential of hsCRP as a predictor of hepatic fibrosis in patients

with MASLD (Table 4).
3.5 RCS analysis

In the context of RCS analyses, an investigation was conducted

to elucidate the correlation between serum hsCRP levels and the

degree of hepatic fibrosis in patients diagnosed with MASLD. All

analyses were adjusted for potential confounding factors, including

gender, age, smoking status, alcohol consumption, diabetes,

hypertension, and dyslipidemia. In the US cohort, significant

nonlinear associations were identified between hsCRP levels and

significant fibrosis (Figure 2A), advanced fibrosis (Figure 2B), and

cirrhosis (Figure 2C) (P < 0.001, P-Nonlinear < 0.001; P = 0.004, P-
TABLE 1 Continued

Variables

hsCRP

Quartile 1
(n = 366)

Quartile 2
(n = 372)

Quartile 3
(n = 368)

Quartile 4
(n = 371)

P

Significant fibrosis, n (%) <0.001

Yes 53 (14.48) 66 (17.74) 83 (22.55) 103 (27.76)

No 313 (85.52) 306 (82.26) 285 (77.45) 268 (72.24)

Advanced fibrosis, n (%) 0.005

Yes 31 (8.47) 31 (8.33) 54 (14.67) 52 (14.02)

No 335 (91.53) 341 (91.67) 314 (85.33) 319 (85.98)

Cirrhosis, n (%) <0.001

Yes 9 (2.46) 15 (4.03) 32 (8.70) 27 (7.28)

No 357 (97.54) 357 (95.97) 336 (91.30) 344 (92.72)
Data are shown as median (25th, 75th percentiles) or percentages, p <0.05 considered statistically significant.
MASLD, Metabolic dysfunction-associated steatotic liver disease; hsCRP, high-sensitivity C-reactive protein; BMI, Body mass index; WC, Waist circumference; FPG, Fasting plasma-glucose;
HbA1c, Hemoglobin A1c; TC, Total cholesterol; TG, Triglyceride; HDL-C, High density lipoprotein cholesterol; WBC, White blood cell; AST, Aspartate aminotransferase; ALT, Alanine
transaminase; GGT, Gamma-glutamyl transferase; LSM, Liver stiffness measurement; CAP, Controlled attenuation parameter.
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TABLE 2 Baseline characteristics of MASLD patients based on hsCRP quartiles in the Chinese cohort.

Variables

hsCRP

Quartile 1
(n = 383)

Quartile 2
(n = 381)

Quartile 3
(n = 384)

Quartile 4
(n = 383)

P

Gender, n (%) 0.071

Male 231 (60.31) 217 (56.96) 254 (66.15) 231 (60.31)

Female 152 (39.69) 164 (43.04) 130 (33.85) 152 (39.69)

Age (years) 42.00 (32.00,53.00) 44.00 (33.00,53.00) 41.00 (33.00,54.00) 42.00 (34.00,53.00) 0.667

Smoke, n (%) 0.604

Yes 128 (33.42) 126 (33.07) 136 (35.42) 118 (30.81)

No 255 (66.58) 255 (66.93) 248 (64.58) 265 (69.19)

Alcohol, n (%) 0.407

Yes 93 (24.28) 75 (19.69) 87 (22.66) 92 (24.02)

No 290 (75.72) 306 (80.31) 297 (77.34) 291 (75.98)

Hypertension, n (%) 0.481

Yes 102 (26.63) 99 (25.98) 117 (30.47) 111 (28.98)

No 281 (73.37) 282 (74.02) 267 (69.53) 272 (71.02)

Diabetes, n (%) 0.019

Yes 86 (22.45) 98 (25.72) 119 (30.99) 118 (30.81)

No 297 (77.55) 283 (74.28) 265 (69.01) 265 (69.19)

Dyslipidemia, n (%) 0.116

Yes 292 (76.24) 304 (79.79) 307 (79.95) 319 (83.29)

No 91 (23.76) 77 (20.21) 77 (20.05) 64 (16.71)

BMI (kg/m2) 27.20 (24.90,29.70) 27.50 (25.50,30.00) 27.70 (25.58,30.20) 27.70 (25.70,30.60) 0.014

WC (cm) 94.90 (89.65,101.95) 95.50 (89.10,102.50) 96.70 (90.70,105.75) 96.80 (90.25,103.15) 0.008

FPG (mg/dL) 97.20 (90.00,109.80) 97.20 (90.00,113.40) 97.20 (90.00,112.05) 99.00 (90.00,116.37) 0.247

HbA1c (%) 5.88 (5.60,6.35) 5.94 (5.62,6.40) 5.98 (5.66,6.56) 6.02 (5.70,6.57) 0.010

TC (mg/dL) 177.54 (155.69,201.52) 180.64 (155.88,207.71) 180.25 (155.49,206.26) 184.12 (162.26,207.71) 0.199

TG (mg/dL) 138.22 (91.26,202.01) 141.76 (92.14,191.38) 145.30 (105.21,221.72) 168.34 (116.95,241.88) <0.001

HDL-C (mg/dL) 42.13 (36.72,48.70) 42.13 (35.94,53.72) 41.16 (34.30,49.09) 40.58 (35.17,49.28) 0.023

WBC (103 cells/mL) 6.26 (5.38,7.20) 6.29 (5.31,7.27) 6.19 (5.30,7.20) 6.41 (5.51,7.34) 0.724

Neutrophils (103 cells/mL) 3.55 (3.02,4.26) 3.61 (2.86,4.30) 3.50 (2.83,4.16) 3.66 (2.90,4.21) 0.538

Lymphocyte (103 cells/mL) 2.08 (1.69,2.46) 2.02 (1.66,2.35) 2.05 (1.73,2.46) 2.04 (1.71,2.47) 0.367

Monocyte (103 cells/mL) 0.44 (0.36,0.53) 0.44 (0.37,0.53) 0.43 (0.36,0.51) 0.44 (0.37,0.53) 0.669

Platelet (103 cells/mL) 224.00 (193.00,256.38) 216.00 (180.00,253.00) 221.00 (187.53,261.00) 225.00 (184.00,262.93) 0.277

AST (U/L) 25.00 (19.00,37.00) 26.00 (19.00,40.00) 25.00 (19.00,37.25) 25.00 (18.00,37.50) 0.926

ALT (U/L) 39.00 (22.55,63.99) 36.00 (21.00,63.87) 38.00 (22.00,66.17) 36.80 (23.00,65.50) 0.865

GGT (IU/L) 38.00 (22.40,59.40) 35.90 (23.00,69.50) 41.65 (25.15,75.20) 40.30 (25.00,72.95) 0.043

LSM (kpa) 6.00 (5.00,7.00) 6.30 (5.10,8.40) 6.70 (5.20,9.20) 6.50 (5.20,9.30) <0.001

CAP (dB/m) 323.00 (298.00,345.00) 324.00 (301.00,352.00) 330.50 (303.00,355.25) 329.00 (300.50,355.00) 0.108

(Continued)
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TABLE 2 Continued

Variables

hsCRP

Quartile 1
(n = 383)

Quartile 2
(n = 381)

Quartile 3
(n = 384)

Quartile 4
(n = 383)

P

Significant fibrosis, n (%) <0.001

Yes 68 (17.75) 132 (34.65) 157 (40.89) 135 (35.25)

No 315 (82.25) 249 (65.35) 227 (59.11) 248 (64.75)

Advanced fibrosis, n (%) <0.001

Yes 28 (7.31) 63 (16.54) 78 (20.31) 90 (23.50)

No 355 (92.69) 318 (83.46) 306 (79.69) 293 (76.50)

Cirrhosis, n (%) <0.001

Yes 13 (3.39) 27 (7.09) 26 (6.77) 46 (12.01)

No 370 (96.61) 354 (92.91) 358 (93.23) 337 (87.99)
F
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Data are shown as median (25th, 75th percentiles) or percentages, p <0.05 considered statistically significant.
MASLD, Metabolic dysfunction-associated steatotic liver disease; hsCRP, high-sensitivity C-reactive protein; BMI, Body mass index; WC, Waist circumference; FPG, Fasting plasma-glucose;
HbA1c, Hemoglobin A1c; TC, Total cholesterol; TG, Triglyceride; HDL-C, High density lipoprotein cholesterol; WBC, White blood cell; AST, Aspartate aminotransferase; ALT, Alanine
transaminase; GGT, Gamma-glutamyl transferase; LSM, Liver stiffness measurement; CAP, Controlled attenuation parameter.
TABLE 3 Relationship between hsCRP and hepatic fibrosis in patients with MASLD in the US cohort.

Variables
Model 1 Model 2 Model 3

OR (95%CI) P OR (95%CI) P OR (95%CI) P

Significant fibrosis

hsCRP

Quartile 1 1.00 (Reference) 1.00 (Reference) 1.00 (Reference)

Quartile 2 1.27 (0.86 ~ 1.89) 0.229 1.30 (0.87 ~ 1.93) 0.198 1.20 (0.80 ~ 1.79) 0.374

Quartile 3 1.72 (1.18 ~ 2.52) 0.005 1.90 (1.29 ~ 2.80) 0.001 1.73 (1.17 ~ 2.56) 0.006

Quartile 4 2.27 (1.57 ~ 3.28) <0.001 2.73 (1.86 ~ 4.01) <0.001 2.22 (1.49 ~ 3.29) <0.001

Advanced fibrosis

hsCRP

Quartile 1 1.00 (Reference) 1.00 (Reference) 1.00 (Reference)

Quartile 2 0.98 (0.58 ~ 1.65) 0.947 1.00 (0.59 ~ 1.69) 0.995 0.91 (0.54 ~ 1.54) 0.720

Quartile 3 1.86 (1.16 ~ 2.97) 0.009 2.08 (1.30 ~ 3.35) 0.002 1.84 (1.14 ~ 2.98) 0.013

Quartile 4 1.76 (1.10 ~ 2.82) 0.018 2.17 (1.34 ~ 3.53) 0.002 1.69 (1.02 ~ 2.79) 0.041

Cirrhosis

hsCRP

Quartile 1 1.00 (Reference) 1.00 (Reference) 1.00 (Reference)

Quartile 2 1.67 (0.72 ~ 3.86) 0.233 1.70 (0.73 ~ 3.95) 0.214 1.48 (0.63 ~ 3.45) 0.366

Quartile 3 3.78 (1.78 ~ 8.03) <0.001 4.24 (1.98 ~ 9.06) <0.001 3.64 (1.69 ~ 7.85) <0.001

Quartile 4 3.11 (1.44 ~ 6.72) 0.004 3.86 (1.76 ~ 8.44) <0.001 2.85 (1.28 ~ 6.37) 0.011
fr
Model 1: crude.
Model 2: adjusted for Gender and Age.
Model 3: adjusted for Gender, Age, Smoke, Alcohol, Diabetes, Hypertension, and Dyslipidemia.
hsCRP, high-sensitivity C-reactive protein; MASLD, Metabolic dysfunction-associated steatotic liver disease; OR, Odds ratio; CI, Confidence interval.
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Nonlinear = 0.002; P = 0.002, P-Nonlinear = 0.001). For significant

fibrosis, advanced fibrosis, and cirrhosis, the inflection point

occurred at an hsCRP level of approximately 9 mg/L. At levels of

hsCRP below 9 mg/L, the OR values for each type of hepatic fibrosis

increased significantly with increasing hsCRP levels. When hsCRP

levels reached or exceeded 9 mg/L, the OR values tended to flatness

or decrease.

In the Chinese cohort, significant nonlinear relationships were

also observed between hsCRP levels and significant fibrosis

(Figure 2D), advanced fibrosis (Figure 2E), and cirrhosis

(Figure 2F) (P < 0.001, P-Nonlinear < 0.001; P < 0.001, P-

Nonlinear < 0.001; P < 0.001, P-Nonlinear = 0.047). The

inflection point was observed at hsCRP levels of 4 mg/L. At levels

of hsCRP less than 4 mg/L, the ORs for each type of hepatic fibrosis

increased significantly with increasing hsCRP levels. At hsCRP

levels of 4 mg/L or above, the upward trajectory of the ORs for

advanced fibrosis and cirrhosis leveled off, while the ORs for

significant fibrosis began to decline.
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3.6 Segmented logistic regression analysis
of the effect of hsCRP levels on hepatic
fibrosis in patients with MASLD

A segmented logistic regression analysis was conducted to

investigate the effect of hsCRP levels on hepatic fibrosis based on

the inflection point values identified through RCS analysis. In the

US cohort, the results demonstrated that the risk of significant

fibrosis (OR = 1.10, P = 0.005), advanced fibrosis (OR = 1.10, P =

0.037), and cirrhosis (OR = 1.12, P = 0.042) was markedly elevated

when hsCRP levels <9 mg/L were adjusted for relevant confounding

variables. However, these associations were no longer significant

when hsCRP levels were ≥9 mg/L (P values of 0.310, 0.960, and

0.730, respectively) (Table 5). This indicates the potential existence

of a threshold effect of hsCRP levels on hepatic fibrosis.

In the Chinese cohort, the results demonstrated that after

adjusting for potential confounding variables, patients with

hsCRP levels below 4 mg/L exhibited a notable increase in the
TABLE 4 Relationship between hsCRP and hepatic fibrosis in patients with MASLD in the Chinese cohort.

Variables
Model 1 Model 2 Model 3

OR (95%CI) P OR (95%CI) P OR (95%CI) P

Significant fibrosis

hsCRP

Quartile 1 1.00 (Reference) 1.00 (Reference) 1.00 (Reference)

Quartile 2 2.46 (1.75 ~ 3.44) <0.001 2.45 (1.75 ~ 3.42) <0.001 2.48 (1.77 ~ 3.49) <0.001

Quartile 3 3.20 (2.30 ~ 4.46) <0.001 3.22 (2.31 ~ 4.49) <0.001 3.22 (2.31 ~ 4.51) <0.001

Quartile 4 2.52 (1.80 ~ 3.53) <0.001 2.52 (1.80 ~ 3.52) <0.001 2.53 (1.80 ~ 3.55) <0.001

Advanced fibrosis

hsCRP

Quartile 1 1.00 (Reference) 1.00 (Reference) 1.00 (Reference)

Quartile 2 2.51 (1.57 ~ 4.02) <0.001 2.49 (1.56 ~ 3.99) <0.001 2.49 (1.55 ~ 3.99) <0.001

Quartile 3 3.23 (2.04 ~ 5.11) <0.001 3.26 (2.06 ~ 5.16) <0.001 3.19 (2.01 ~ 5.07) <0.001

Quartile 4 3.89 (2.48 ~ 6.12) <0.001 3.87 (2.46 ~ 6.09) <0.001 3.85 (2.44 ~ 6.07) <0.001

Cirrhosis

hsCRP

Quartile 1 1.00 (Reference) 1.00 (Reference) 1.00 (Reference)

Quartile 2 2.17 (1.10 ~ 4.27) 0.025 2.17 (1.10 ~ 4.29) 0.026 2.16 (1.09 ~ 4.28) 0.028

Quartile 3 2.07 (1.05 ~ 4.09) 0.037 2.06 (1.04 ~ 4.10) 0.039 1.97 (0.99 ~ 3.93) 0.055

Quartile 4 3.88 (2.06 ~ 7.32) <0.001 3.85 (2.03 ~ 7.29) <0.001 3.78 (1.99 ~ 7.19) <0.001
fr
Model 1: crude.
Model 2: adjusted for Gender and Age.
Model 3: adjusted for Gender, Age, Smoke, Alcohol, Diabetes, Hypertension, and Dyslipidemia.
hsCRP, high-sensitivity C-reactive protein; MASLD, Metabolic dysfunction-associated steatotic liver disease; OR, Odds ratio; CI, Confidence interval.
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risk of significant fibrosis (OR = 1.41, P< 0.001), advanced fibrosis

(OR = 1.32, P = 0.002), and cirrhosis (OR = 1.15, P = 0.037) as

hsCRP levels increased. However, when hsCRP levels reached or

exceeded 4 mg/L, the increased risk of significant fibrosis and

advanced fibrosis was no longer significant (P values of 0.440 and

0.660, respectively), although the risk of cirrhosis remained

increased (OR = 1.02, P = 0.016) (Table 6). These results further

confirm the potential for differences in the predictive value of

hsCRP levels at varying thresholds for hepatic fibrosis in patients

with MASLD.
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3.7 Subgroup analysis

In the US cohort, we conducted a subgroup analysis to

investigate the relationship between hsCRP levels and hepatic

fibrosis in patients with MASLD. We adjusted for potential

confounding variables, including gender, age, smoking status,

alcohol consumption, diabetes, hypertension, and dyslipidemia.

The results are presented in Figure 3. For significant fibrosis

(Figure 3A), a significant association was observed between

hsCRP levels and the risk of fibrosis. In general, patients with
FIGURE 2

Restricted cubic spline fitting for the association between hsCRP and hepatic fibrosis in patients with MASLD. (A) association between hsCRP and
significant fibrosis in the US cohort; (B) association between hsCRP and advanced fibrosis in the US cohort; (C) association between hsCRP and
cirrhosis in the US cohort; (D) association between hsCRP and significant fibrosis in the Chinese cohort; (E) association between hsCRP and
advanced fibrosis in the Chinese cohort; (F) association between hsCRP and cirrhosis in the Chinese cohort. The solid line displays the odds ratio,
with the 95% CI represented by shading. They were adjusted for gender, age, smoke, alcohol, diabetes, hypertension, and dyslipidemia. hsCRP, high-
sensitivity C-reactive protein; MASLD, Metabolic dysfunction-associated steatotic liver disease; CI, Confidence interval.
TABLE 5 Segmented logistic regression analysis of the effect of hsCRP level on hepatic fibrosis in the US cohort.

Variables OR (95% CI) P OR per SD (95%CI) P

Significant fibrosis

hsCRP (< 9 mg/L) 1.10 (1.03 ~ 1.17) 0.005 1.21 (1.06 ~ 1.38) 0.005

hsCRP (≥ 9 mg/L) 0.99 (0.97 ~ 1.01) 0.310 0.83 (0.59 ~ 1.18) 0.310

Advanced fibrosis

hsCRP (< 9 mg/L) 1.10 (1.01 ~ 1.21) 0.037 1.20 (1.01 ~ 1.43) 0.037

hsCRP (≥ 9 mg/L) 0.99 (0.98 ~ 1.02) 0.960 0.99 (0.69 ~ 1.42) 0.960

Cirrhosis

hsCRP (< 9 mg/L) 1.12 (1.00 ~ 1.25) 0.042 1.27 (1.01 ~ 1.60) 0.042

hsCRP (≥ 9 mg/L) 0.99 (0.96 ~ 1.03) 0.730 0.91 (0.55 ~ 1.53) 0.730
ORs were adjusted for Gender, Age, Smoke, Alcohol, Diabetes, Hypertension, and Dyslipidemia.
hsCRP, high-sensitivity C-reactive protein; OR, Odds ratio; SD, Standardized; CI, Confidence interval.
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hsCRP levels of 9 mg/L or greater exhibited an adjusted OR of 2.00

(95% CI: 1.39, 2.87) with a P-value of less than 0.001 compared to

patients with hsCRP levels below 9 mg/L. In all but the male and

smokers subgroups, there was a significant association between

hsCRP levels and the risk of fibrosis (P < 0.05). Furthermore, no

significant interaction was observed in any subgroup, except for the

smokers subgroup. In the analysis of advanced fibrosis (Figure 3B),

patients with hsCRP levels ≥9 mg/L exhibited an adjusted OR of

1.84 (95% CI: 1.18, 2.87) in comparison to patients with hsCRP

levels <9 mg/L, with a P-value of 0.007. In the subgroups of females,

non-smokers, non-drinkers, diabetic patients, and patients with

dyslipidemia, a significant association was observed between hsCRP

levels and the risk of fibrosis (P < 0.05). Nevertheless, no significant

interaction was observed in any subgroups except the smoking

subgroup. The results of the analyses also supported a significant

association between hsCRP levels and the risk of cirrhosis

(Figure 3C). The adjusted OR was 2.27 (95% CI: 1.29, 4.00), with

a P-value of 0.005. The correlation between hsCRP levels and the

likelihood of cirrhosis was statistically significant in the following

subgroups: females, non-smokers, non-drinkers, and patients with

diabetics, hypertension, and dyslipidemia (P < 0.05). No significant

interaction was identified in any of the subgroups.

The results of the subgroup analysis for the Chinese cohort are

presented in Figure 4. In the study of significant fibrosis

(Figure 4A), patients with hsCRP levels of 4 mg/L or greater

exhibited an adjusted OR of 1.59 (95% CI: 1.27, 1.98) in

comparison to patients with hsCRP levels below 4 mg/L, with a

P-value of less than 0.001. In all but the drinkers subgroup, there

was a significant association between hsCRP levels and the risk of

fibrosis (P < 0.05). Furthermore, no significant interaction was

observed in any subgroup (P for interaction > 0.05). About

advanced fibrosis (Figure 4B), patients with hsCRP levels of 4

mg/L or above exhibited an adjusted OR of 2.14 (95% CI: 1.63,

2.81) in comparison to patients with hsCRP levels below 4 mg/L,

with a P-value of less than 0.001. Similarly, in all but the drinkers

subgroup, there was a significant association between hsCRP levels

and the risk of fibrosis (P < 0.05). Nevertheless, no significant

interaction was observed in any subgroups except the alcohol
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subgroup (P for interaction = 0.012). In the analysis of cirrhosis

(Figure 4C), patients with hsCRP levels ≥4 mg/L exhibited an

adjusted OR of 1.95 (95% CI: 1.32, 2.90) in comparison to

patients with hsCRP levels <4 mg/L, with a P-value of 0.001.

Similarly, in the alcohol subgroup, the correlation between hsCRP

levels and the risk of cirrhosis in non-drinkers was statistically

significant (P < 0.001), with a notable between-group interaction (P

for interaction = 0.030). No significant interaction was identified in

the remaining subgroups (P for interaction > 0.05).
3.8 ROC curves of hsCRP in predicting
hepatic fibrosis in MASLD patients

In the US cohort (Figure 5A), the area under the curve (AUC)

values of hsCRP for predicting significant fibrosis, advanced fibrosis,

and cirrhosis were 0.593 (95% CI: 0.557-0.628), 0.584 (95% CI: 0.539-

0.629), and 0.636 (95% CI: 0.581-0.692), respectively. These AUC

values indicate that hsCRP has some degree of discriminatory power in

predicting the degree of hepatic fibrosis in US patients with MASLD,

particularly in the prediction of cirrhosis. In the Chinese cohort

(Figure 5B), the AUC values of hsCRP for predicting significant

fibrosis, advanced fibrosis, and cirrhosis were 0.592 (95% CI: 0.563-

0.621), 0.654 (95% CI: 0.619-0.688), and 0.652 (95% CI: 0.599-0.706),

respectively. As with the US cohort, these findings illustrate the

effectiveness of hsCRP in forecasting the degree of hepatic fibrosis in

Chinese patients with MASLD. However, the comparatively low AUC

values suggest that its predictive accuracy is constrained.
4 Discussion

In this study, we comprehensively analyzed data from both the

US and the Chinese cohorts to investigate the potential association

between hsCRP and hepatic fibrosis in patients with MASLD. The

study’s findings indicated a notable nonlinear correlation between

hsCRP levels and the degree of hepatic fibrosis in patients with

MASLD, as observed in both the US and Chinese cohorts.
TABLE 6 Segmented logistic regression analysis of the effect of hsCRP level on hepatic fibrosis in the Chinese cohort.

Variables OR (95% CI) P OR per SD (95%CI) P

Significant fibrosis

hsCRP (< 4 mg/L) 1.41 (1.23 ~ 1.62) <0.001 1.44 (1.25 ~ 1.66) <0.001

hsCRP (≥ 4 mg/L) 1.00 (0.99 ~ 1.01) 0.440 1.07 (0.91 ~ 1.26) 0.440

Advanced fibrosis

hsCRP (< 4 mg/L) 1.32 (1.11 ~ 1.58) 0.002 1.34 (1.11 ~ 1.62) 0.002

hsCRP (≥ 4 mg/L) 1.00 (0.99 ~ 1.01) 0.660 1.04 (0.87 ~ 1.25) 0.660

Cirrhosis

hsCRP (< 4 mg/L) 1.15 (1.01 ~ 1.32) 0.037 1.28 (1.02 ~ 1.61) 0.037

hsCRP (≥ 4 mg/L) 1.02 (1.00 ~ 1.03) 0.016 1.35 (1.06 ~ 1.73) 0.016
ORs were adjusted for Gender, Age, Smoke, Alcohol, Diabetes, Hypertension, and Dyslipidemia.
hsCRP, high-sensitivity C-reactive protein; OR, Odds ratio; SD, Standardized; CI, Confidence interval.
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Additionally, the study identified specific inflection point values.

Specifically, the risk of significant fibrosis, advanced fibrosis, and

cirrhosis in patients with MASLD was significantly elevated with

increasing hsCRP levels within a specific range, and this association

remained significant after adjusting for multiple confounding

variables. These findings further substantiate the utility of hsCRP

as a potential predictor of hepatic fibrosis in patients with MASLD.

CRP, a pivotal pro-inflammatory factor, plays a pivotal role in

various pathological conditions. It has been demonstrated that the
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pentameric form of CRP (pCRP) can dissociate into a pro-

inflammatory monomeric form (mCRP) under specific shear or

inflammatory conditions, thereby further activating the

inflammatory response (23–25). For instance, in aortic stenosis (AS),

shear force-induced dissociation of pCRP activates endothelial cells

and platelets, leading to inflammation and thrombosis (24). Similarly,

mCRP exacerbates localized tissue damage in atherosclerosis and

myocardial infarction by binding to cell membrane phospholipids,

inducing leukocyte adhesion and inflammatory cell activation (25).
FIGURE 3

Subgroup analysis of the association between hsCRP and hepatic fibrosis in patients with MASLD in the US cohort. (A) association between hsCRP
and significant fibrosis; (B) association between hsCRP and advanced fibrosis; (C) association between hsCRP and cirrhosis. Adjusted variables:
gender, age, smoke, alcohol, diabetes, hypertension, and dyslipidemia. The model was not adjusted for the stratification variables themselves in the
corresponding stratification analysis. hsCRP, high-sensitivity C-reactive protein; MASLD, Metabolic dysfunction-associated steatotic liver disease;
OR, odds ratio; CI, confidence interval.
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Additionally, mCRP interacts with lipid rafts in endothelial cell

membranes to regulate cytokine release and endothelial dysfunction,

further promoting inflammatory responses (26).

Some studies have indicated a positive correlation between

elevated hsCRP levels, a sensitive marker of the inflammatory

response, and the degree of hepatic fibrosis in patients with

NAFLD (18, 20, 21). The present study not only corroborates

previous findings but also underscores the significance of hsCRP

in the context of MASLD. These findings further reinforce the
Frontiers in Immunology 1340
notion that chronic low-grade inflammation plays a pivotal role in

the progression of MASLD to hepatic fibrosis. Furthermore, the

results of the present study align with a series of observational

studies that have identified an association between hsCRP levels and

cardiometabolic risk factors, including hypertension, diabetes, and

dyslipidemia. These risk factors are also strongly associated with the

progression of hepatic fibrosis in MASLD (15–17).

Some biological mechanisms may mediate the relationship

between hsCRP and hepatic fibrosis in patients with MASLD. Firstly,
FIGURE 4

Subgroup analysis of the association between hsCRP and hepatic fibrosis in patients with MASLD in the Chinese cohort. (A) association between
hsCRP and significant fibrosis; (B) association between hsCRP and advanced fibrosis; (C) association between hsCRP and cirrhosis. Adjusted
variables: gender, age, smoke, alcohol, diabetes, hypertension, and dyslipidemia. The model was not adjusted for the stratification variables
themselves in the corresponding stratification analysis. hsCRP, high-sensitivity C-reactive protein; MASLD, Metabolic dysfunction-associated
steatotic liver disease; OR, odds ratio; CI, confidence interval.
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elevated levels of hsCRP, a nonspecific inflammatory marker, typically

indicate the presence of a low-grade inflammatory response within the

body (13, 14). In patients with MASLD, persistent hepatic

inflammation represents a pivotal factor in the progression of hepatic

fibrosis (11). The infiltration and activation of inflammatory cells

release a variety of pro-inflammatory cytokines and chemokines that

activate hepatic stellate cells (HSCs), prompting their transformation

into myofibroblasts and secretion of large quantities of extracellular

matrix (ECM), which in turn drive the onset and progression of hepatic

fibrosis (9, 11). Secondly, insulin resistance, a core feature ofMASLD, is

closely associated with elevated hsCRP levels (27). Insulin resistance

may result in aberrant hepatic lipid and glucose metabolism,

exacerbating hepatic inflammation and fibrosis (28). Additionally,

insulin resistance may directly promote the activation and

proliferation of HSCs through the activation of signaling pathways

such as c-Jun N-terminal kinase and mechanistic target of rapamycin,

thereby further accelerating the process of hepatic fibrosis (29–31).

Moreover, patients with MASLD frequently present with dyslipidemia,

which can result in the accumulation of lipids within the liver. The

accumulation of lipids is susceptible to peroxidation in the presence of

oxidative stress, generating many oxidation products and free radicals.

These oxidation products and free radicals not only directly damage

hepatocyte membranes, mitochondria, and other cellular organelles but

also activate inflammatory signaling pathways, thus exacerbating

hepatic inflammation and fibrosis (28, 32). hsCRP, as a component

of the inflammatory response, and its elevated level may reflect the state

of this oxidative stress and lipid peroxidation. Furthermore, alterations

in the intestinal microbiota are strongly linked to the onset of MASLD

and may impact hsCRP levels. Metabolites produced by the intestinal

flora, including short-chain fatty acids and bile acids, have the potential

to influence the metabolic and inflammatory state of the liver, which in

turn affects hepatic fibrosis (33–35).

The present study also identified findings that differed from

those observed in existing studies. Specifically, the application of
Frontiers in Immunology 1441
RCS analysis identified a potential inflection point value for the

dose-response relationship between hsCRP levels and hepatic

fibrosis. This inflection point value may vary across geographic

and ethnic populations. In the US cohort, the inflection point was

approximately 9 mg/L, whereas in the Chinese cohort, it was 4 mg/

L. This finding suggests that the effect of hsCRP on hepatic fibrosis

may exhibit a threshold effect in different populations. That is to

say; when the hsCRP level is lower than the inflection point, its

elevation will significantly increase the risk of hepatic fibrosis.

Conversely, when it exceeds the inflection point, its contributing

effect on the risk of hepatic fibrosis may diminish or no longer be

significant. These findings have important theoretical and practical

implications for developing screening and monitoring strategies for

hepatic fibrosis based on hsCRP levels.

Furthermore, this study investigated the impact of hsCRP levels

on the likelihood of hepatic fibrosis in patients with varying

characteristics of MASLD through subgroup analysis. The results

demonstrated notable discrepancies in the correlation between

hsCRP levels and the possibility of hepatic fibrosis across

subgroups with disparate characteristics. For instance, the impact

of hsCRP levels on the risk of hepatic fibrosis was more pronounced

in the subgroups of non-smoking and non-drinking patients,

and there was a significant between-group interaction. This

phenomenon may be attributed to the fact that there were fewer

potential confounding factors in participants who were non-

smokers and non-drinkers compared to individuals who smoked

or drank. This may have resulted in a clearer and stronger

association between hsCRP levels and hepatic fibrosis risk. These

findings offer novel insights into the personalized assessment of

hepatic fibrosis risk in patients with MASLD, which can assist

clinicians in formulating more precise and efficacious therapeutic

regimens tailored to individual patient profiles.

Moreover, this study assessed the effectiveness of hsCRP in

predicting the degree of hepatic fibrosis in patients with MASLD.
FIGURE 5

ROC curves of hsCRP for predicting hepatic fibrosis in patients with MASLD. (A) ROC curves for predicting significant fibrosis, advanced fibrosis, and
cirrhosis in the US cohort; (B) ROC curves for predicting significant fibrosis, advanced fibrosis, and cirrhosis in the Chinese cohort. ROC, Receiver
operating characteristics; hsCRP, high-sensitivity C-reactive protein; MASLD, Metabolic dysfunction-associated steatotic liver disease; AUC, Area
under receiver operating characteristics curve.
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Specifically, the AUC values of hs-CRP in predicting significant

fibrosis, advanced fibrosis, and cirrhosis in patients with MASLD

were all approximately 0.6. These findings indicate that hsCRP,

when used as a single predictor, exhibits some discriminatory

efficacy in differentiating between the various stages of hepatic

fibrosis in patients with MASLD. However, its overall predictive

accuracy remains limited. In light of these findings, we propose that

hsCRP should be employed in conjunction with other predictors of

hepatic fibrosis in clinical practice. Furthermore, we recommend

that the accuracy and specificity of prediction be enhanced by

comprehensively considering a range of biomarkers.

A substantial body of research has demonstrated the

considerable therapeutic potential of CRP in the treatment of

inflammation-related diseases. The suppression of the pro-

inflammatory effects of CRP through diverse mechanisms has

been identified as a highly effective anti-inflammatory strategy

(23). For instance, the development of specific small-molecule

inhibitors (e.g., 1,6-bis(phosphocholine)-hexane) has been shown

to impede CRP function and mitigate tissue damage in myocardial

infarction and stroke (36). In addition, selective CRP-scavenging

therapies, which expeditiously reduce circulating CRP levels

through blood purification techniques, have significantly

improved clinical symptoms and reduced mortality among

patients with severe pneumonia caused by COVID-19 (37–39).

Furthermore, low molecular weight CRP inhibitors offer novel

insights for anti-inflammatory therapy by mimicking the

structure of phospholipids, specifically binding to the

phosphorylcholine-binding pocket of CRP and inhibiting its

conversion to pro-inflammatory isoforms (40). These studies

validate the feasibility of CRP as a therapeutic target and

demonstrate its promising broad application in various

inflammatory diseases, providing strong support for the

development of novel anti-inflammatory therapies.

While the findings of this study are consistent across two large

cohorts, it is important to acknowledge the limitations of the study

design. First, due to the cross-sectional study design, it was

impossible to establish a definitive causal relationship between

hsCRP and hepatic fibrosis. Accordingly, future studies must

adopt a longitudinal design to validate this association further.

Secondly, although the study included two geographically diverse

cohorts, the sample size was still insufficient. It may have been

affected by selection bias and unmeasured confounders, which may

have impacted the study results. Furthermore, there were

discrepancies in hsCRP measurements between the two cohorts,

which may have negatively impacted the direct comparison of

results. It is recommended that future studies employ a

prospective cohort design to not only validate the relationship

between hsCRP and hepatic fibrosis in patients with MASLD in

greater depth but also to explore the applicability of hsCRP in

populations of different races and regions. Ultimately, as this study

concentrated on hsCRP as a singular inflammatory marker, future

research could be expanded to investigate the correlation between

other inflammatory markers and hepatic fibrosis and the potential

utility of combining multiple inflammatory markers for hepatic

fibrosis risk assessment.
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5 Conclusion

In conclusion, the present study employed cross-regional and

large-scale data analysis to investigate the correlation between

hsCRP levels and hepatic fibrosis in MASLD patients. The

findings revealed a potential dose-response relationship and

variability in different subgroups. These findings underscore the

pivotal role of inflammation in the progression of MASLD and offer

a novel perspective and empirical basis for risk assessment of

hepatic fibrosis in patients with MASLD. They also provide a

valuable reference for future research directions. Further

research is required to elucidate the mechanisms by which hsCRP

may contribute to hepatic fibrosis. Additionally, more extensive

longitudinal studies encompassing diverse geographical and ethnic

groups must confirm these findings. This study aims to validate the

findings and elucidate the underlying pathophysiological

mechanisms, providing more effective preventive and therapeutic

strategies for MASLD patients.
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31. Parlati L, Régnier M, Guillou H, Postic C. New targets for NAFLD. JHEP Rep.
(2021) 3:100346. doi: 10.1016/j.jhepr.2021.100346

32. Clare K, Dillon JF, Brennan PN. Reactive oxygen species and oxidative stress in
the pathogenesis of MAFLD. J Clin Transl Hepatol. (2022) 10:939–46. doi: 10.14218/
JCTH.2022.00067

33. Bashiardes S, Shapiro H, Rozin S, Shibolet O, Elinav E. Non-alcoholic fatty liver and
the gut microbiota.Mol Metab. (2016) 5:782–94. doi: 10.1016/j.molmet.2016.06.003

34. Bahitham W, Alghamdi S, Omer I, Alsudais A, Hakeem I, Alghamdi A, et al.
Double trouble: how microbiome dysbiosis and mitochondrial dysfunction drive non-
alcoholic fatty liver disease and non-alcoholic steatohepatitis. Biomedicines. (2024)
12:550. doi: 10.3390/biomedicines12030550
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Redefining CRP in tissue injury
and repair: more than an acute
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Most early studies investigating the role of C-reactive protein (CRP) in tissue

damage determined it supported pro-hemostatic and pro-inflammatory

activities. However, these findings were not universal, as other data suggested

CRP inhibited these same processes. A potential explanation for these disparate

observations finally emerged with the recognition that CRP undergoes context-

dependent conformational changes in vivo, and each of its three isoforms –

pentameric CRP (pCRP), modified pentameric CRP (pCRP*), and monomeric

CRP (mCRP) – have different effects. In this review, we consider this new

paradigm and re-evaluate the role of CRP and its isoforms in the tissue repair

process. Indeed, a growing body of evidence points toward the involvement of

CRP not just in hemostasis and inflammation, but also in the resolution of

inflammation and in tissue regeneration. Additionally, we briefly discuss the

shortcomings of the currently available diagnostic tests for CRP and highlight

the need for change in how CRP is currently utilized in clinical practice.
KEYWORDS

pCRP, pCRP*, mCRP, hemostasis, inflammation resolution, tissue regeneration,
therapeutic use
Introduction

The tissue repair process begins immediately after tissue damage and lasts for several

weeks (1, 2). During this time, a series of biological processes occur that collectively staunch

the injury (hemostasis) (3), stymie any invading pathogens (inflammation), (4), limit

further damage (inflammation resolution and debris removal), (4, 5), and regenerate the

tissue (angiogenesis, cellular proliferation, and tissue remodeling), (1, 4). While they

overlap in practice, the various phases of the recovery process occur at roughly the

following time frames: hemostasis, the first minutes to hours; inflammation, the first 72

hours; inflammation resolution, from 72 hours to ~1 week; and tissue regeneration and

remodeling, ~1 week to ~1 month (1, 2).
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For many years, C-Reactive Protein (CRP) was considered an

important effector for only the earliest portions of the tissue repair

response. This conclusion was driven by most biochemical and

functional investigations of CRP determining that it potently

supported pro-hemostatic and pro-inflammatory activities (6, 7).

There was also a temporal logic to that argument, as plasma CRP

concentrations increase up to 1000-fold during the pro-

inflammatory phase and begin decreasing in tandem with the

overall switch to inflammation resolution (8, 9). However, not all

data were consistent with that interpretation. Some studies reported

results in which CRP exhibited anti-inflammatory properties

(10–15). Moreover, the 19-hour half-life of CRP means its levels

are elevated above baseline even during the early tissue regeneration

phase – a perplexing observation for something with strong pro-

inflammatory potential (16). For a long time, these findings were

difficult to reconcile and, to some extent, have limited the usefulness

of CRP as a clinical tool and target.

Progress toward resolving these conflicting observations finally

arrived with the recognition that CRP, in serum a very stable homo-

pentameric macromolecule, undergoes conformational changes and

dissociation at sites of inflammation in vivo (17). There had been in

vitro observations to suggest a modified, monomeric version of CRP

(mCRP) was the primary pro-inflammatory form of CRP (18–21),

but evidence for the existence of mCRP in vivo had been difficult to

obtain. The reasons for its delayed identification in vivo were multi-

fold: for example, dissociation in vitro requires non-physiological

amounts of heat, urea, or acidic environments (22–25); the

exceptional insolubility of mCRP means it is only membrane-

associated and/or -embedded in vivo (26–29); and, is

inconsistently detectable on microvesicles in the serum of

individuals without ongoing inflammatory disorders (27, 30–34).

Nevertheless, improvements in techniques and reagents finally led

to observations of pCRP dissociation in vivo in a rat model of

myocardial infarction (17), its presence on circulating microvesicles

in humans with inflammatory disorders (26, 27, 32–37), and its

presence in human myocardial tissue and burn wounds (17, 38). A

transitory intermediate form of CRP called pCRP* (pCRP star; also

known as mCRPm) was identified shortly thereafter in which pCRP

has undergone some conformational changes and exhibits some

pro-inflammatory effector functions but has nevertheless not yet

dissociated (39–42).

In this review, we distinguish between the three CRP isoforms

and re-evaluate each of their potential roles in the tissue repair

process. Specific isoforms of CRP will be described where possible,

though many studies took place at a time where the need to

differentiate the contributions of each isoform was not known or

the ability to differentiate the isoforms was not readily possible. For

these studies, the concentrations of CRP (low [i.e., non-saturating

concentrations], pCRP*/mCRP; high, pCRP) and the time frame

(≥0.5-2 hours, pCRP*/mCRP) in which results were observed

provide potential ways to differentiate whether the reported

effects were due to pCRP or pCRP*/mCRP (11, 39, 43).

Nevertheless, there are inherent limitations to the discussion.

Lastly, we briefly discuss the need for how CRP is used clinically

to evolve in the wake of this new understanding of CRP bioactivity.
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CRP isoforms and their bioavailability

Structure and general functions

Pentameric CRP is a compact, non-glycosylated, homo-

polymeric molecule with a central void and radial symmetry (44).

Each of the five monomers contains 206 amino acids and a single

intramolecular disulfide bond, whereas the intermolecular

interactions holding the pentamer together are non-covalent

(44, 45). All monomers are oriented in the same direction,

allowing pCRP to be conceptualized as two-sided (46). On one

side is the binding face (or B-face), whose primary role is to bind

phosphocholine (PC) (46–48). Though ubiquitously present, PC is

normally buried within membranes and inaccessible to CRP.

However, changes in membrane architecture due to lipid

modification by enzymes (e.g., phospholipase A2) or reactive

oxygen species (ROS) causes PC to ‘pop up’ and expose itself for

CRP recognition (49–51). Upon exposure, it becomes a damage-

associated molecular pattern (DAMP), an endogenous molecule

containing a conserved motif the immune system utilizes to

recognize abnormal situations and initiate an inflammatory

response (52). Phosphocholine may also be found on Gram-

positive bacterial cell walls (53), making it both a DAMP and

pathogen-associated molecular pattern (PAMP; i.e., a conserved

motif present on non-self organisms) (52). Interactions between

CRP and PC are calcium-dependent and rely on CRP residues Phe-

66 and Glu-81 (46). Notably, other DAMPs (e.g., oxidized low-

density lipoprotein, histones, and fibronectin) and PAMPs (e.g.,

phosphoethanolamine [found on Gram-negative bacteria]) have

also been identified as ligands for the CRP binding face (54–58).

On the reverse side of pCRP is the effector face, (also called the

activating face or A-face), (46, 59). The most well-recognized binding

partners for this half are the globular head of complement protein

C1q and various Fc receptors (e.g., FcgRI [CD64], FcgRIIa [CD32a],
FcgRIII [CD16], FcaRI [CD89]), (60, 61). Several other receptor

binding partners have been suggested, including toll-like receptor 4

(TLR4), GPIba, GPIIb/IIIa, CD31, CD36, integrin avb3, lectin-like
oxidized low-density lipoprotein receptor-1 (LOX-1), and receptor

activator of NF-kB ligand (62–70).While the binding site for C1q and

the Fc receptors all overlap, the individual amino acids in CRP that

facilitate binding to each ligand are distinct, even among the Fcg
receptors (FcgRs) (71). Importantly, three-dimensional models of the

interaction between CRP and C1q suggest part of the interaction

domain is inaccessible in the pentameric conformation (amino acids

199-206) (59). This implies pCRP is not inherently pro-

inflammatory, instead requiring a conformational change into an

alternative isoform for those activities to manifest. This is supported

by the results of a clinical trial in which pCRP injected into healthy

individuals did not elicit an inflammatory response (72). By

extension, these results suggest environmental cues associated with

ongoing inflammation are necessary to trigger conformational

changes in pCRP, and the pro-inflammatory versions of CRP are

amplifiers of inflammation rather than instigators. Unmodified pCRP

may even have regulatory or anti-inflammatory activities, given in

vitro observations of inhibitory effects on platelet, neutrophil,
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macrophage, dendritic cell (DC), and fibroblast activities in a dose-

dependent manner (10–14, 73–78).

The pCRP* isoform is presumed to be an intermediate step

between pCRP and its dissociation into mCRP (6, 39). Structurally,

the pentameric assembly remains, but it has ‘relaxed’ sufficiently

that the pro-inflammatory neoepitope (the aforementioned residues

199-206) is fully exposed (40, 41). At present, circumstances in vivo

in which pCRP converts to pCRP* include ligand binding at regions

of high membrane curvature and mildly acidic microenvironments

such as those present at sites of inflammation (40, 79–82). Curved

surfaces make PC more available, make hydrophobic regions of

membrane lipids accessible, and expose binding sites on

membrane-anchored proteins (81–83). Ultimately, the

intermolecular interactions that hold pCRP subunits together

undergo rearrangement resulting in exposure of the neoepitope

(41). Alternatively (or additionally), acidic conditions can cause the

protonation of histidine residues nearby the disulfide bonds within

each CRP molecule (84). This alters the intramolecular hydrogen

bonding network, causing structural changes in pCRP that again

result in the exposure of the neoepitope.

Functionally, pCRP* stimulates the immune response by

activating the classical complement pathway (39, 41). Interactions

between CRP and C1q are primarily electrostatic in nature and

demonstrate high avidity, making pCRP* the most potent CRP

isoform at activating complement (41, 85). Of note, CRP-induced

activation of the complement cascade biases it toward opsonization/

phagocytosis as opposed to activation of the membrane attack

complex (MAC)/cellular lysis (86, 87), thereby preventing

excessive inflammation (87). Investigation of pCRP* activities

beyond complement activation are limited due to its recent

identification and the current limitations in experimentally

distinguishing it from other isoforms. However, microvesicle-

associated pCRP* can increase adhesion molecule expression on

endothelial cells (41), and the overlap of the complement and FcgR
binding sites implies pCRP* likely also stimulates FcgRs (71).

The terminal form of CRP is its monomeric form, mCRP.

Dissolution of the pentamer occurs after newly exposed

hydrophobic residues in pCRP* form interactions with the

hydrophobic tails of lipids in membranes or with insoluble

extracellular plaques in tissues (17, 22, 88). Thus, mCRP is found in

vivo embedded within cellular membranes, associated with circulating

microvesicles, or sequestered with insoluble components of the

extracellular matrix (ECM) (17, 26–28, 38, 88, 89). The amino acids

key to membrane-entry (residues 35-47, VCLHFYTELSSTR)

preferentially interact with cholesterol, biasing mCRP membrane

localization to lipid raft domains (28). Exposure of the cholesterol

binding site is supported by reactive oxygen species (ROS) generated at

sites of inflammation, presumably because the oxidative modifications

to pCRP/pCRP* loosen its pentameric structure (79, 90). However,

optimal exposure requires reduction of the intrachain disulfide bond,

something it is primed to do in acidic conditions (79, 84, 89–91).

Pro-inflammatory activities have been described for mCRP in

numerous settings and are discussed in detail in several recent

reviews (6, 7, 92–99). In brief, mCRP promotes cellular chemotaxis

and adhesion (14, 17, 18, 21, 68, 89, 100–105), augments platelet

activation and aggregation (65, 70, 90, 106–108), and stimulates
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cytokine, ROS, and nitric oxide (NO) production (28, 38, 73, 79, 89,

102, 109–112). These effects are partially mediated through

interactions with FcgRs, but not completely, as blockade of FcgRs
does not completely abrogate the effects of mCRP (19–21, 113).

Notably, mCRP potency is greater when the intramolecular

disulfide bond in mCRP has been reduced (110). Monomeric

CRP also retains the ability to interact with C1q and additionally

interacts with negative regulators of complement activity (Factor H

and C4-binding protein) (61, 114).

In summary, the long-appreciated role of CRP as an immune

stimulant is now known to be attributable to pCRP* and mCRP,

whereas pCRP is non- or anti-inflammatory. However, the

bioactivities of CRP are not limited to impacting the

inflammatory response. As we will shortly discuss, evidence has

been accumulating to suggest CRP augments each additional phase

of the tissue repair response: hemostasis, immune resolution, and

tissue regeneration (Figure 1; Table 1).
CRP bioavailability

In the absence of ongoing inflammation, the steady-state

concentration of pCRP in blood is <1 to 3 mg/L (115–117).

Circulating pCRP is produced by hepatocytes, though

extrahepatic macrophages, lymphocytes, endothelial cells,

adipocytes, and smooth muscle cells can express CRP (98, 118). It

is unknown if non-hepatic CRP is secreted as pCRP or acts as an

autocrine factor. Information on the steady-state levels of pCRP*

and mCRP in the blood is limited. The pro-inflammatory CRP

isoforms have been detected on microvesicles, but most efforts to

quantify pCRP*/mCRP concentrations in the serum of individuals

without inflammatory disorders place its concentration from

undetectable (<1) to 25 ng/mL (26, 27, 33–36, 119–123). Outside

of the blood, immunohistochemical staining finds pCRP*/mCRP to

be present in arterial plaques and areas surrounding recently

damaged vascular tissue (89, 99, 103, 124–126).

During the early stages of an inflammatory response,

hepatocytes respond to elevated levels of interleukin (IL-6) and

IL-1b by releasing pre-existing stores of pCRP and dramatically

increasing production of new pCRP (127–129). Serum

concentrations of pCRP can rise to over 500 mg/L within the first

72 hours of the response (9, 130). Similarly, microvesicle-associated

CRP levels significantly increase during acute inflammatory events

(34, 120, 123). Both pCRP and mCRP levels remain elevated in

chronic conditions (27, 31–33, 35–37, 119, 121), with multiple

reports finding a direct correlation between mCRP levels and

disease severity (31, 32, 35–37, 131). This was in contrast to

pCRP concentrations, which were not consistently predictive.

Relatedly, there is disagreement about whether a correlation exists

between mCRP and pCRP concentrations. Among 12 studies

reporting correlations included in this review, nine found a lack

of significant correlation (27, 30–34, 36, 37, 120–122, 131, 132).

Once secreted, the half-life of pCRP is ~19 hours (16, 117). Its

rate of disappearance is independent of its plasma concentration

(16), making the measured pCRP concentrations a reflection of

recent synthesis rates and not changes in consumption/excretion.
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Due to the large amount produced and its relatively slow half-life, it

is common to see elevated concentrations of circulating pCRP for

more than a week after an inciting inflammatory event (133). The

rate at which pCRP converts to pCRP* in vivo and the length of

time before pCRP* dissociates into mCRP are unknown. In vitro

observations found the neoepitope could be detected 30 minutes

after treating cells with pCRP and that evidence of pentamer

dissociation appeared approximately 90 minutes later (39). This

timeframe roughly agrees with a second study that reported the

appearance of mCRP at approximately 2 hours post application of

pCRP (43). Information on the half-life of mCRP in humans is

unavailable, both in the circulation and in tissues. However, data

from mouse models revealed mCRP could be detected in tissues for

three times longer than pCRP in the blood (134).
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CRP in tissue damage and repair

Hemostasis

When bleeding occurs, multiple intertwined processes are

initiated to close the wounded blood vessel (3, 135, 136). One

process begins when platelets adhere to collagen in the exposed

ECM. Binding activates the platelets, which recruit additional

platelets that together coalesce into a primary plug. Secretions

from activated platelets also provide a means for the activation a

second clotting process, the intrinsic coagulation cascade. Platelet-

derived polyphosphates provide a binding surface for coagulation

Factor XII. Binding activates Factor XII and, after several additional

steps, culminates in the activation of Factor X. In a third process, the
FIGURE 1

Reported and putative roles for the CRP isoforms on activities associated with (A) hemostasis, (B) inflammation, (C) the resolution of inflammation,
and (D) tissue repair and regeneration. CRP, C-reactive protein; DAMPs, damage-associated molecular patterns ECM, extracellular matrix; eNOS,
endothelial nitric oxide synthase; ICAM, intercellular adhesion molecule; IL-6, interleukin-6; MCP-1, monocyte chemoattractant protein-1; mCRP,
monomeric CRP; MV, microvesicle; NET, neutrophil extracellular trap; pCRP, pentameric CRP; pCRP*, pCRP star; ROS, reactive oxygen species; TF,
tissue factor; TNF-a; tumor necrosis-factor-alpha; VCAM, vascular cell adhesion molecule; VEGFR2, vascular endothelial growth factor receptor 2.
frontiersin.org

https://doi.org/10.3389/fimmu.2025.1564607
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Potempa et al. 10.3389/fimmu.2025.1564607
extrinsic coagulation pathway, circulating coagulation Factor VII

complexes with Tissue Factor (TF) expressed on the surface of

smooth muscle cells and fibroblasts and this complex also activates

Factor X. Activated Factor X combines with and activates Factor V,

forming prothrombinase; prothrombinase converts prothrombin
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into thrombin; thrombin converts fibrinogen into fibrin; and Factor

XIII, also activated by thrombin, covalently crosslinks fibrin

molecules together. This fibrin mesh combines with the platelet

plug to form a stable patch over the wound and prevent further

blood loss (3, 135).
TABLE 1 Reported pro-inflammatory and pro-resolution activities of CRP by cell type.

Cell Type Reported effects of CRP

Platelets

Pro-inflammatory • Promotes adhesion and aggregation (65, 70, 90, 112, 138)
• Enhances signaling through major platelet adhesion receptor GPIIb/IIIa and boosts responsiveness to other stimuli (65, 106)
• Stimulates release of Factor V, vWF, Fibronectin, and high mobility group box 1 (65, 107, 108)

Pro-resolution • Stimulates release of VEGF and PDGF (65, 108)
• Inhibits aggregation (78)

Endothelial cells

Pro-inflammatory • Upregulates VCAM-1 and ICAM-1 expression (21, 28, 101, 105, 108, 141, 142, 152)
• Promotes IL-6, CXCL8, and MCP-1 production and release (21, 28, 156, 159)
• Increases surface expression of Tissue Factor (43, 145–148)
• Inhibits endothelial nitric oxide synthase (143, 144)
• Disrupts endothelial barrier integrity (105, 182, 193)

Pro-resolution • Induces proliferation and tube formation (124, 145, 183, 194)
• Upregulates VEGF receptor 2 and Notch3 expression (183, 187)
• Regulates VE-cadherin and N-cadherin expression (187)
• Upregulates thrombomodulin and downregulates vWF (142)

Smooth muscle cells

Pro-inflammatory • Increases surface expression of Tissue Factor (145, 149)
• Stimulates expression of IL-6, MCP-1, and TNF-a (63, 167, 195)
• Upregulates matrix metalloproteinase expression (196, 197)

Pro-resolution • Promotes migration and proliferation (145, 198)

Neutrophils

Pro-inflammatory • Upregulates CD11b/CD18 expression and promotes infiltration (18, 104)
• Increases nitric oxide and reactive oxygen species production (20, 102)
• Enhances phagocytosis of debris (11, 113)
• Promotes NET formation (107, 152, 162)
• Delays apoptosis (19)

Pro-resolution • Inhibits neutrophil chemotaxis and adhesion (11, 12)

Monocytes/Macrophages

Pro-inflammatory • Promotes differentiation into M1 macrophages and foam cells (111, 125, 169)
• Augments expression of TNF-a, IL-1b, IL-6, and CXCL8 (15, 112, 152, 168)
• Upregulates CD11b/CD18 expression and promotes recruitment (14, 68, 89, 101, 112, 147)
• Increases nitric oxide and reactive oxygen species production (38, 73, 109, 152)
• Enhances clearance of necrotic and apoptotic cells (38)

Pro-resolution • Upregulates expression of LXRa (15)
• Induces VEGF and IL-10 expression (176, 188)
• Suppresses nitric oxide production (73)
• Prevents conversion to foam cells and facilitates M2 polarization (77, 170)

Conventional dendritic cells

Pro-inflammatory • Promotes maturation of immature dendritic cells (199, 200)
• Increases production of TNF-a and IL-12 (199)

Pro-resolution • Suppresses stimulation of T cells (75, 201, 202)
• Inhibits IFNa production in response to TLR ligands (13)
• Drives formation of myeloid-derived suppressor cells (74)

(Continued)
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Foremost among the ways CRP boosts hemostatic processes is by

enhancing platelet activation and aggregation (65, 70, 90, 106–108,

112, 137, 138). Platelets provide optimal conditions for the conversion

of pCRP into pCRP* and mCRP. More specifically, the membranes of

activated platelets contain an abundance of oxidized phospholipids

and undergo membrane ‘ruffling,’ thus providing both exposed PC

and regions of increased membrane curvature (89, 136). Indeed, half

of all platelet-derived microvesicles have neoepitope-expressing CRP

associated with them in people with an acute inflammatory condition

(34), suggesting a close relationship between the two effectors in vivo.

Functionally, mCRP enhances signaling through the major platelet

adhesion receptor GPIIb/IIIa and boosts the responsiveness of

platelets to other stimuli, such as adenosine diphosphate,

epinephrine, and thrombin (65, 70, 90, 106). Platelets stimulated

with mCRP release more of their granules (65, 108), which contain

a variety of pro-coagulation factors (e.g., Factor V, von Willebrand

Factor, fibronectin) and pro-repair factors (e.g., platelet-derived

growth factor [PDGF], insulin-like growth factor-1, transforming

growth factor [TGF]-b) (136). Increased secretion of High Mobility

Group Box 1 (HMGB1) by platelets stimulated with mCRP has also

been reported, which has downstream effects on neutrophils (107).

The platelet scavenger receptor CD36 and adhesion receptor GPIIb/

IIIa have been implicated in mediating some of the effects mCRP

exerts on platelets (65, 70). Additionally, we note that platelets express

ample amounts of FcgRIIa and TLR4, and there is substantial overlap

between the effects observed with mCRP and those with FcgRIIa and
TLR4 stimulation (139, 140).

Platelet activities are also affected by interactions between CRP

and endothelial cells. Like with platelets, CRP can bind and dissociate

on the membranes of endothelial cells at sites of inflammation (21).

Stimulation of endothelial cells with mCRP leads to the upregulation

of vascular cell adhesion molecule (VCAM)-1 and intercellular

adhesion molecule (ICAM-1) (21, 28, 105, 108, 141, 142), the latter

of which is a ligand for platelet GPIIb/IIIa (136). Thus, mCRP

reinforces a major GPIIb/IIIa adhesion and signaling axis for

platelets from both ends. CRP also supports platelet adhesion by

inhibiting the expression and activity of endothelial nitric oxide

synthase (eNOS) in endothelial cells (143, 144). Under normal

conditions, endothelial cells produce nitric oxide to prevent
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unnecessary platelet aggregation and degranulation (3). By

inhibiting eNOS, mCRP facilitates platelet adhesion and aggregation.

While its effects are less direct, CRP also impacts the extrinsic

and intrinsic coagulation cascades. Endothelial cells and smooth

muscle cells exposed to CRP upregulate TF (43, 145–149), thereby

boosting the extrinsic coagulation pathway. Support for the

intrinsic pathway stems from CRP-mediated activation of

neutrophils. Neutrophils that swarm to the injury site generate

structures called Neutrophil Extracellular Traps (NETs) (150).

While the primary role of NETs is the capture of pathogenic

organisms and cellular debris, they include polyanions that can

also activate Factor XII (151). Among its numerous effects on

neutrophils, mCRP has recently been suggested to promote NET

formation, though this may be through an indirect mechanism in

which neutrophils increase NETs in response to the HMGB1

secreted by platelets (107, 152, 162).
Inflammation

The local immune response to tissue injury begins with the

release of pro-inflammatory cytokines and DAMPs from damaged

and dead cells (153–155). Nearby epithelial cells, endothelial cells,

fibroblasts, mast cells, and tissue-resident macrophages respond to

and amplify these signals to recruit nearby and circulating immune

cells. For example, endothelial cells release IL-1b, IL-6, CXCL8 (i.e.,
IL-8), tumor necrosis factor (TNF)-a, and monocyte chemotactic

protein (MCP)-1 to activate and attract immune cells and

upregulate integrins like ICAM-1 and VCAM-1 to facilitate

leukocyte adhesion to the site of damage (105, 108, 153–156).

Aspects of the hemostasis response also contribute, with

molecules such as thrombin stimulating cytokine secretion from

local cells and platelets releasing pro-inflammatory chemokines and

cytokines (136, 157).

A variety of innate immune cells, including neutrophils,

monocytes, invariant NKT cells, mast cells, and plasmacytoid

dendritic cells, respond to those pro-inflammatory cues and

populate the wound site (154). Among them, neutrophils are the

major effector for the first 24-48 hours post-injury, representing
TABLE 1 Continued

Cell Type Reported effects of CRP

Plasmacytoid dendritic cells

Pro-resolution • Suppresses IFNa production to autoantigens (203)

Mast cells

Pro-inflammatory • Promotes histamine release (204)

Fibroblasts

Pro-inflammatory • Increases IL-6, CXCL8, and VCAM-1 production (205, 206)

Pro-resolution • Inhibits migration (76)
CRP, C-reactive protein; CXCL8, C-X-C motif ligand 8; HMGB1, high mobility group box 1; ICAM-1, intercellular adhesion molecule-1; IFNa, interferon alpha; LXRa, liver X receptor alpha;
MCP-1, monocyte chemoattractant protein-1; NET, neutrophil extracellular trap; PDGF, platelet-derived growth factor; TLR, toll-like receptor; TNF-a, tumor necrosis factor alpha; VCAM-1,
vascular cell adhesion molecule-1; VEGF, vascular endothelial growth factor; vWF, von Willebrand Factor.
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more than 50% of infiltrating leukocytes (4, 154). In general, their

major activities are the secretion of antimicrobial substances (e.g.,

ROS) and the formation of NETs to capture and kill any potential

pathogens. They also have a role as phagocytes, albeit only for

smaller pieces of debris (150). After neutrophils, monocytes are the

other major immune cell during the early response, peaking in

number with a slight delay relative to neutrophils at approximately

72 hours post-injury (4). Responding monocytes initially

differentiate into pro-inflammatory (i.e., M1) macrophages,

release various pro-inflammatory cytokines and antimicrobial

substances, and phagocytose pathogens, tissue debris, and

apoptotic cells (4, 158). The specific contributions of the other

cell types have been investigated more sparsely, though they are no

less important to the timely repair of tissue damage (1).

The role of CRP in augmenting the acute inflammatory

response is extensive and has been discussed at length by multiple

other recent reviews (6, 7, 92–99). For brevity, we will briefly

describe only a few key connections between CRP and

neutrophils or monocytes/macrophages, and direct readers to the

other reviews for more detailed information.

There is ample evidence linking CRP to enhanced neutrophil

responses. First, CRP promotes neutrophil recruitment through its

effects on endothelial cells and platelets. As described above, pCRP

dissociates into mCRP on the surface of endothelial cells and

promotes their activation. In doing so, mCRP boosts endothelial

cell release of CXCL8 and upregulation of ICAM-1 (21, 28, 141, 159),

a potent neutrophil chemoattractant and key ligand for neutrophil

adhesion processes, respectively (4, 160). Similarly, CRP increases P-

selection expression on platelets (65, 78, 138), which has a key role in

neutrophil localization (21, 161). Neutrophils reciprocally upregulate

CD11b/CD18 (Mac-1) after stimulation with mCRP (18, 162). In

addition to its effects on neutrophil recruitment, stimulation of

neutrophils with mCRP increases NO production, enhances

phagocytosis of debris, delays their apoptosis, and has recently been

demonstrated to be a potent inducer of NET formation (11, 19, 20,

107, 113, 152, 162). Some effects are downstream of interactions

between mCRP and FcgRIIIb (19, 21), which is amply expressed on

the neutrophil surface (163), whereas other effects may be

downstream of FcaRI (164).
Monocyte and macrophage recruitment is similarly enhanced

by CRP through the upregulation of MCP-1 expression in

endothelial cells, and through the stimulation of receptors with

which CRP is known to engage (21, 159, 165, 166), such as FcgRI,
FcgRIIa, and toll-like receptor TLR4 (62, 63, 71, 167). Interactions

between mCRP and monocyte (FcgRs) promote monocyte

differentiation into M1 macrophages and contribute to the

cellular metabolic reprogramming necessary for macrophages to

perform their effector functions (17, 27, 111, 168–170). Cytokines

released by monocytes/macrophages whose secretion has been

augmented by mCRP include at least TNF-a, IL-1b, IL-6, and
CXCL8 (63, 111, 112, 167, 169). Other effects of stimulating

monocytes with mCRP include the upregulation of CD11b/CD18,

increased NO and ROS production, and enhanced clearance of

necrotic and apoptotic cells (14, 17, 73, 109, 111).
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Inflammation resolution

While inflammation is necessary for the elimination of

pathogens and clearance of cellular debris, prolonged

inflammation will stymie reparative activities (4). To prevent this,

there are numerous ‘built-in’ mechanisms to ensure a timely

resolution to inflammatory processes. For example, NETs catch

cytokines and chemokines produced during the initial response,

which results in their degradation by NET-associated proteases and

a reduction in further effector cell recruitment (171). Activated

neutrophils recruit monocytes and macrophages (172), and those

macrophages subsequently contribute to suppressing neutrophil

responses through efferocytosis and promoting neutrophil reverse

migration (173, 174). Efferocytosis simultaneously promotes the

conversion of M1macrophages to the pro-resolution M2 phenotype

that produce anti-inflammatory factors such as TGF-b and IL-10

(175). Overall, by approximately 72 hours post-injury, the

inflammatory response to tissue injury should be ending and a

pro-repair microenvironment forming.

There is evidence to suggest CRP has its own negative feedback

mechanism. As noted, circulating pCRP concentrations may increase

up to 1000-fold in the first 72 hours of an inflammatory response

(9, 130). Interestingly, several in vitro observations have found high

concentrations of pCRP to cause the opposite effects of pCRP*/mCRP

or outright suppressive activities (10–13, 73–75, 78, 170). For

instance, elevated pCRP concentration may help abate

inflammation by suppressing the differentiation of pro-

inflammatory DCs and driving the formation of myeloid-derived

suppressor cells and M2-type macrophages (13, 74, 75, 170, 176).

Moreover, whereas lower concentrations of CRP promote neutrophil

chemotaxis and adhesion, higher amounts inhibit those activities

(11, 12, 78, 177). At least for neutrophils, mCRP and pCRP may bind

different receptors (178), ostensibly providing a mechanistic basis for

these opposing effects. Notably, whereas pCRP is generally resistant

to proteolysis, mCRP is susceptible to degradation by neutrophil-

associated proteases and those peptides demonstrate dominant

negative-like activities in vitro (177, 179, 180). Thus, mCRP

binding sites may not be re-exposed after degradation of mCRP,

which would also shift the balance of CRP activities toward those

mediated by pCRP. Such mechanisms may contribute to the

enigmatic process of neutrophil reverse migration (173).

Elevated CRP concentrations may also help limit inflammation

by reducing and/or obscuring DAMPs. For example, CRP

neutralizes extracellular histones from inducing endothelial cell

cytotoxicity by outcompeting cell-associated binding partners that

facilitate histone uptake (54). Furthermore, CRP prevents the

activation of endothelial cells and macrophages by modified lipids

if allowed to complex with those lipids prior to being added to cell

cultures, suggesting a potential competitive inhibitory effect when in

excess (14, 77). Thus, we propose that upregulation of CRP may

serve as a mechanism by which an inflammatory response is

curtailed through use of CRP as an “antigen sink.” The role of

CRP as an opsonin of cellular debris is arguably also an anti-

inflammatory mechanism of action, given the interaction of CRP
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with inhibitors of the MAC results in the clearance of inflammatory

materials without inciting an inflammatory response (86). Higher

concentrations ostensibly facilitate greater clearance, especially as

the peak of CRP concentrations coincide with the peak of

monocyte/macrophage infiltration.

Altogether, these findings suggest the up to 1000-fold increase

in CRP concentration seen during the first 72 hours of a response

may constitute an anti-inflammatory process rather than one meant

to amplify inflammation. These anti-inflammatory effects may be

achieved through at least two mechanisms: saturation of mCRP

binding followed by the initiation of alternative anti-inflammatory

interactions, and hiding/eliminating DAMPs/PAMPs by acting as

an antigen sink. Further research into the anti-inflammatory

properties of CRP are needed, especially as there is some evidence

suggesting additional feedback mechanisms. For example,

stimulation of macrophages through FcgRI by CRP upregulates

expression of the inhibitory liver X receptor (LXR) alpha and

specific ligands may lead to differing pro- or anti-inflammatory

effects (15, 170, 176).
Tissue regeneration and remodeling

The tissue regeneration and remodeling phase includes its own

set of interdependent processes, which together account for the

growth of new blood vessels (i.e., angiogenesis), the deposition of

granulation tissue, the proliferation of parenchymal cells, and the

remodeling of the tissue into a stable long-term structure (1, 4).

Though conceptually these processes occur after hemostasis,

inflammation, and inflammation resolution, considerable

groundwork for them takes place during those earlier stages (4).

For example, platelets secrete many pro-angiogenic factors (e.g.,

PDGF, vascular endothelial growth factor [VEGF], and TGF-b),
stirring endothelial cells to proliferate and begin the formation of

new capillaries (181). Proteases released by neutrophils free VEGF

sequestered within the ECM and facilitate endothelial cell expansion

into the wound (160). Histamine and trypase released by mast cells

enhance fibroblast proliferation and the deposition of collagen (1, 4).

Macrophages consume dead vasculature and secrete wound healing

factors like arginase, TGF-b, VEGF, PDGF, and insulin-like growth

factor (158). Indeed, there is an ever-growing list of interactions

between the immune response to tissue damage and tissue regrowth.

Several observations now point toward mCRP being among the

list of immune mediators to enhance tissue regeneration. Most of that

evidence revolves around the effect of mCRP on neovascularization.

For one, mCRP colocalizes with a marker of angiogenesis (i.e.,

endoglin [CD105]) in stroke patients (124, 182), suggesting a

potential relationship in vivo. Results from in vitro wound healing

assays support this, as aortic endothelial cells treated with mCRP

exhibited greater vessel formation (124, 183). The upregulation of two

critical receptors for vessel development, VEGF receptor 2 and

Notch3, by endothelial cells after mCRP exposure offers a potential

mechanism for this observation (183–185). Moreover, angiopoietins

are upregulated downstream of Notch receptors and its production

enhanced by hypoxia-inducible factor (HIF)-1a (184). CRP has also
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been shown to stimulate HIF-1a in a pro-angiogenic capacity (186),

implying CRP both promotes Notch receptor expression and

enhances signaling downstream of those receptors. There is also

evidence to suggest mCRP contributes to both the formation and

stability of neo-vessels by variably promoting or downregulating the

expression of VE-cadherin and N-cadherin depending on co-

stimulatory signals (187). The enhanced expression of TF by

endothelial cells in the presence of mCRP adds another layer

(43, 145–149), as TF activation increases endothelial cells secretion

of CCL2, which recruits vascular smooth muscle cells that strengthen

vessel integrity (43). Lastly, there are also indirect effects stemming

from mCRP-mediated release of pro-angiogenic factors such as

VEGF and PDGF (183, 186, 188).

The effect of CRP on other aspects of tissue regeneration and

remodeling process has been investigated much more sparsely.

There are likely effects on granulation tissue formation, since CRP

has been reported to enhance the epithelial-to-mesenchymal

transition (91). Conversely, other work has shown CRP can

inhibit fibroblast migration (76), though this was again dose-

dependent and so may represent another concentration-

dependent negative feedback mechanism.
In the clinic

At present, the only diagnostic tests for CRP measures plasma

concentrations of the pCRP isoform (27). Clinicians have

traditionally used results of those tests to report the presence of

inflammation if the levels are above 10 mg/L (roughly 3- to 10-fold

above baseline). However, such individual measurements cannot

discern whether the inflammation is due to a chronic ongoing

inflammatory event or a recent acute inflammatory event that has

concluded. And because the amount of pCRP made varies from

event to event and person to person (189, 190), single

measurements are also unable to discern how long ago or how

severe such an acute event might have been. Therefore, given the

currently available diagnostic tests, we encourage physicians to

measure pCRP levels multiple times with the understanding that

its concentration should halve approximately every 19 hours

(16, 117, 189, 191), excluding any potential effects of changes in

treatment regimen. This minor change could at least assist

clinicians in diagnosing the nature of a condition as acute

or chronic.

Regardless, the more significant benefit to clinical practice

would be the development of a routine clinical method for

determining the abundance of the pro-inflammatory CRP

isoforms (i.e., pCRP* and mCRP), as advances in the CRP field

over the previous decade have confirmed these to be the potentially

immunopathogenic forms of CRP (6, 96, 99, 192). Unfortunately,

both the standard and high-sensitivity tests for pCRP are unable to

detect pCRP*/mCRP and, critically, most findings have found there

is no definitive correlation between serum concentrations of pCRP

and pCRP*/mCRP (27, 30–34, 36, 37, 120–122, 132). This means

there is no concrete means of discerning the amount of potentially

immunopathogenic CRP from current standard practices. Of note,
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this potential absence of a relationship between the different

isoforms may also explain the lack of agreement among studies

investigating whether baseline pCRP levels predict the incidence of

various cardiovascular conditions (6). There are putative

correlations between CRP-positive microparticles (which

ostensibly represents ligand-bound, neoepitope-exposed CRP)

and C1q-positive microparticles, suggesting there may yet be

surrogate methodologies in the absence of direct mechanisms; but

even these relationships may be condition-specific (119, 120).

Ultimately, it is imperative that routine, standardized assays are

developed for the specific detection of pCRP*/mCRP. Only then can

the relationship between CRP and underlying inflammatory

diseases be clearly elucidated.
Conclusion

The recognition that CRP undergoes context-dependent

conformational changes in vivo has helped resolve long-standing

contradictions in CRP research. Moreover, the distinct activities of

pCRP, pCRP*, and mCRP have revealed the existence of a much

more complex role for CRP in the biological response to tissue

damage. Not only does CRP promote early hemostatic and

inflammatory processes, but it also contributes to the resolution

of inflammation and to angiogenesis. Moving forward, more efforts

should be put toward defining the specific conditions in which each

isoform is abundant, including considerations for factors such as

the specific ligands available and cell receptor density. Toward that

end, the development of standardized assays capable of detecting

the pCRP* and mCRP isoforms is of paramount importance, as

neither the general nor high-sensitivity CRP assays currently

available have that ability. Such advances could also transform

CRP from a general inflammatory marker into a more precise

diagnostic tool, potentially enabling better monitoring of disease

progression and therapeutic responses across a range of

inflammatory conditions.
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Background: Resistin (RETN) levels are potential diagnostic markers for sepsis in

neonates and children. However, studies have yielded inconsistent results. This

study aimed to compare the diagnostic accuracy of RETN levels with that of

C-reactive protein (CRP) levels in the diagnosis of paediatric and neonatal

sepsis through a comprehensive review of recent literature.

Methods: A standard methodology for systematic reviews and meta-analyses was

followed. The PubMed, Embase and Cochrane databases were searched from

January 1996 to October 2024 (PROSPERO CRD42024621872). Eligible studies

were selected and analysed using Review Manager 5.4 and STATA 17. Meta-DiSc

version 1.4 was used to describe and calculate the sensitivity, specificity, summary

receiver operating characteristic (SROC) curves and areas under the curves (AUCs).

SROC curve analysis was used to summarize the overall performance.

Results: A total of 437 neonates and children were included in six identified

studies, all of which demonstrated reasonable methodological quality. The

pooled sensitivity for the RETN level was 0.88 [95% confidence interval (CI),

0.83–0.92], which surpassed that of the CRP level at 0.85 (95% CI, 0.79–

0.90). However, the pooled specificity for the RETN level was 0.78 (95% CI,

0.71–0.83), which was lower than that of the CRP level at 0.84 (95% CI, 0.77–

0.90). Furthermore, the SROC curves for RETN and CRP in predicting sepsis in

neonates and children indicated high predictive abilities, with AUC values of

0.925 and 0.945, respectively.

Conclusions: The current evidence suggests that the RETN level is a valuable

biomarker for detecting paediatric and neonatal sepsis.

Systematic Review Registration: https://www.crd.york.ac.uk/PROSPERO/,

identifier [CRD42024621872].

KEYWORDS

resistin, CRP, paediatric sepsis, neonatal sepsis, meta-analysis

1 Introduction

Despite recent advancements in neonatal intensive care units (NICUs) and paediatric

intensive care units (PICUs), sepsis continues to be a significant contributor to morbidity

and mortality, particularly in preterm infants (1, 2). More than half of fatalities in children

under five years of age are attributed to infectious diseases, such as pneumonia and
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diarrhoea, which can precipitate sepsis (3). The prevalence of

sepsis-related morbidity and mortality in children ranges from

6.2% to 23.1% and from 9% to 20.0%, respectively (4). Clinicians

are actively seeking clinical indicators or biomarkers to facilitate

early diagnosis and treatment of paediatric and neonatal sepsis.

However, early diagnosis remains challenging because of the

nonspecific clinical signs and symptoms of sepsis in neonates

and children. Therefore, timely and precise diagnosis of sepsis is

crucial for implementing appropriate antibiotic therapy to

mitigate the risk of adverse outcomes.

Resistin (RETN) was first identified and named for its

involvement in insulin resistance in 2001 (5). In humans, RETN

appears to be predominantly secreted by macrophages rather

than adipocytes (6, 7). The proinflammatory adipokine RETN

has subsequently been found to be elevated during sepsis in an

intensive care unit (ICU) (8). RETN enhances inflammatory

responses by activating nuclear factor kappa-B (NF-κB) signaling

through toll-like receptor 4 (TLR4), triggering interleukin-6 (IL-

6) and tumor necrosis factor-alpha (TNF-α) production (9).

C-reactive protein (CRP), a classic acute-phase protein, increases

from ∼1 μg/ml to potentially 1,000-fold higher levels during

inflammation. This rapid response begins within 6–8 h, peaks at

24–48 h, and makes CRP valuable for clinical monitoring

(10–12). Khttab et al. reported that RETN was a valuable

biomarker for diagnosing neonatal sepsis, and its levels were

correlated with indicators of disease severity. At a cut-off level of

22.8 ng/ml, RETN demonstrated a sensitivity of 98.3% and a

specificity of 99.97% (13). However, Aliefendioglu et al. reported

moderate diagnostic performance for RETN, with a sensitivity of

approximately 73.7% and a specificity of approximately 45.8%,

yielding positive and negative predictive values of 68.3% and

52.4%, respectively. The findings also indicated that the

diagnostic utility of RETN was limited compared with that of

other inflammatory markers, including CRP, procalcitonin, and

interleukin-6 (IL-6) (14, 15). In view of this controversy, a more

thorough review encompassing the latest literature is warranted

to compare the diagnostic accuracy of RETN levels with that of

CRP levels in diagnosing paediatric and neonatal sepsis.

Consequently, we conducted a systematic review and meta-

analysis to examine the correlation between elevated RETN levels

and the risk of sepsis in neonates and children. Our primary

objective was to systematically and quantitatively assess all

published studies regarding the diagnostic application of RETN

and CRP levels for sepsis in these populations.

2 Methods

2.1 Retrieval and selection of studies

The common approach to a computer-aided literature search

was used to search PubMed, EMBASE (http://www.embase.com/)

and the Cochrane Library (http://www.the-cochranelibrary.com/

view/0/index.html) for relevant citations from January 1996 to

October 2024. The search strings are included in the

Supplementary Material. We also examined the references of

known articles. A prospective registration was made in

PROSPERO (ID CRD42024621872; available at https://www.crd.

york.ac.uk/PROSPERO/).

The following criteria were used to select studies for inclusion

in our meta-analysis: (1) observational or interventional studies; (2)

studies measuring RETN and/or CRP levels; (3) neonatal and

paediatric patients with sepsis were classified as the experimental

group, while participants suspected of having sepsis but not

confirmed were classified into the control group; (4) sufficient

data to calculate the outcome metrics (true positive [TP], false

positive [FP], true negative [TN], and false negative [FN]); (5)

blood measurements of RETN must have been conducted at the

time of clinical presentation with suspected sepsis, prior to the

initiation of antimicrobial therapy, or in asymptomatic neonates

or children at the time of the inclusion in the study; and (6)

sepsis must have been defined as the outcome. Neonatal sepsis

was defined as a positive microbial blood culture in the studies

reviewed. Paediatric sepsis was defined on the basis of the

criteria established by the American College of Chest Physicians/

Society of Critical Care Medicine. The exclusion criteria included

the following: (1) abstracts, reviews, and animal studies; (2)

diagnostic methods for sepsis did not involve the measurement

of RETN levels; (3) inadequate data to derive outcome metrics

(TP, FP, TN, and FN); (4) bioinformatics analyses and duplicate

publications; and (5) studies published in a language other than

English. Article selection was conducted independently by two

investigators to ensure a high level of accuracy.

2.2 Data extraction

This investigation identified 258 original articles through

searches in the three medical databases, from which 205

duplicate articles and bioinformatic analyses were excluded.

Following title and abstract screening, 25 irrelevant articles were

excluded. After eliminating non-English language publications,

animal studies, and those lacking a direct link to RETN levels

and sepsis, six studies ultimately met our inclusion criteria (13,

14, 16–19). Figure 1 illustrates the selection process. The detailed

characteristics and data for each included study are presented

in Table 1.

Two reviewers independently extracted relevant information

from all the articles concerning the key study design and

characteristics of the study population, including the study name,

year, design, region, assay method, testing time, cut-off values,

sepsis onset, patient characteristics and numbers, and outcome

data (TP, FP, FN, and TN). Any disagreements were resolved

through a consensus or, if necessary, by consulting a third reviewer.

2.3 Quality assessment

The quality of the studies was evaluated independently by two

reviewers using the QUADAS-2 tool, following the recommended

methodologies outlined in the Cochrane Handbook for

Diagnostic Test Accuracy Reviews, with each item rated as a low

Xu et al. 10.3389/fped.2025.1555671

Frontiers in Pediatrics 02 frontiersin.org60

http://www.embase.com/
http://www.the-cochranelibrary.com/view/0/index.html
http://www.the-cochranelibrary.com/view/0/index.html
https://www.crd.york.ac.uk/PROSPERO/
https://www.crd.york.ac.uk/PROSPERO/
https://doi.org/10.3389/fped.2025.1555671
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org/


risk of bias, a high risk of bias, or an unclear bias (20). The results

of the bias risk assessment conducted using the QUADAS-2 tool

are illustrated in Figure 2. High-risk assessments are indicated by

red circles, low-risk assessments are indicated by green circles,

and unclear risk assessments are indicated by yellow circles.

Uncertainties and unclear risks denote insufficient clarity and a

lack of definitive judgement associated with the limited details of

the studies.

In terms of patient selection, two studies were classified as

having an unclear risk of bias regarding the consecutive or

random sampling of the enrolled patients (14, 18). For the

reference standard, the articles by Aliefendioglu et al. and

Saboktakin et al. were assessed as having high and unclear risks

of bias, respectively (14, 16). Regarding flow and timing, one

study was deemed to have an unclear risk of bias, whereas three

studies were classified as having a high risk of bias (13, 14, 17, 18).

2.4 Statistical analysis

The quality assessment results of the included studies were

generated using the RevMan 5.4 software. Statistical analyses

were conducted with the Meta-DiSc 1.4 and STATA 17.0

software. The overall diagnostic performances of RETN and CRP

levels in diagnosing neonatal and paediatric sepsis were evaluated

using the summary receiver operating characteristic (SROC)

curves. Heterogeneity among the included studies was assessed

using the Cochran Q statistic and quantified with the I2 statistic,

FIGURE 1

Flowchart of the article screening and selection process. After screening, 25 irrelevant articles were excluded, and six studies met the inclusion criteria

after non-English language, animal and unrelated studies were removed.
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which ranges from 0% to 100% (21). A P value of the Q test < 0.05

and an I2 index ≥50% indicated moderate heterogeneity,

necessitating a discussion of its sources. Deek’s funnel plot

asymmetry test was used to assess publication bias in the

included literature (22). If the result of the Deek’s symmetry test

yielded P < 0.05, the presence of publication bias was suggested.

3 Results

3.1 Diagnostic accuracy

Among the six articles that met our inclusion criteria, we

examined the correlation between RETN levels and neonatal and

paediatric sepsis. The meta-analysis results revealed that RETN

testing had a greater sensitivity than specificity, whereas CRP

testing had a greater specificity than sensitivity for diagnosing

sepsis in neonates and children. The pooled sensitivity and

specificity estimates for RETN levels were 0.88 (95% CI, 0.83–

0.92) and 0.78 (95% CI, 0.71–0.83), respectively (Figure 3A). The

positive likelihood ratio (LR+) of 5.13 (95% CI, 1.82–14.47) for

the RETN test was sufficiently elevated to be used as a rule-in

test, whereas the high negative likelihood ratio (LR−) of 0.17

(95% CI, 0.06–0.43) was inadequate to lower the pretest

probability to a level that would allow for the safe exclusion of

sepsis (Figure 3A). We constructed SROC curves for both RETN

and CRP. The area under the curve (AUC) for RETN was

0.925 ± 0.074 (Figure 4A).

CRP had an AUC of 0.945 ± 0.067 (Figure 4B). The pooled

sensitivity and specificity estimates for CRP were 0.85 (95% CI,

0.79–0.90) and 0.84 (95% CI, 0.77–0.90), respectively (Figure 3B).

The LR+ of 6.00 (95% CI, 1.78–20.21) for the CRP test was

sufficiently high to serve as a rule-in test, whereas the elevated

LR− at 0.23 (95% CI, 0.09–0.61) could not diminish the pretest

probability to a level that would allow for the safe exclusion

of sepsis.

The diagnostic odds ratio (OR) for RETN was 36.20 (95% CI,

6.16–212.68), whereas that for CRP was 33.34 (95% CI, 6.16–

180.43), as illustrated in Figure 3.

3.2 Heterogeneity assessment

The heterogeneity observed in sensitivity (I2 = 81.6%),

specificity (I2 = 88.8%), positive LR (I2 = 91.3%), negative LR

(I2 = 82.5%), and diagnostic odds ratio (I2 = 87.8%) was

substantial according to forest plot results (see Supplementary

Figures). There was notable variability in the ages of the patients

(from newborns to children) and a broad range of cut-off values

(5.2–50.0 ng/ml). A subgroup analysis was conducted on the

basis of the timing of sepsis [early-onset sepsis [EOS] vs. late-

onset sepsis [LOS]], population (term or near-term infants vs.

others), geographical location (Turkey), and sample size (≤80 vs.

>80) to explore the heterogeneity in diagnostic accuracy

(I2 sensitivity) (Table 2).T
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The pooled sensitivity was greater in studies with 80 or more

participants than in those with fewer than 80 participants, at

91% (95% CI, 85–95) vs. 82% (95% CI, 71–90), respectively.

However, the specificity remained consistent at 78% (95% CI,

69–85) for both groups, with diagnostic odds ratios of 101.44

(95% CI, 1.38–7,432) and 17 (95% CI, 4.02–71.80),

respectively. The pooled sensitivity was also greater in studies

involving a population of term or near-term infants than in

those involving other populations, at 93% (95% CI, 87–96) vs.

80% (95% CI, 71–88), whereas the specificity was significantly

greater at 87% (95% CI, 79–93) vs. 68% (95% CI, 57–77), with

diagnostic odds ratios of 131.8 (95% CI, 3.97–4,374) and 12.78

(95% CI, 1.61–101.59), respectively. The pooled sensitivity and

specificity for the timing of sepsis (EOS) were 78% (95% CI,

68–86) and 67% (95% CI, 57–75), respectively, with a

diagnostic odds ratio of 9.06 (95% CI, 1.71–48.05) and an I2

of 16%, respectively (Table 2).

3.3 Publication bias

In the evaluation of publication bias, the results of the

regression line test indicated that there was no publication bias

(bias =−9.55; 95% CI, −24.31–5.22; P = 0.15). The findings from

the Deek’s funnel plot are illustrated in Figure 5.

FIGURE 2

Summary of the risk of bias and applicability concerns based on the judgement of the review authors regarding each domain for each included study.

(A) Risk of bias in the included studies. (B) Evaluation of the risk of bias in the included studies on patients with sepsis. Two studies exhibited an unclear

risk (marked yellow) in the patient selection domain; one study demonstrated a high risk (red) in the reference standards, with another showing an

unclear risk, whereas flow and timing assessments identified three studies with a high risk and one with an unclear risk.
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FIGURE 3

Pooled results of the studies assessing the diagnostic accuracy of resistin and CRP levels for the prediction of sepsis in infants and children. (A) ROC

plane for resistin. (B) ROC plane for CRP. The diamond-shaped symbol marked in purplish red represents one study.
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FIGURE 4

SROC curves for assessment of the diagnostic accuracy of resistin and CRP levels for predicting sepsis in infants and children. (A) Resistin had an area

under the curve (AUC) of 0.925. (B) CRP had an AUC of 0.945.
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4 Discussion

This meta-analysis demonstrated that the diagnostic accuracy of

RETN levels for sepsis in neonates and children was not inferior to

that of CRP levels. The SROC curve for RETN levels in the

prediction of sepsis revealed a robust predictive ability. The overall

pooled estimates for the sensitivity and specificity of elevated

RETN concentrations in detecting sepsis were 0.88 (95% CI, 0.83–

0.92) and 0.78 (95% CI, 0.71–0.83), respectively, with an AUC of

0.93. To our knowledge, this meta-analysis is the first to evaluate

the relationship between RETN levels and sepsis and to compare

the diagnostic accuracy of RETN levels with that of CRP levels.

RETN, identified as an adipokine in 2001, is minimally

expressed in healthy individuals, but its level significantly

TABLE 2 Subgroup analysis for assessing the diagnostic accuracy of resistin levels in predicting sepsis in infants and children.

Subgroup No. of
studies

Pooled
sensitivity (%)

(95% CI)

Pooled
specificity (%)

(95% CI)

Pooled LR+
(95% CI)*

Pooled LR−
(95% CI)†

Pooled DOR
95% CI

I
2

sensitivity
%

Sample size (≥80) 3 91 (85–95) 78 (69–85) 7.99 (0.31–

204.91)

0.09 (0.01–0.91) 101.44 (1.38–7,432) 90.9

Sample size (<80) 3 82 (71–90) 78 (68–87) 3.78 (1.67–8.54) 0.25 (0.13–0.47) 17 (4.02–71.80) 0

Population (term or

near term)

3 93 (87–96) 87 (79–93) 9.2 (0.98–86.65) 0.08 (0.01–0.57) 131.8 (3.97–4,374) 88.3

Population (others) 3 80 (71–88) 68 (57–77) 3.24 (0.92–11.39) 0.27 (0.10–0.71) 12.78 (1.61–101.59) 17.2

Region (Turkey) 4 84 (78–90) 75 (67–81) 4.28 (1.34–13.67) 0.21 (0.08–0.59) 21.87 (2.83–169.26) 68.9

Timing of sepsis

(EOS)

3 78 (68–86) 67 (57–75) 2.72 (1.13–6.56) 0.34 (0.16–0.73) 9.06 (1.71–48.05) 16

*LR+, positive likelihood ratio.
†LR−, negative likelihood ratio.

EOS, early-onset sepsis.

FIGURE 5

Publication bias was assessed using Deek’s funnel plot. The value of P= 0.15 indicated that there was no significant publication bias among the

included studies.
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increases upon activation of inflammatory mediators following

infection or injury (5, 23). RETN promotes inflammatory cell

activation, disrupts the immune balance, and damages vascular

endothelial cells, thereby contributing to the pathogenesis of

sepsis (24, 25). Research has indicated that RETN activates

various cell types, leading to the production of proinflammatory

cytokines, such as IL-6, IL-1β and tumour necrosis factor-alpha

(TNF-α) through the Toll-like receptor 4 (TLR4)- or cyclase-

associated protein 1 (CAP1)-mediated signalling pathways

(26–29). The presence of RETN may also lead to an aberrant

immune response in specific contexts and diseases, suggesting its

role as a bidirectional immunomodulatory molecule (26).

Additionally, RETN can induce endoplasmic reticulum stress,

inhibit insulin-stimulated endothelial nitric oxide production,

impair insulin signalling in vascular endothelial cells, and increase

the production of reactive oxygen species, along with the increase

of the mRNA expression of proinflammatory cytokines, ultimately

resulting in endothelial cell dysfunction (30). However, RETN has

been shown to increase autophagy in bovine alveolar macrophages

by activating the adenosine monophosphate-activated protein

kinase (AMPK) and mammalian target of rapamycin (mTOR)

signalling pathways, potentially alleviating lipopolysaccharide

(LPS)-induced inflammation (31). Consequently, the precise

clinical significance of this molecule remains uncertain.

Several studies have shown that the RETN level may be a

specific marker for the early identification of patients at

increased risk of sepsis (32, 33). A study by Aliefendioglu

established a RETN concentration cut-off of 50 ng/ml, yielding a

sensitivity of 73.7% and a specificity of 45.8% for the early

detection of neonatal sepsis (14). A study conducted by

Saboktakin demonstrated that RETN levels could be used as

indicators of sepsis in children admitted to the PICU, with a

sensitivity of 0.824 and a specificity of 0.72 on the first day (16).

And the diagnostic value of RETN was found to be limited

compared with that of other inflammatory markers, including

C-reactive protein, procalcitonin, and IL-6 (13, 14, 16). However,

Lan et al. reported that the specificity of the RETN level as a

diagnostic marker for sepsis was 91.7%, indicating high accuracy

(31). Cekmez et al. reported a notable diagnostic accuracy for

RETN levels, with 93% sensitivity and 95% specificity for

neonatal sepsis (18). Our findings support the RETN level as a

reliable sepsis marker in infants and children.

Typically, there exists a trade-off between sensitivity and

specificity in diagnostic accuracy tests, with an increase in

sensitivity (true positive rate) often accompanied by a decrease in

specificity (true negative rate). Therefore, relying solely on

sensitivity and specificity may not provide the most accurate

estimation of diagnostic accuracy. Alternatively, the area under

the SROC curve, or AUC, may serve as a more reliable metric.

The AUC ranges from 0.50 to 1.00 and correlates with overall

diagnostic accuracy. The current study revealed that the AUC for

the SROC curve of RETN was 0.93, indicating that the RETN

level is a valuable diagnostic marker for sepsis in neonates

and children.

Given the high mortality and morbidity associated with

neonatal and paediatric sepsis, diagnostic tests with high

sensitivity and a high negative predictive value are highly

important. CRP, a well-established biomarker for the early

diagnosis of sepsis, has extensively been used in clinical settings

(34–36). Our meta-analysis revealed that the sensitivity of RETN

surpassed that of CRP, although its specificity was lower. Our

study revealed high AUCs for both RETN and CRP, indicating

that these two biomarkers exhibit enhanced diagnostic accuracy

for sepsis. Compared with CRP levels, RETN levels were found

to be equally effective in diagnosing sepsis in neonates and

children. Furthermore, RETN levels provide critical diagnostic

gains by improving early sepsis detection when traditional

markers remain equivocal. The 3% higher pooled sensitivity of

RETN than that of CRP (88% vs. 85%) in our meta-analyses

enhances the rule-out capability, potentially reducing the number

of missed cases during the initial triage. The biomarker’s rapid

elevation within 2–4 h of infection offers a temporal advantage

over CRP (typically rising after 6–8 h), enabling earlier antibiotic

decisions in time-sensitive scenarios like paediatric and neonatal

sepsis (37).

The cut-off values for RETN levels in the diagnosis of sepsis

have not been consistently reported across studies, even when the

same assay is used, which significantly impedes the clinical

application of this biomarker. Macdonald et al. reported that

sustained elevations of RETN levels were linked to severe sepsis

or septic shock, with the levels ranging from 36.5 to 50.8 ng/ml

within 30 h after sepsis onset in adults (38). In our investigation,

the reported cut-off values varied from 5.2 to 50 ng/ml for RETN

and from 0.82 to 5 mg/ml for CRP. The variability in cut-off

values may be attributed to differences in sepsis severity, study

designs, clinical environments, and sample types (33). Therefore,

future investigations should aim to eliminate the influence of

these confounding factors on RETN levels to establish clinically

relevant cut-off values.

This meta-analysis has several limitations. First, some results

exhibited high heterogeneity. While we identified certain sources

of heterogeneity through various methods, some remain unclear.

Second, only six studies that assessed the diagnostic value of

RETN were included because of the limited data availability.

Finally, most of the studies were conducted on European

populations, and the findings may not be generalizable to other

ethnic groups (13, 14, 17–19). These factors may introduce a risk

of bias in the results of the current study.

In conclusion, on the basis of the currently available evidence,

RETN levels are highly valuable for early detection of neonatal and

paediatric sepsis. Further prospective controlled studies with

adequate sample sizes that encompass all predisposing factors for

sepsis are necessary to elucidate the relationship between RETN

levels and sepsis.
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Thomé J, Kolb P, Eisenhardt SU, Hoffmann K
and Hengel H (2025) Human Fcg-receptors
selectively respond to C-reactive
protein isoforms.
Front. Immunol. 16:1598605.
doi: 10.3389/fimmu.2025.1598605

COPYRIGHT

© 2025 Henning, Seer, Zeller, Peter, Chen,
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Human Fcg-receptors
selectively respond to
C-reactive protein isoforms
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Karlheinz Peter3,4, Haizhang Chen 1†, Julia Thomé 2,
Philipp Kolb 1, Steffen U. Eisenhardt2,
Katja Hoffmann 1* and Hartmut Hengel 1*

1Institute of Virology, University Medical Center, Faculty of Medicine, University of Freiburg,
Freiburg, Germany, 2Department of Plastic and Hand Surgery, University of Freiburg Medical Centre,
Medical Faculty of the University of Freiburg, Freiburg, Germany, 3Baker Department of
Cardiometabolic Health, University of Melbourne, Parkville, VIC, Australia, 4Atherothrombosis and
Vascular Biology Laboratory, Baker Heart and Diabetes Institute, Melbourne, VIC, Australia
Introduction: The pentameric C-reactive protein (pCRP), an acute-phase

protein, binds to lysophosphatidylcholine (LPC) displayed on the surface of

dying cells and microorganisms to activate the complement system and to

opsonize immune cells via Fcg-receptors (FcgRs). Members of the FcgR family

are characterized by the recognition of the Fc part of IgG antibodies.

Methods: We utilized a mouse thymoma BW5147 reporter cell panel stably

expressing chimeric human FcgR-CD3z-chain receptors to define the molecular

requirements for FcgR crosslinking by C-reactive protein (CRP).

Results: Applying this approach, we show a robust activation of CD64/FcgRI and
CD32a/FcgRIIa by immobilized CRP isoforms as well as triggering of inhibitory

CD32b/FcgRIIb. Of note, activation of FcgRIIa was restricted to the 131R allelic

variant but not observed with 131H. In contrast, FcgRIII isoforms CD16aF, CD16aV

and CD16b were not activated by pCRP, although binding of CRP isoforms to

FcgRIII was detectable. Activation of FcgRs by free pCRP in solution phase was

considerably lower than with immobilized pCRP on hydrophilic plastic surfaces

and readily abolished by IgG at serum level concentrations, whereas it was

enhanced by the addition of streptococci. The types of FcgRs mainly responding

to pCRP in solution phase (CD64/FcgRI and CD32aR/FcgRIIaR) clearly differed

from FcgRs responding to soluble multimeric IgG complexes (i.e., CD16aV/

FcgRIIIaV and CD32aH/FcgRIIaH). Compared to pCRP, monomeric CRP (mCRP)

showed lower levels of activation in those selective FcgRs. FcgR activation was

linked to recognition by conformation-dependent CRP antibodies. Unmasking of

the mAb 9C9-defined neoepitope in pCRP* correlated with the triggering of

FcgRs, indicating that pCRP* is the major FcgR-activating CRP conformation.

Discussion: The assay provides a novel, scalable approach to determine the

molecular properties of CRP as a physiological ligand of FcgR-mediated bioactivities.
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C-reactive protein, CRP isoforms, Fcg receptor, immunoglobulin, immune complex
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1 Introduction

C-reactive protein (CRP) is a pattern recognition molecule and

prototypical acute-phase protein. It is widely used as a marker of

acute inflammation in patients. CRP is a member of the pentraxin

family and synthesized mainly by hepatocytes (1–3). The secreted

CRP molecule consists of five identical non-covalently linked non-

glycosylated protomers of ~23 kDa each. These protomers are

aligned in planar symmetry to form a donut-shaped ring (4). This

ring comprises two faces, i.e., the complement C1q or Fcg-receptor
(FcgR) binding ‘effector’ A-face and the ligand binding B-face.

Phosphocholine (PC) head groups expressed on bacterial cell

walls and damaged host cell membranes (5, 6) are the prototypic

ligands for CRP. PC is bound in a calcium-dependent manner via

the phosphocholine binding pockets expressed on the B-face. The

opposite A-face of the pentamer contains overlapping binding sites

for C1q and FcgRs, so that the two interaction domains are

considered to be mutually exclusive (7).

Traditionally, a distinction is made between at least two main

conformational isoforms of CRP: The circulating native, pentameric

CRP (pCRP) and the monomeric isoform (mCRP), which is

ultimately formed by dissociation of the pentameric molecule.

Under experimental conditions, this process can be initiated by

exposure to heat, acid or urea and leads to the exposure of

neoepitopes on the CRP molecule that are inaccessible in the

native pentameric form (8–10). In vivo, the dissociation process is

observed on PC-rich membranes of activated platelets, monocytes

or endothelial cells, by interaction with misfolded proteins and by

mechanical stress in stenosed vessels (10–14). In contrast to pCRP,

mCRP is insoluble and considered a pro-inflammatory, tissue- or

cell-bound isoform of CRP found deposited to local inflammation.

A third intermediate isoform of CRP, pCRP*, has only recently been

described (10). Binding of pCRP to microparticles containing PC

head groups released by activated cells leads to a conformational

change in the structure of pCRP: the neoepitopes responsible for

C1q and FcgR binding that are accessible in mCRP are also exposed

in pCRP*, but unlike mCRP, the overall pentameric symmetry is

preserved. Exposure of the neoepitopes facilitates C1q binding and

complement activation, with the result that pCRP* can increase

tissue inflammation (10).

FcRs form a vital link between humoral and cellular immunity:

They recognize the Fc region of antibodies bound to antigens via

their Fab region. IgG-binding FcgRs belong to the immunoglobulin

superfamily expressed on most immune effector cells. They can be

divided into activating and inhibitory FcgRs. Both FcgR types are

often expressed on the same cell and form a binary system

integrating activating and inhibitory signals (15). FcgRI (CD64),

FcgRIIa (CD32aH/R), FcgRIIc (CD32c), FcgRIIIa (CD16aF/V) and
FcgRIIIb (CD16b) are activating FcgRs and (except for FcgRIIIb)
signal via immunoreceptor tyrosine based activating motifs

(ITAMs) in their cytoplasmic regions (16, 17). FcgRIIb (CD32b),

the only inhibitory FcgR, signals via an immunoreceptor tyrosine

based inhibitory motif (ITIM) (18). FcgRI (CD64) is the high

affinity receptor for IgG, whereas all other FcgRs have low to

medium affinity to monomeric IgG (19). Binding of either
Frontiers in Immunology 0271
immobilized or multimeric soluble immune complexes (ICs) to

FcgRs leads to various effector functions that depend on the FcgRs
expressed and the type of immune effector cell affected and include

antibody-dependent cellular cytotoxicity (ADCC), antibody-

dependent cellular phagocytosis (ADCP), cytokine release,

oxidative burst and apoptosis (18, 20).

Recognition of pCRP by FcgRI (CD64) and FcgRIIa (CD32a)

was first demonstrated by flow cytometry using transfected COS-

cells and monoclonal antibodies (21, 22). Later studies

characterized the binding of pCRP to FcgRs in antibody- and

label-free setups. FcgRIIa was found to dock diagonally to two of

the five pentraxin subunits on the effector face with its D1 and D2

domains, ensuring a one-to-one binding stoichiometry with no

significant conformational changes (23). Binding of pCRP was

observed not only with FcgRI (CD64) and FcgRIIa/b (CD32), but

also with FcgRIII (CD16) (23, 24). Binding affinities of pCRP to

FcgRs are in a similar range (24) and comparable to IgG binding to

low affinity FcgRs (25). Pentraxin binding sites partially overlap

with IgG binding sites on FcgRs, suggesting competitive binding

(23). Binding of pCRP to FcgRs leads to opsonization, cytokine

production and enhancement of phagocytosis (23, 26, 27).

Many aspects of CRP-FcgR interaction remain controversial.

Preferential binding of pCRP to the 131R allelic variant of FcgRIIa
compared to 131H has been considered certain for decades and

various clinical observations have been attributed to this difference

(28, 29). However, recent contrary observations of a potential

difference in pCRP binding to FcgRIIa-H/R131 have been made

in antibody free setups (23, 24). Whilst several studies investigate

the interaction of different conformational isoforms of CRP (pCRP/

pCRP*/mCRP) and C1q, little is known regarding the impact of the

CRP isoforms on FcgR activation (10–12, 30, 31). Neither a clearly

pro- nor anti-inflammatory role can be attributed to the CRP–FcgR
interaction, as both pro- and anti-inflammatory cytokine

expression have been reported (23, 27, 32). The precise

contribution of CRP to immune complex-mediated diseases and

the intricate interplay between CRP, IgG and FcgRs remains to be

elucidated (24, 33–35).

The BW5147-FcgRz reporter assay panel is based on mouse

BW5147 thymoma cells stably transduced with the extracellular

domain of individual human, rhesus, or mouse FcgRs (e.g., human

FcyRI/IIaH/IIaR/IIb/IIIaF/IIIaV/IIIb), allowing for convenient,

quantifiable, and high-throughput analysis of FcgR activation by

IgG (33–35). The assay has been established for immobilized IgG,

multimeric immune complexes in solution phase (sICs) and

recombinant Fc-fusion therapeutics mediating activation of FcgRs
(20, 33, 36, 37). Unlike the variety of FcgRs found on primary

immune cells, each setup contains only one FcgR, allowing clear

attribution of the observed activation. FcgR ectodomains are

coupled to the signaling CD3z chain of the TCR, leading to

mouse IL-2 (mIL-2) production upon receptor cross-linking and

activation of the reporter cell. Here, we modified the test system to

detect activation mediated by distinct human CRP isoforms and to

compare CRP-dependent with IgG-mediated activation. While

binding of pCRP has been investigated for individual FcgRs,
pCRP-dependent activation has solely been examined in complex
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settings with several FcgRs and/or more than one cell type present.

In this study, the reductionistic setup of the BW5147-FcgRz
reporter assay allowed for comparing specific FcgR binding to

distinct CRP isoforms with subsequent FcgR crosslinking and

activation, as well as interactions of CRP with IgG and soluble

immune complexes which are independent ligands of FcgRs. The
BW5147-FcgRz test system distinguished CRP-responsive (CD64/

FcgRI, CD32aR/FcgRIIaR, and CD32b/FcgRIIb) from non-

responsive human FcgRs and revealed a clear allele-dependent

activation pattern of CD32a/FcgRIIa by CRP (131R>>H).

Triggering of FcgRs was achieved by either soluble or

immobilized pCRP or mCRP ligand, with immobilized pCRP

showing highest triggering efficacy. Interestingly, effective pCRP

signaling via FcgRs was associated with conformational unmasking

of the pCRP*/mCRP neoepitope as detected by mAb clone 9C9 and

activation caused by pCRP was stronger than for mCRP, suggesting

pCRP* as the major FcgR activator (10).
2 Materials and methods

2.1 CRP preparation and detection, IgG
source and sICs preparation

Highly purified human CRP from pleural fluid/ascites and

recombinant CRP produced in E. coli (C7907–26 and C7907-

03C) was purchased from US Biological Life Sciences (Salem,

Massachusetts, USA) mCRP was prepared from purified pCRP as

described previously (38) and concentrations of pCRP and mCRP

were measured using Qubit Fluorometric Quantitation (Thermo

Fisher Scientific, Waltham, MA, USA). Streptococcus pneumoniae

serotype 27 was kindly provided by Dr. Mark van der Linden, Head

of the National Reference Center for streptococci, Department of

Medical Microbiology, University Hospital (RWTH, Aachen,

Germany). To form CRP- streptococci complexes, 10 µl of

suspended streptococci were added to 20/10/5 µg of CRP (39, 40).

Synthetic sICs formed by 25 nM Infliximab (149.1 kDa) and 50

nM TNFa monomer (17.5 kDa) to ensure a 1:1 stoichiometry were

produced as described previously (20). sICs and CRP-streptococci

complexes were incubated for two hours at room temperature (RT)

prior to being used in the experiment. Polyclonal goat anti-human

CRP antibody (A80-125A) was purchased from Bethyl

(Montgomery, Texas, USA), monoclonal conformation-specific

antibodies binding pCRP and pCRP*/mCRP (clone 8D8 and 9C9,

respectively) were kindly provided by Prof. Lawrence A. Potempa,

College of Pharmacy, Roosevelt University, Schaumburg, IL, USA.

LPS (LPS EB Standard, 5 mg, #tlrl-eblps, LPS E. coli O111:B4) was

purchased from InvivoGen (San Diego, California, USA). Purified

human IgG (cytotect®, Biotest, Dreieich, Germany), recombinant

Rituximab IgG1 (humanized monoclonal; Roche, University

Hospital Freiburg Pharmacy), and concentrated IgG1 (human

IgG1 kappa, #I5154-1MG; Sigma-Aldrich, St. Louis, Missouri,

USA) served as sources of IgG.
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2.2 BW5147 cell culture

The murine T lymphoblast cell line BW5147 (TIB-47™; ATTC,

Manassas, VA, USA) was maintained in RPMI 1640 medium (“RPMI

BW medium”, GlutaMAX™; Gibco Life Technologies, Carlsbad,

California, USA) supplemented with 10% (v/v) heat-inactivated

FCS (Biochrom, Berlin, Germany), 1% (v/v) Pen-Strep (Gibco Life

Technologies), 1% (v/v) sodium pyruvate (100 mM, Gibco Life

Technologies), and 0.1% (v/v) b-mercaptoethanol (Sigma-Aldrich).

Cells were cultured at 37°C with 5% CO2 and split based on their

growth rate. Cells were maintained at a density of 2×105/ml to 1×10⁶/

ml. For the FcgR activation assay, cells were seeded at 2–3 × 105 cells/

mL one day prior to the experiment, resulting in a density of 4–6 ×

105 cells/mL at the time of the assay. Cells were tested regularly for

mycoplasma contamination using PCR (sense (#1427): 5´-

GGGAGCAAACAGGATTAGATACCCT-3´; antisense (#1428):

5´-TGCACCATCTGTCACTCTGTTAACCTC-3´) with Kapa

Polymerase (Peqlab, Erlangen, Germany #KK3604).
2.3 Flow cytometry

BW5147 cells (100,000) were counted using a Countess® II

automated cell counter and centrifuged at 1,000 rpm at RT for six

minutes. Cells were washed twice in 100 µl FACS buffer (PBS

(Dulbecco’s PBS, Gibco Life Technologies) with 3% (v/v) heat-

inactivated FCS (Sigma-Aldrich)) on ice and centrifuged at 1,400

rpm at 4°C for five minutes. Each sample (100,000 BW5147 cells in

300 µl) was incubated with v/v 1:100 mouse-anti-human-CD16

allophycocyanin (APC) (FcgRIII, clone B73.1), mouse-anti-human-

CD32 APC (FcgRII, clone FUN2), mouse-anti-human-CD64 APC

(FcgRI, clone S18012C), or mouse-anti-human-CD99 APC (MIC2,

clone hec2)-APC (200 µg/ml, BioLegend, San Diego, California,

USA; cat. #360705, #303207, #399509, #398203, respectively)

antibodies on ice for one hour. Respective anti-FcgR antibodies

on BWCD99 cells or unstained BW parental cells served as negative

controls for background antibody binding. Cells were washed three

times and transferred to FACS round-bottom polystyrene test tubes

(Falcon®) containing 200 µl FACS buffer. Samples were kept on ice

until analysis using a BD LSR Fortessa™ Cell Analyzer (BD

biosciences, Franklin Lakes, New Yersey, USA). A total of 20,000

events were measured per sample. Results were analyzed using

FlowJo software (FlowJo LLC, Ashland, OR, USA), with gating

applied to the main population (FSC/SSC gating). APC-A

fluorescence was compared using histograms normalized to mode.
2.4 BW5147-FcgRz reporter assay

The BW5147-FcgRz-cell reporter assay, i.e., mouse BW5147

hybridoma cells stably expressing chimeric FcgR-CD3z chain

molecules consisting of an extracellular domain of human FcgRs
fused to the transmembrane and intracellular domains of the mouse
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CD3z chain (32), enables analysis of IgG-mediated activation of

individual subclasses of human FcgRs. The general procedure of the
BW5147-FcgRz reporter assay was utilized as described before (33)

and modified to analyze human CRP-mediated activation (20, 33,

37). In brief, BW5147 cells that are stably transduced with the

extracellular domain of one of the human FcgRs (FcgRI, IIaH, IIaR,

IIb, IIIaF, IIIaV, IIIb) or with human CD99 as a negative control

were used. The human FcgRz-receptor ectodomain is fused to the

signaling CD3z-chain of the mouse T cell receptor (TCR),

subsequently inducing mouse IL-2 (mIL-2) expression upon

receptor crosslinking. In this assay, mIL-2 production is directly

proportional to FcgR activation. mIL-2 levels were measured using a

sandwich ELISA as described in detail below. For this project, the

assay was modified to measure human CRP-dependent and IgG-

mediated activation by FcgRz-receptor crosslinking and as a

positive control, respectively. BW5147 reporter cells were stably

transduced via lentiviral transduction as described previously (20,

33, 34, 41). FcgR expression was ensured by puromycin selection

and two consecutive cell-sorting steps by FACS. BW5147-FcgRz
reporter assays were performed in 96-well ELISA MaxiSorp plates

(Thermo Fisher Scientific, Immuno Platte F96 Maxi Pinchbar). For

the ‘standard’ crosslinking assay, MaxiSorp plates were coated with

graded concentrations of either IgG1 (human IgG1 kappa, #I5154-

1MG, Sigma-Aldrich) or CRP isoforms in 50 µl PBS for one hour at

37°C with 5% CO2 or overnight at 4°C. The protocol for the ‘in

solution’ BW5147-FcgRz reporter assay was adapted for CRP from

the protocol established for soluble immune complexes (sICs) in

our laboratory (20). ELISA wells were blocked by adding 300 µl

ELISA blocking buffer (PBS with 10% (v/v) heat-inactivated FCS

(Biochrom)) and incubating overnight at 4°C. sICs and complexes

formed with pCRP and streptococci were incubated for two hours at

RT. Complexes were added to ELISA wells in 100 µl of RPMI BW

medium, followed by the addition of 100,000 BW5147-FcgRz cells

in another 100 µl of medium.
2.5 Sandwich mIL-2 ELISA

The level of mIL-2 secreted upon activation of BW5147 reporter

cells was measured in a sandwich mIL-2 ELISA. ELISA MaxiSorp

plates (Thermo Fisher Scientific) were coated with 50 µl of rat anti-

mouse-IL2 antibody (1:500; 0.5 mg/ml; BD Pharmingen, BD

biosciences, clone A85-1, #554424) in PBS -/- and incubated

overnight at 4°C. Plates were washed and blocked as described

above. Supernatants from the BW5147-FcgRz reporter assay were

transferred to the mIL-2-ELISA plates. Supernatants were incubated

for 4 hours at RT on the ELISA plate, and wells were subsequently

washed five times. 50 µl of biotinylated rat anti-mouse-IL2 (1:500; 0.5

mg/ml; BD Pharmingen, clone A85-1, #554426) in ELISA blocking

buffer were added and incubated for 90 minutes at RT. Plates were

washed five times, and 50 µl of Streptavidin-Peroxidase (1:1000; 1

mg/ml, Jackson ImmunoResearch, Philadelphia, PA, USA, #016-030-

084) in blocking buffer was added for 30 minutes at RT. Wells were

washed five times, and 50 µl of ELISA TMB 1-Step™ Ultra substrate

solution (Thermo Fisher Scientific) was added, followed by 50 µl of 1
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M H2SO₄ to stop the reaction. Absorbance was measured using a

Tecan ELISA Reader Infinite® M Plex (Tecan, Männedorf,

Switzerland) at a wavelength of 450 nm and a reference wavelength

of 620 nm.
2.6 Binding ELISA

Binding of recombinant His-tagged FcgRs (Sino Biological,

Bejing, China, recombinant, HEK293/ECD, C-terminal

polyhistidine tag: 1038-H08H1/10374-H08H1/10374-H08H/

10259-H08H/10256-H08H/10389-H08C) to immobilized pCRP

(US Biological Life Sciences) or IgG (human IgG1 kappa, #

I5154-1MG, Sigma-Aldrich) was investigated by ELISA. Ninety-

six-well ELISA MaxiSorp plates (Thermo Fisher Scientific) were

coated with either pCRP, mCRP, or IgG1 overnight at 4°C, washed

(PBS with 0.05% (v/v) Tween 20), and blocked with 300 µl of ELISA

blocking buffer for one hour at RT. Blocking buffer was removed,

and His-tagged FcgRs were added in 50 µl PBS. Binding was allowed
to proceed overnight at 4°C. Subsequently, wells were washed five

times, and 100 µl of blocking buffer/rabbit anti-His-antibody

(1:5,000; 1 mg/ml, Bethyl: A190-114A) was added for overnight

incubation at 4°C. Wells were washed five times, and goat anti-

rabbit-peroxidase (POD) conjugated antibody (1:3,000; 1 mg/ml;

Sigma-Aldrich; A0545) was added in 50 µl ELISA blocking buffer

for one hour at 37°C. The ELISA readout using a Tecan ELISA

Reader Infinite® M Plex at a wavelength of 450 nm and a reference

wavelength of 620 nm was performed as described above. Binding

assays in the ‘reverse’ setup were conducted following the same

general procedure as described above. However, for this assay His-

tagged hFcgRs were coated to ELISA wells in 50 µl PBS. Following

the same blocking and washing steps as described above, IgG1,

pCRP, or mCRP were added in 50 µl ELISA blocking buffer, and

binding was detected using goat anti-hCRP antibody (1:3,000; 1 mg/

ml; Bethyl: A80-125A) and donkey anti-goat (DAG) POD-

conjugated antibody (DAG-POD; 1:5,000; 2,5mg/ml; Invitrogen,

Waltham, Massachusetts, USA: A16005) for CRP (pCRP and

mCRP) and goat anti-human-IgG-POD (1:3,000, 1 mg/ml;

Rockland Immunochemical, Philadelphia, Pennsylvania, USA,

#109-035-003) for IgG1.
2.7 Semi-native PAGE and Coomassie

The structural integrity of pCRP as well as the monomeric form

of mCRP was verified by semi-native gel electrophoresis as

described previously (14). mCRP was generated by treating pCRP

with 8 M urea in the presence of 10 mM EDTA for 2 hours at 37°C.

mCRP was thoroughly dialyzed in low-salt phosphate buffer (10

mM Na2HPO₄, 10 mM NaH2PO₄, and 15 mM NaCl, pH 7.4).

To confirm the use of pCRP or mCRP in the following assay

setups, a pseudo-native SDS-PAGE and subsequent Coomassie

staining or Western blot analysis with confirmation-specific CRP

mAb was applied. In brief, samples were mixed with 15 µl of 1x

sample buffer (1/20 of SDS as described in Lämmli-buffer, no DTT,
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no ß-ME), and pCRP or mCRP as indicated (10 µg, 5 µg or 3 µg).

Samples were left without heating or boiling and loaded onto 10%

PAA-Gel (all gel components and 1-Lämmli running buffer only

with 1/20 of 20% SDS; final SDS concentration 1%). The gel was

either directly stained with Coomassie brilliant blue solution and

destained with water, or transferred onto a nitrocellulose membrane

for Western blot analysis.
2.8 Statistical analyses and Graph modeling

Statistical analyses were performed using GraphPad Prism

software (v9) and appropriate tests (Standard deviation; Ordinary

One-way ANOVA for univariate comparison, and Two-way

ANOVA for multivariate comparison followed by Tukey’s or

Dunnett’s multiple comparisons test to assess significance; Area

under the curve with standard error to compare activation patterns

for multiple concentrations in titration setups). Generally, a

significance level of p < 0.05 was applied. Higher p-values were
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considered not significant (ns) and are indicated as such on the graph,

whereas p-values are plotted for selected significant differences in

binding or activation. A Spider Web diagram was created using

Microsoft Office Excel software. Figure design was adapted using

Affinity Designer 2. Schematic images were created using BioRender

software (BioRender.com; license holder: Katja Hoffmann).
3 Results

3.1 Establishment of the BW5147-FcgRz
reporter cell assay for CRP detection

The setup of the BW5147-FcgRz reporter cell assay was adapted
from our previously developed assays (20, 33) and modified to

analyze CRP-mediated activation of FcgRs (Figure 1A). BW5147-

FcgRz reporter cells (20) expressing human FcgRI (CD64),

FcgRIIaH (CD32aH), FcgRIIaR (CD32aR), FcgRIIb (CD32b),

FcgRIIIaV (CD16aV), FcgRIIIaF (CD16aF), FcgRIIIb (CD16b),
FIGURE 1

Setup of the BW5147-FcgRz reporter cell assay and flow cytrometry-based analysis of FcgR expression: (A) Schematic of the assay setup: BW5147
cells stably express chimeric FcgR-CD3z-chain receptors leading to secretion of mIL-2 upon FcgR-activation, which can be mediated by
immobilized human IgG or CRP (upper schematic) as well as by soluble IgG-immune complexes (sol. ICs) or soluble CRP (alone or in complex with
streptococci). The soluble assay setup requires pre-blocking of well plates with 10% FCS (lower schematic). mIL-2 levels in supernatant are
measured by sandwich ELISA. (B) Characterization of BW reporter cells with anti-CD16/32/64- antibodies. A total of 100,000 BW5147 cells per
sample were incubated with 100 µl flow cytrometry buffer containing a 1:100 dilution of the respective anti-CD-APC antibody for one hour on ice.
Unstained BWCD99 cells and BWCD99 cells incubated with respective anti-CD antibodies served as negative controls. Additionally, BWCD99 cells
were stained with anti-CD99-APC as positive control. Cells were analyzed by flow cytometry using a FACS Fortessa instrument and FlowJo software,
gating on the main population of living cells. Created in BioRender. Hoffmann, K. (2025): https://BioRender.com/bf8vz3b; https://BioRender.com/
n08p187; https://BioRender.com/n6jkoc7; https://BioRender.com/lgmkfx9; https://BioRender.com/c5sm64s.
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and human CD99 as a negative control, were characterized for FcgR
expression by flow cytometry using APC-coupled antibodies. All

BW5147 cell lines expressed the transduced extracellular domain of

the respective human FcgR or human CD99 (Figure 1B). The

density of FcgRs expressed on the cell surface was largely

comparable, but not identical, between different cell lines. As

observed before, high-affinity BW5147-FcgRI (CD64) cells

expressed lower amounts of FcgRs than transfectants expressing

low-affinity FcgRs, i.e., CD32 and CD16, potentially due to the

additional Ig-like domain (20).
3.2 CRP-dependent crosslinking selectively
activates BW5147 reporter cells expressing
CD64 (FcgRI), BWCD32aR (FcgRIIaR) and
BWCD32b (FcgRIIb), and pCRP* is the
major mediator of FcgR triggering

FcgR activation occurs upon receptor crosslinking by specific

ligands. This is achieved either by immobilized or by soluble

multimeric FcgR ligands, e.g., IgG immune complexes (20, 33).

Accordingly, immobilization of human IgG on MaxiSorp plates is

the most basic BW5147-FcgRz assay format (Figure 1A). This setup

was transferred to pCRP by its immobilization on MaxiSorp wells at

graded concentrations. As reported previously, all reporter cell lines

became consistently activated when exposed to immobilized human

IgG1 (Figure 2A, upper panel) (20, 33). In contrast, only

BWCD32aR (FcgRIIaR), BWCD32b (FcgRIIb) and BWCD64

(FcgRI) responded to immobilized pCRP, whereas we saw broad

unresponsiveness in BWCD16aF (FcgRIIIaF), BWCD16aV

(FcgRIIIaV), BWCD16b (FcgRIIIb) and BWCD32aH (FcgRIIaH)

reporter cells (Figure 2A, middle panel). When experiments were

jointly analyzed (AUC of activation after normalization to mean

OD of individual experiments) pCRP- mediated activation was

significant for BWCD32aR (FcgRIIaR; p<0.001) and BWCD64

(FcgRI; p<0.001) cells, whereas activation of BWCD32b (FcgIIb)
was clearly detectable and reproducible but did not reach

significance in two-way ANOVA/Dunnett’s multiple comparisons

of all three ligands investigated (p=0.212) (Figure 2B). However, for

individual analysis of pCRP as an activating ligand (one-way

ANOVA/Dunnett’s multiple comparisons) BWCD32b (FcgIIb)
activation was significant compared to the negative control

(p=0.041). The limit of detection for pCRP was in the nanomolar

range. Activation was dose-dependent for both IgG and pCRP,

respectively, but responses induced by pCRP tended to be lower

than those to IgG, except for high-affinity BWCD64 cells where

AUCs were similar for IgG1- and CRP- mediated activation

(Figure 2B). AUCs were significantly higher for all BW cell lines

for IgG compared to negative control (‘no BWs’). AUCs for IgG1-

mediated activation were significantly higher than for pCRP-

mediated activation for all cell lines except BWCD32aR

(FcgRIIaR) and BWCD64 (FcgRI) (two-way Anova/Tukey’s

multiple comparisons, significance levels not indicated within the

graph due to space constraints). Responses caused by pCRP-

mediated activation were 60-70% of maximal IgG-mediated
Frontiers in Immunology 0675
activation for BWCD32aR and BWCD32b cell lines and about

95% for BWCD64 cells (Figure 2B). Levels of CRP-induced mIL-2

responses did not correlate with surface expression levels of FcgR on

BW5147 reporter cells, i.e. comparatively low levels of FcgRI were
sufficient for higher activation levels than seen with CD32aR

(FcgRIIaR), and CD32b (FcgRIIb). Strikingly, activation of

BWCD32a (FcgRIIa) cells strictly depended on the allelic variant,

with robust CRP-mediated activation of BWCD32aR (FcgRIIaR)
cells, but no response in BWCD32aH (FcgRIIaH). This binary

functional difference is remarkable as the variants differ only in

one amino acid at position 131. Longer titrations for selected

reporter cell lines and inclusion of BWCD99 cells as a negative

control are shown in Supplementary Figures 1A, B.

There is evidence that the native CRP pentamer undergoes

conformational changes before its ultimate dissociation into

monomeric CRP (10). CRP isoforms were found to differ in their

interaction with C1q, but very little is known about the functional

impact of distinct CRP isoforms on single FcgR family members

interaction (10, 12, 31, 42, 43). We then explored how our assay could

be used to generate insights and new hypotheses on this issue (10–12,

43). To find out more about conformational changes in the

CRP pentamer induced by passive binding to MaxiSorp ELISA

wells (designed for binding of medium to large sized hydrophilic

biomolecules), an ELISA-based detection assay was performed using

conformation-specific as well as polyclonal anti-CRP antibodies

(Figure 2C). mCRP was generated as described previously (39) and

concentrations of pCRP and mCRP preparations were matched using

Qubit Fluorometric Quantitation. Conformation-specific monoclonal

mouse anti-human CRP antibodies clone 8D8 (anti-pCRP) and clone

9C9 (anti-pCRP*/mCRP), and polyclonal goat anti-human CRP

antibody (Figure 2C, upper schematic) were compared using graded

concentrations of mCRP and pCRP preparations (12, 43, 44). All three

CRP antibodies showed concentration-dependent binding to the

coated pCRP (Figure 2C, middle panel), albeit with varying

strength. mAb 8D8 recognized exclusively the inert pentamer

exhibiting the weakest binding, particularly at low pCRP densities.

As expected, 8D8 lost its capability to recognize CRP completely when

tested with monomeric CRP (Figure 2C, lower panel). In contrast,

mAb 9C9, which recognizes a neoepitope induced within the CRP

pentamer andmaintained after CRP fragmentation exhibited superior

binding to mCRP, but also to pCRP. This finding indicates that the

conformational change from pCRP to pCRP* has occurred to a

relevant extent upon pCRP binding to the hydrophilic MaxiSorp

surface. This observation is in line with the findings of Lv and Wang,

who observed binding of both pCRP-specific and mCRP-specific

antibodies upon immobilization on MaxiSorp plates and concluded

that the dual antigenicity resulted from pCRP* expression rather than

mixture of pCRP and mCRP (46).

As mCRP exposes the 9C9-defined neoepitope uncovered in

pCRP* but has lost the 8D8-defined epitope characterizing native

pCRP, we went on to investigate how activation is caused by coated

mCRP compared to activation caused by coated pCRP in the

BW5147-FcgRz assay platform (Figure 2A, lower panel)

Activation levels caused by mCRP were significantly diminished

compared to pCRP for BWCD64 (FcgRI) cells (p=0.001, not
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depicted in the graph due to space constraints) and moderately

diminished for BWCD32aR (FcgRIIaR) cells (p=0.357, not

depicted). BWCD32b (FcgRIIb) cells showed minimal activation

on coated mCRP. To exclude the possibility that mCRP
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preparations harmed the BW5147 reporter cells, the same

amounts (20 + 20 µg; 10 + 10 µg; 5 + 5 µg) of mCRP and pCRP

were coated together before testing BWCD64 reporter cells

(Supplementary Figure 1C). mCRP did not appear to harm the
FIGURE 2

BW5147-FcgRz reporter cell activation on immobilized IgG, pCRP and mCRP and binding of conformation specific antibodies to immobilized CRP
isoforms: (A) Upper: mIL-2 levels produced by BW5147 cells on immobilized IgG1 (titrated from 0.1 to 0.025 µg in 50 µl medium). Each cell line was
stably transduced with one FcgR only. Cell medium without BW cells (‘blank’) served as a negative control. Center/lower: mIL-2-levels produced by
BW5147 reporter cells on immobilized pCRP (center) and mCRP (lower) (titrated from 2.5 to 0.63 µg in 50 µl medium, with concentrations matched
using Qubit Fluorometric Quantitation). A total of 100,000 BW 5147 reporter cells were added to each well in 200 µl RPMI BW medium and
incubated overnight at 37°C 5% CO2. Data are shown in technical replicates (N=3) with standard deviation for one representative of at least three
individual experiments for each cell line. Activation shown as OD in a sandwich mIL-2-ELISA. (B) Left: AUCs for activation of BW cells by immobilized
IgG1, pCRP and mCRP after normalization of ODs to mean OD of individual experiment. AUCs were calculated and jointly analyzed for three
independent experiments normalized to mean OD of individual experiment with three technical replicates each. Two-way ANOVA and Dunnett’s
multiple comparisons calculated using GraphPad Prism software. Right: Spider web plot of AUCs normalized to mean OD of individual experiment,
created using Microsoft Excel Graph Software. (C) Upper: Schematic indicating recognition by conformation-specific monoclonal and polyclonal
anti-CRP antibodies. Middle/lower: pCRP/mCRP was titrated from 1 µg to 0.1 µg/well and coated to MaxiSorp wells. Concentrations of pCRP and
mCRP preparations were matched using Qubit Fluorometric Quantitation. CRP was detected using conformation specific 8D8 (anti-pCRP), 9C9
(anti-mCRP/pCRP*) and polyclonal goat anti-hCRP antibody. Created in BioRender. Hoffmann, K. (2025): https://BioRender.com/bf8vz3b; https://
BioRender.com/n08p187; https://BioRender.com/n6jkoc7; https://BioRender.com/lgmkfx9; https://BioRender.com/c5sm64s.
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cells but had little effect on upregulating activation caused by pCRP.

We concluded that pCRP*, as defined by mAb 9C9, represents the

major conformation of CRP that triggers FcgRs, while mCRP still

causes activation at clearly lower levels.

Figure 2B gives an overview of the activation profiles induced by

IgG1, pCRP and mCRP comparing activation levels (AUCs) for

three independent experiments after normalization to the mean OD

of each experiment, shown as a bar graph (right) and a spider web

plot to illustrate the patterns generated (left). Generally, activation

levels caused by IgG1 were higher than for pCRP > mCRP.

Activation levels varied for all ligands depending on the FcgR
composition of each BW5147 reporter cell type. Consistently high

activation levels were seen for IgG1-mediated activation throughout

all cell lines, whereas pCRP only activated BWCD64 (FcgRI),
BWCD32aR (FcgRIIaR) and BWCD32b (FcgRIIb) cell lines with

higher activation levels than for mCRP, which activated

BWCD32aR>BWCD64>BWCD32b cells at relatively low levels.
3.3 FcgR activation is caused by CRP itself-
but detecting CRP binding in ELISA does
not correlate with FcgR activation

To ensure that the observed reporter cell activation was solely

caused by CRP itself and not by another potentially activating factor

present in the CRP preparation used (US Biological Life Sciences),

which is generated from patient ascites/pleural fluid, we compared

the previously used CRP composition with recombinant CRP

produced in E. coli (US Biological Life Sciences) with respect to

their activation efficacy of BWCD64 and CD32b reporter cells.

Patterns of activation for recombinant CRP precisely mirrored

those of CRP purified from human ascites, indicating that CRP is

necessary and sufficient to cause activation of FcgRs (Figure 3A). To
exclude any effect of other components, e.g., sodium azide, the CRP

preparation purified from ascites/pleural fluid was dialyzed against

PBS with Ca2+/Mg2+ through a dialysis membrane overnight as

described previously (39). Dialysis had no significant effect on

activation levels, confirming that CRP itself was the cause of the

activation (Supplementary Figure 1D). As previous studies have

shown that biological effects attributed to CRP are actually caused

by LPS contamination of recombinant CRP preparations (47), we

further excluded any effect of LPS on the BW5147 reporter cell

assay system (Figure 3B). To this end, we added graded EU

endotoxin units of LPS to our ascites/pleural fluid purified CRP

preparation and additionally tested the potential effect of LPS alone

on our cells by adding graded EU units/ml to the culture medium of

the BWCD64 cells in this assay. LPS had no effect on FcgR-
activation responses.

The BW5147-FcgRz assay demonstrated activation of FcgRs
CD32aR, CD32b and CD64, but not of CD16aF, CD16aV CD16b

and CD32aH by pCRP. However, interaction of pCRP with CD16

as well as CD32aH has been previously reported (23, 24). Lu et al.

observed binding to CD16, as did Temming et al., who additionally

proposed a potential role in enhancement of IgG-mediated FcgR-
activation through the interaction with pCRP. Nevertheless, CD64
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and CD32a are proposed as the major CRP interactors, with a long-

standing debate about the relevance of the CD32a allelic variants for

both binding and activation (23, 24, 48–50). Since our assay system

allows for unambiguously attributable responses of individual FcgRs
and the available data on binding and activation were controversial,

we set out to differentiate CRP-binding by and CRP-dependent

activation of FcgRs as obtained in a comparable experimental setup.

To this end, the FcgR binding pattern to immobilized IgG1

(Figure 3C) was compared to immobilized pCRP (Figure 3D) and

mCRP (Figure 3E) in a setup analogous to the activation setup, i.e.

coated IgG1 and CRP and recombinant FcyRs added in solution for

binding. AUCs for the individual binding curves were calculated

(Figures 3C–E, lower panels). All recombinant his-tagged FcgR
molecules showed binding to IgG1. Interestingly and in accordance

with literature, the binding pattern observed for IgG1

(CD64>CD16aF/V>CD32aH>CD16b>CD32aR/CD32b) was

different to the one of pCRP (CD64>CD16b>CD16aF>CD32aR

>CD16aV/CD32aH/CD32b). The binding pattern for mCRP was

similar to that of pCRP with slightly lower ODs. For IgG, in

accordance with literature (51–53) binding for both allelic

variants of CD32a was clearly detectable, with higher binding of

the CD32aH allelic variant. The OD values measured in ELISA for

IgG1-binding to the tested FcgRs were significantly higher than for

pCRP. This observation correlates with the activation levels

observed in the BW5147-FcgRz activation assay and generally

supports lower affinities of FcgR for pCRP. All human FcgRs
bound to pCRP and mCRP with relatively lower strength as

indicated by lower OD values. Binding of pCRP to CD64 showed

the highest ODs/AUC, followed by CD16b>CD16aF>CD32aR>

CD16aV/CD32aH/CD32b. At a generally low level, CRP binding

to the CD32aR allelic variant was higher than to CD32aH, but this

difference did not reach significance. Notably, ELISA binding in this

very comparable setup did not correlate with FcgR triggering in the

BW5147-FcgRz reporter assay. E.g., pCRP-binding of CD16b was

clearly stronger than binding of CD32b. However, BWCD16b

(FcgRIIIb) cells were not activated by pCRP, whereas pCRP did

readily activate BWCD32b (FcgRIIb) cells (Figure 2A). Thus,

binding as detected by ELISA seems to be necessary but not

sufficient for FcgR triggering.
3.4 Divergent FcgR activation profiles of
solution-phase ICs and CRP, with pCRP* as
the key activating isoform.

The preparation (“blocking”) of hydrophilic MaxiSorp surfaces

with saturating amounts of serum proteins allowed us to detect

multimeric immune complexes in solution (sICs) as activating

ligands of certain FcgRs (20, 37). To investigate whether unbound

pCRP in solution phase is also capable of cross-linking FcgRs, the
protocol established for sICs was adapted for use in a pCRP context.

(i) Synthetic sICs, (ii) soluble pCRP and (iii) pCRP-Streptococcus

pneumoniae complexes (39), respectively, were added to serum-

blocked ELISA wells (Figure 4A). For the third approach, to allow

ligand binding to the B-face of the molecule and promoting the
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formation of pCRP*, pCRP was pre-incubated with Streptococcus

pneumoniae serotype 27 containing high amounts of ‘C’-cell-wall-

polysaccharide (CWPS). As observed before (20), soluble ICs

formed by recombinant antigen and a recombinant monoclonal

antibody, i.e., TNFa trimers and Infliximab, efficiently activated

BWCD16aV (FcgRIIIaV) and BWCD32b (FcgRIIb) but neither

BWCD32aR (FcgRIIaR) nor BWCD64 (FcgRI) reporter cells

(Figure 4A, upper panel). In contrast, pCRP in solution phase

and pCRP pre-bound to streptococci activated BWCD64>

BWCD32aR>BWCD32b>BWCD16aV reporter cells, with

BWCD16aV (FcgRIIIaV) and BWCD32b (FcgRIIb) only being

slightly activated (Figure 4A, middle and lower panel). Therefore,

the FcgRs that can be activated by pCRP and sICs in the solution

phase are clearly distinct. Overall activation levels induced by sICs

were higher than those caused by soluble CRP. Levels of BWCD64
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(FcgRI) activation were substantially higher after pre-incubation

with streptococci. This trend was less pronounced for BWCD32aR

(FcgRIIaR) and BWCD32b (FcgRIIb) (Figure 4A, lower panel).

Subsequently, activation levels induced by immobilized pCRP

were compared with those induced by pCRP in solution or in

solution pre-incubated with streptococci for recognition by

BWCD64 (FcgRI) reporter cells (Figure 4B). As observed before,

pre-incubation of pCRP with streptococci upregulated activation

levels as compared to soluble pCRP only. This effect reached

significance for 5 µg pCRP (p=0.044), but not 10 µg and 20 µg of

pCRP (p=0.102 and p=0.204, respectively, Two-way ANOVA and

Tukey`s multiple comparisons test). However, the activation

induced by immobilized pCRP on MaxiSorp surfaces was

significantly higher than both solution-phase approaches (with

and without pre-incubation with streptococci) for all pCRP
FIGURE 3

Effect of CRP source and addition of LPS on BW5147-FcgRz activation and binding of epitope-tagged FcgRs to immobilized IgG, pCRP or mCRP: (A)
BWCD64 and BWCD32b cell activation by recombinant human pCRP produced in E coli and pCRP purified from human ascites/pleural fluid. pCRP
was coated in graded amounts in PBS. A total of 100,000 BW5147 reporter cells were added to each well and incubated overnight. (B) Addition of
graded amounts of LPS to a pCRP (5 µg/well) preparation was compared with activation caused by LPS only using BWCD64 reporter cells. LPS was
added at the concentrations stated. EU units as stated by supplier: 1 mg/ml=1x10^6 EU/ml. 100,000 BW5147 cells were added to each well and
incubated overnight. FcgR-activation shown as OD in sandwich mIL-2-ELISA after subtraction of background. (C–E) Titration of recombinant His-
tagged hFcgRs from 0.25 µg to 0 µg in 50 µl PBS; binding to 0.05 µg coated IgG1/pCRP or mCRP/well. ODs for 450–620 nm. Data shown with
standard deviation for two individual experiments with three technical replicates each. Calculation of AUCs of the binding curves using GraphPad
Prism software. AUC for N=6 with standard error. Ordinary one-way ANOVA and Tukey´s multiple comparisons test carried out using GraphPad
Prism software and selected significances are indicated on the graph.
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FIGURE 4

In solution phase BW5147-FcgRz reporter assay for sol. ICs, sol. pCRP and sol. pCRP-streptococci complexes and binding of soluble IgG, pCRP and
mCRP to coated His-tagged FcgRs: (A) MaxiSorp ELISA plates were saturated with 10% FCS. sICs as well as soluble CRP-streptococci complexes
(with S. pneumoniae serotype 27) were allowed to incubate for two hours at RT prior to adding them to the experiment. Upper: sICs were added in
100 µl/well medium and consisted of 25 nM Infliximab (149.1 kDa) and 50 nM TNFa monomer (17.5 kDa) to ensure 1:1 stoichiometry (per ml stock of
25 nM ICs: 0.875 µg TNFa + 2.66 µg Infliximab). Selected values of log2 titration depicted in this graph. Central: pCRP in solution assay without pre-
incubation with streptococci. CRP was added in 100 µl medium. Lower: 10 µl of streptococci were added to 20/10/5 µg of CRP. Complexes were
added to wells in 100 µl medium. 100,000 BW5147 reporter cells were added to each well in another 100 µl of medium. Activation shown as OD in
sandwich mIL-2-ELISA. Data are shown with standard deviation (N=2; N=3 for ICs). (B) BWCD64 activation assay comparing coated pCRP and
soluble pCRP/soluble pCRP-streptococci complexes (N=2). Ordinary one-way ANOVA and Tukey´s multiple comparisons test carried out using
GraphPad Prism software and selected significances are indicated on the graph. (C) Titration of His-tagged hFcgRs from 0.25 µg to 0 µg and coating
to ELISA wells. Addition of 0.1 µg IgG1 (upper), pCRP (central) or mCRP (lower) and detection via goat-anti-hCRP antibody and DAG-POD for CRP
and anti-human-IgG-POD for IgG1. ODs for 450–620 nm. Data shown with standard deviation for two individual experiments with three technical
replicates each. (D) Coating of goat F(ab)2 anti-human IgG (Fab-specific) (0.1 µg in 50 µl/well) was followed by blocking and addition of hIgG1 (0.25
µg in 50 µl/well) before addition of soluble human FcyR-His-proteins titrated as stated in the graph. Detection with rabbit anti-His antibody and
GAR-POD was performed. Data shown in technical triplicates for two individual experiments.
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concentrations investigated (not all p-values are indicated on the

graph for space constraints, p-values for 20 µg pCRP: p=0.005 and

p=0.033 for comparison of immobilized pCRP- mediated activation

to soluble pCRP only and soluble pCRP pre-incubated with

streptococci, respectively). As pre-incubation with streptococci as

well as immobilization on well surface both favor pCRP*

conformation these results support pCRP* likely being the FcgR
activating CRP conformation.

To investigate, whether the ‘in solution’ activation could be

correlated with an ‘in solution’ binding approach of CRP to FcgRs,
we reversed the setup of our binding assay established before

(Figures 3C–E). After coating MaxiSorb wells with recombinant

His-tagged human FcgR proteins, IgG1 (Figure 4C, upper), pCRP

(Figure 4C, center) or mCRP (Figure 4C, lower) were added and

binding was investigated through goat anti-hCRP/DAG-POD or

anti-human-IgG-POD for CRP and IgG, respectively. AUCs are

compared in Supplementary Figure 2. For IgG1, the pattern

observed in this ‘reversed setup’ was widely comparable to the

pattern in the initial binding assay (CD64>CD16aF>CD32aH>

CD16aV>CD32aR>CD16b>CD32b). Binding of the CD32aH allelic

variant was significantly higher than for the CD32aR allelic variant

(p<0.001; One-way ANOVA and Tukey´s multiple comparisons for

AUCs; Supplementary Figure 2), as observed previously, whereas – in

contrast to published literature (51) - a stronger binding to the

CD16aF than to the CD16aV allelic variant (p<0.001) was seen in this

setup, suggesting that the experimental conditions of the chosen assay

setup could influence the extent of binding. To compare the effect of

presentation of binding partners, human IgG1 was immobilized

using goat F(ab)2 anti-human IgG (Fab-specific) followed by the

addition of soluble human FcgR-His-proteins (Figure 4D). Now

CD16aV binding matched CD16aF binding. This confirms the

impact of the presentation of the binding partners in these test

formats and the need to compare different setups. Notably, for both

pCRP and mCRP, the binding pattern obtained in this ‘reversed

setup’ largely mirrored the activation pattern, with CD32aR, CD64

and CD32b showing the highest binding affinities (Figure 4C). Thus,

although FcgR activation is generally strongest upon ligand

immobilization, binding of soluble ligands to immobilized FcgR
confirms the receptor crosslinking potential of ligands.
3.5 CRP ligand-ligand interactions in FcgR
activation

Since pCRP, monomeric IgG, and soluble ICs represent distinct

ligands that share the same immunological compartments, they

may be recognized simultaneously by FcgRs. We applied the

BW5147 reporter cell assay system to explore interactions

between these ligands. First, the effect of pCRP in solution on

activation caused by soluble ICs was investigated. As sICs were

shown to efficiently activate BWCD16aV (FcgRIIIaV) and

BWCD32b (FcgRIIb) cells (20), these reporter cell lines were

chosen to investigate a possible inhibitory effect of pCRP. Two
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different concentrations of sICs (3 nM and 0.5 nM) were chosen to

ensure that the effect of the addition of pCRP was analyzed under

conditions of both high and low sIC-mediated activation. sICs were

generated prior to addition of different concentrations of pCRP

before adding BWCD16aV (FcgRIIIaV) or BWCD32b (FcgRIIb)
reporter cells. pCRP in solution did not show any impact on sIC-

mediated activation of both FcgRs tested, even when high

concentrations of pCRP were added (Figure 5A).

Next, we investigated the impact of soluble, monomeric IgG on

activation caused by (i) immobilized pCRP or (ii) unbound pCRP in

solution phase. For this pCRP was coated (Figure 5B) or added to

FCS-pretreated MaxiSorp plates keeping pCRP in solution

(Figure 5C) before graded amounts of purified polyclonal human

IgG (cytotect®), monoclonal Rituximab IgG1 (Rtx) or monoclonal

Rtx IgA as control were added. None of these immunoglobulins

caused a decrease in BWCD64 (FcgRI) activation levels mediated by

immobilized pCRP (Figure 5B). A slight, non-significant increase in

activation, especially seen with Rtx IgG1 (p=0.066), is likely

attributable to residual Rtx binding after blocking of CRP-coated

ELISA wells. However, when testing the activation caused by pCRP

in solution, cytotect® caused a significant (p=0.011 for 5µg), dose-

dependent decrease in BWCD64 (FcgRI) activation (Figure 5C).

The addition of Rtx IgG1 also caused a significant decrease in

activation levels (p=0.047), though this effect was less pronounced

than for polyclonal IgG in cytotect®. Activation levels caused by

solution-phase pCRP supplemented with Rtx IgA as a control

remained unaffected (Figure 5C).
4 Discussion

The role of CRP as an activating ligand of FcgRs has been a

matter of debate for decades (21–27, 48). Unraveling the

bimolecular interactions between FcgRs and CRP is complicated

by a number of intricate details. The confusion stems from complex

experimental settings with different readouts, but also from the

variety of existing FcgRs, different types of immune cells expressing

different ranges of FcgRs, the influence of FcgR ligands other than

CRP, the variability of CRP preparations, and finally CRP itself,

which acquires intermediate conformations and isoforms, including

pCRP, pCRP*, and mCRP, with different biophysical properties and

functional consequences. Experimental setups using antibody-

based detection systems are delicate because they may affect the

Fc-binding capacity of human FcgRs, and there is potential for

antibody-species cross-reactivity [e.g., binding of mouse IgG (54)].

Furthermore, the binding of CRP to human FcgRs is low-affinity
and, as an opsonin with less binding specificity than

immunoglobulins (5, 55), CRP interacts with many pathogen- or

damage-associated patterns [e.g. apoptotic cells, oxLDL,

phosphocholine groups (55, 56)] that may be present in the

reagents used, making low affine binding of FcgRs to CRP even

more difficult to detect. Moreover, CRP and CRP-bound molecules

interact with multiple cellular receptors, such as different FcgRs. In
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addition, CRP-mediated amplification of TLR signaling (27)

complicates the attribution of the resulting signaling cascades in

cells. In this situation, a highly reductionist assay approach, as

explored here, is essential to analyze and quantify CRP-mediated

molecularly defined interactions with individual FcgRs leading to

receptor cross-linking.
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4.1 Future applications of the BW5147-
FcgRz reporter cell assay

The BW5147-FcgRz reporter cell panel allows rapid screening

of FcgR types and isoforms and their discrimination into CRP-

receptive, CRP-unresponsive and decoy FcgRs (Table 1; Figure 6).
FIGURE 5

Competitive binding assays for distinct FcgR-ligands: (A) BW5147-FcgRz reporter assay “in solution” with sol. ICs and added pCRP: ELISA wells were
blocked with 10% FCS. Sol. ICs were allowed to incubate for one hour at RT in 100 µl BW medium prior to adding pCRP for 30 minutes. Both were
added to 100 µl BW medium with 100,000 BWCD16aV or BWCD32b cells. sICs consisted of 3/0.5 nM Infliximab (149.1 kDa) and 6/1 nM TNFa
monomer (17.5 kDa) to ensure 1:1 stoichiometry. Data are shown with standard deviation (N=2). Activation shown as OD in sandwich mIL-2-ELISA
minus background control. (B, C) pCRP was immobilized (B) or added ‘in solution’ in 50 µl BW medium to pre-blocked wells (C). 5 to 0 µg
immunoglobulins cytotect®, Rtx IgG or Rtx IgA were added in 100 µl (B) /50 µl (C) BW medium 15 minutes prior to addition of 100,000 BWCD64
cells in 100 µl medium. Representative individual experiments in technical replicates (N=2) are shown on the left. The right side summarizes three/
two independent experiments for activation caused by immobilized pCRP [setup (B)] or soluble pCRP [setup (C)] after normalization to “CRP only”.
Activation is caused by 10 µg coated or 15 µg soluble pCRP per well, respectively. Ordinary one-way ANOVA and Tukey´s multiple comparisons test
carried out using GraphPad Prism software for 5 µg antibody results compared to “CRP only” control.
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Key advances of this reporter system include high accuracy and

hierarchical resolution of FcgR type-specific activation compared to

traditional indirect assessments such as CRP binding, and a scalable

and quantifiable methodology that provides flexible high-

throughput readouts such as mouse IL-2 detection in cell culture

supernatants or CD69 plasma membrane densities (20). FcgR
profiling and classification have important implications for a

better understanding of pCRP in immune defense, inflammation,

and autoimmune disorders. The incorporation of Fc-less Fab

fragments from conformation-dependent CRP-specific

monoclonal antibodies (12, 44, 45) in the BW5147-FcgRz assay

may allow more precise conclusions to be drawn about the

intramolecular steps that ultimately lead to FcgR cross-linking.

This approach may provide further insight into the molecular

sequence of events leading from native pCRP to pCRP* to its

degradation and finally to mCRP, which was found to be less

efficient in activating FcgRs. Likewise, pharmaceutical CRP

inhibitors such as phosphocholine mimetics (40), and

physiological modulators like Ca2+ and C1q (23, 57) can be

analyzed and screening for new drugs with superior efficacy will

be possible. Although it has unique advantages, the reduction of an

experimental set-up to a certain “necessary minimum” raises the

question of the relevance of factors not taken into account. The

relevance of this fact can be seen in cases where CRP does not exert
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a function alone, but rather affects the interplay of different ligands

and receptors, e.g., enhancing the activation caused via TLRs (27) or

in the interaction of FcgRs and C5a-receptor (58). This might be

relevant for CRP- mediated activation of non-classical, CD16-

positive monocytes and interaction of CRP isoforms with NK

cells. The lack of CRP-mediated activation of CD16 isoforms in

our reductionistic setup raises the question of potential co-

receptors, like CD88/C5aR1 needed for activation or dependency

on lipid rafts (59, 60). While not all scenarios can be addressed in

our setup, in cases where CRP co-engages with receptors, co-

expression of such immune receptors by BW5147-FcgRz reporter

cells may be feasible in the future.
4.2 CRP profiles of individual FcgRs as
revealed by the BW5147-FcgRz reporter
cell assay

The BW5147-FcgRz reporter assay allows for individual

exploration of CRP-FcgR interaction resulting in effective receptor

crosslinking rather than simple CRP binding. In agreement with the

literature (21–24, 27), we observed a readily induced activation of

CD64 (FcgRI) and FcgRs CD32a and CD32b (FcgRII) but not CD16aF,
CD16aV, and CD16b (FcgRIII) (Table 1; Figure 6). Pronounced
TABLE 1 FcgR activation profiles induced by distinct ligands.

FcgR CD16aF
(FcgRIIIaF)

CD16aV
(FcgRIIIaV)

CD16b
(FcgRIIIb)

CD32aH
(FcgRIIaH)

CD32aR
(FcgRIIaR)

CD32b
(FcgRIIb)

CD64
(FcgRI)

Immob. IgG + + + + + + +

Immob. p/mCRP - - - - + + +

Sol. ICs NA + NA + (+) + -

Sol. pCRP NA - NA NA + (+) +
FcgR-activation observed in BW5147-FcgRz reporter assay for coating (‘crosslinking’) of IgG or p/mCRP, as well as soluble ICs (TNFa+Infliximab) and soluble pCRP (+/- pre-incubation with S.
pneumoniae serotype 27). Activation “+” is defined as OD (L=450–620 nm) 0.3-2.0 higher than background level OD, threshold activation “(+)” is defined as OD=0.15-0.3 higher than
background level, no activation “-” as OD<0.15 higher than background. NA, no data available.
FIGURE 6

Graphical abstract summarizing FcgR- activation patterns for IgG, p/mCRP and soluble ICs. Created in BioRender. Hoffmann, K. (2025): https://
BioRender.com/bf8vz3b; https://BioRender.com/n08p187; https://BioRender.com/n6jkoc7; https://BioRender.com/lgmkfx9; https://BioRender.
com/c5sm64s.
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differences were noted concerning FcgRII/CD32. The inhibitory FcgR
CD32b as well as the activating allelic variant CD32aR responded to

pCRP, but CD32aH did not. Again, this finding confirms earlier

reports (23, 24, 26, 27). This allelic restriction was also observed in

the ‘reverse’ ELISA binding assay, where CD32aR binding to coated

CRP was in clear contrast to the very slight binding to CD32aH

(Figure 4, less pronounced in the ‘non-reversed’ setup of Figure 3).

Even though CRP binding to CD16aF or CD16b appeared stronger

than CD32b in the ‘standard’ ELISA binding assay, no receptor

crosslinking could be detected in this setting, whereas the FcgRs
showing the highest binding affinity to CRP in the ‘reverse’ setup -

CD32aR, CD64 and CD32b - were readily activated in the BW5147-

FcgRz reporter cell assay. Thus, the ‘in solution’ binding potential

might be indicative of subsequent FcgR activation in this setting.
4.3 Insights into CRP conformation causing
FcgR activation

While binding to and activation of FcgRs by CRP has been

reported, little is known about the conformational isoforms of CRP

that are capable of triggering FcgRs. Binding studies have analyzed
the interaction of non-ligand-bound pCRP (23, 24), whereas

experimental systems of CRP-mediated FcgR activation have

often used ligand-bound CRP after pre-incubation with CWPS

(27), streptococci (26) or Zymosan (23). Although binding to these

ligands favors the formation of pCRP* conformation, as has been

described for binding to PC groups on activated cell membranes

and microvesicles (10), the conformation of the CRP isoform(s) that

cause activation of individual FcgRs remains elusive.

Here, we present several lines of observation pointing to pCRP*

as the major FcgR-activating CRP isoform. First, compared to pCRP

in the solution phase, FcgR activation was significantly higher for

immobilized pCRP on hydrophilic MaxiSorp surfaces. Second, pre-

incubation with streptococci, likely favoring pCRP* conformation,

increased activation levels compared to soluble pCRP. Third,

activation levels caused by immobilized pCRP were higher than

for immobilized mCRP. Intriguingly, conformation-specific mAbs,

i.e., anti-pCRP antibody clone 8D8 binding the inert pentamer and

anti-pCRP*/mCRP (‘neoepitope’) antibody clone 9C9, revealed the

simultaneous presence of both isoforms after coating of pCRP to

MaxiSorp wells. The coating of MaxiSorp surfaces with mCRP

confirmed exclusive recognition by mAb 9C9 at comparatively low

levels of FcgR triggering (Figure 2C), supporting the notion that

9C9 reactive pCRP* is closely associated with FcgR activation. This

notion is consistent with the findings of Lv and Wang, who

compared binding pattern of pCRP- as well as mCRP/pCRP*-

specific mAbs upon immobilization on hydrophilic MaxiSorp

plates (46). Considering the plastic surface properties, the time

course of the coating inducing conformational changes and the lack

of binding of soluble pCRP by immobilized mCRP, they concluded

that the dual mAb antigenicity of 9C9 and 8D8 is caused by pCRP*

rather than mixture of pCRP and mCRP (46). Thus, surface

immobilization on plastic surfaces is suggested as a simple way to

generate pCRP* in vitro, mimicking the process that takes place on
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cell membranes in vivo (46). Contrary to mCRP, Lv and Wang

found surface immobilized pCRP* to bind solution phase pCRP. As

the amounts of CRP used in our studies were about ten times higher

than those employed in binding studies by Lv and Wang,

association of native pCRP molecules in solution phase to coated

pCRP* could have occurred during our coating process, explaining

why 8D8 reactive material is found upon immobilization of higher

amounts of CRP to plates. This resembles in vivo scenarios on cell

membranes or pathogen interfaces, with native pCRP molecules

changing conformation towards the pCRP* isotype upon binding

and subsequently facilitating the recruitment of further pCRP

molecules. This fconcept reflects the coordination of both, the

opsonic activity of pCRP* followed by effective crosslinking of

FcgRs as essential mediators of phagocytosis.

Increasing evidence indicates that mCRP is initiating most pro-

inflammatory actions of CRP as highlighted by its increased binding

capacity to C1q and exposure of the cholesterol-binding sequence

(7, 61). Accordingly, mCRP is considered the relevant isoform of

CRP in the regulation of local inflammation. Our findings could

extend this concept: the data suggest that pCRP/pCRP* is generally

also capable of mediating relevant immune effector functions via

FcgR-bearing cells, and that mCRP-mediated activation of FcgRs is
even lower than for pCRP*. In conjunction with the known

differences in half-life between pCRP and mCRP the results

suggest that CRP isoforms might trigger separate effectors,

leading to step-by-step cascades of activation and decline.
4.4 Ligand-ligand interactions of CRP

IgG, CRP and soluble ICs are independently generated FcgR-
ligands present within the same immunological compartments.

This could allow for competitive binding and ligand

displacement. We investigated the impact of these three ligands

on activation mediated by any other one of the three. Interestingly,

pCRP in the solution phase could not reduce the dominant

activating effect of sICs on FcgRIIb/IIIaV (Figure 5A). However,

conversely, pCRP-dependent activation of FcgRI showed significant
inhibition by monomeric IgG but not by IgA used as a control.

Intriguingly, the IgG levels employed in our experiments were in the

range of 2.5 mg/dl which is at least one order of magnitude lower

than the normal range of IgG levels in human serum (407-2,170

mg/dl) (62). Consequently, IgG may inhibit native pCRP-mediated

activation even more pronouncedly than was documented in our

experimental setting. Immobilization on MaxiSorp ELISA plates,

however, enabled pCRP to activate FcgRI even in the presence of

high concentrations of monomeric IgG (Figure 5B). Again, this

observation along with the fact that Streptococcus pneumoniae

serotype 27 increased pCRP bioactivity in the solution phase

supports the concept that the conformational change of pCRP

into pCRP* strongly increases its potency to crosslink FcgRs.
Notably, in the presence of physiological IgG concentrations

found in plasma soluble pCRP has only negligible FcgRI/CD64
activating capabilities, implying an important anti-inflammatory

role of IgG on CRP-dependent FcgR activation. In contrast, locally
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immobilized pCRP in a pCRP* conformation readily acquires

FcgRI/CD64 activating capabilities, unaffected by the presence of

monomeric IgG. The findings highlight the role of pCRP* for FcgR
activation in localized inflammatory processes.
4.5 Limitations of the BW5147 FcgRz
reporter cell-based CRP detection

Limitations of the assay platform are evident when testing

native human material, e.g., sera and other liquid specimens

containing a variety of different proteins and immunoglobulins

present. Additionally, for solution-phase examinations we only

observed FcgR activation by pCRP when using relatively high

concentrations of pCRP (>100 µg/ml), which are only present in

patients under certain conditions, e.g., severe inflammation or

sepsis. Competing, abundant FcgR ligands with higher affinities

than pCRP, like IgG or sICs, are consistently present in patient’s

liquid biopsies. Favored by the fact that BW5147 cells are largely

inert to human cytokines, the BW5147-FcgRz reporter cell platform
has been successfully applied and validated for the highly sensitive

detection of virus-specific IgG in serum, sICs in patient and animal

samples, and viral FcgR ligands (21, 34, 35, 37, 63, 64). The presence

of such ligands with high FcgR affinity in native clinical materials

could easily cause confounding effects on BW5147-FcgRz reporter

cells, making the attribution of measured bioactivities to pCRP

difficult or even impossible. Nevertheless, it will be useful in the

future to carefully explore possible applications of the new test

system by combining it with quantitative, highly sensitive CRP

assays in patient-derived material or for clinical research purposes.
4.6 Conclusions

Key advances of this reporter cell system include (i) its high

accuracy and resolution of FcgR type-specific activation, (ii) a

scalable and quantifiable assay with flexible high-throughput

readouts in the nanomolar range, (iii) a reporter system sensitive

to CRP isoforms, (iv) a comprehensive panel including all human

FcgRs, and (v) a test system that allows easy integration of

additional FcgR ligands and modifiers of CRP-mediated

activation. In practice, the platform is suitable for implementation

in small or large screening setups in research laboratories. This

reporter cell approach allows for future adaptations, as the FcgR-
bearing reporter cells can be engineered with additional CRP

interactors and alternative reporter modules to optimize the

methodology for specific applications.
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59. Kiefer J, Zeller J, Schneider L, Thomé J, McFadyen JD, Hoerbrand IA, et al. C-
reactive protein orchestrates acute allograft rejection in vascularized composite
allotransplantation via selective activation of monocyte subsets. J Adv Res. (2024) 9,
S2090-1232(24)00291-1. doi: 10.1016/j.jare.2024.07.007

60. Heuertz RM, Schneider GP, Potempa LA, Webster RO. Native and modified C-
reactive protein bind different receptors on human neutrophils. Int J Biochem Cell Biol.
(2005) 37:320–. doi: 10.1016/j.biocel.2004.07.002

61. Ullah N, Wu Y. Regulation of conformational changes in C-reactive protein
alters its bioactivity. Cell Biochem Biophys. (2022) 80:595–608. doi: 10.1007/s12013-
022-01089-x

62. Gonzalez-Quintela A, Alende R, Gude F, Campos J, Rey J, Meijide LM, et al.
Serum levels of immunoglobulins (IgG, IgA, IgM) in a general adult population and
their relationship with alcohol consumption, smoking and common metabolic
abnormalities. Clin Exp Immunol. (2008) 151:42–50. doi: 10.1111/j.1365-2249.2007.
03545.x

63. Corrales-Aguilar E, Trilling M, Reinhard H, Falcone V, Zimmermann A, Adams
O, et al. Highly individual patterns of virus-immune IgG effector responses in humans.
Med Microbiol Immunol (Berl). (2016) 205:409–24. doi: 10.1007/s00430-016-0457-y
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Background: The ratio of C-reactive protein to high-density lipoprotein

cholesterol (CRP/HDL-c) reflects systemic inflammation and lipid status, both

of which are implicated in uric acid metabolism. This study aimed to investigate

the association between CRP/HDL-c and the prevalence of hyperuricemia (HUA)

among adults with diabetes or prediabetes.

Methods: This cross-sectional study included 10915 adults with diabetes or

prediabetes from the Health Management Institute of the PLA General Hospital.

Hyperuricemia was defined as a serum uric acid concentration ≥7 mg/dL in men

and ≥6 mg/dL in women. Participants were divided into quartiles according to the

ratio. Multivariate logistic regression and restricted cubic spline analyses were used

to assess associations. Subgroup analyses and interaction tests were performed.

Results: The prevalence of HUA increased across CRP/HDL-c quartiles (18.43%,

20.39%, 24.54%, and 29.82%; P < 0.001). Higher CRP/HDL-c levels were

independently associated with increased HUA risk (odds ratio [OR] = 1.64, 95%

confidence interval [CI]: 1.14–2.36; P = 0.008). Participants in the highest quartile

had a significantly higher risk compared to those in the lowest quartile (OR = 1.33,

95% CI: 1.15–1.54; P < 0.001). The association was stronger in females (OR = 1.30)

than in males (OR = 1.14), with a significant gender interaction (P for interaction =

0.031). Among females, the association was more pronounced in those aged

<50 years (OR = 1.47). RCS analysis indicated a linear dose–response relationship.

Conclusions: An elevated C-reactive protein to high-density lipoprotein

cholesterol ratio is significantly associated with a higher risk of hyperuricemia

in adults with diabetes or prediabetes, particularly in younger females.
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1 Introduction

Hyperuricemia (HUA) is a metabolic disorder syndrome caused

by abnormalities in purine metabolism. Uric acid, the end product

of purine metabolism, is mainly produced in the liver. Under

normal conditions, uric acid production and excretion are

maintained in dynamic balance. When uric acid production

increases excessively or excretion decreases, serum uric acid levels

rise, leading to HUA. Epidemiological and clinical studies have

linked HUA with the development of various diseases, including

chronic kidney disease, fatty liver, metabolic syndrome,

hypertension, insulin resistance, obesity, as well as cardiovascular

and cerebrovascular diseases (1–3). It is also an independent

predictor of premature death (4). Recent trends suggest an

increase in the prevalence of HUA, which is attributed to changes

in lifestyle, particularly in high- and middle-income countries (5).

According to the National Health and Nutrition Examination

Survey (NHANES) in the United States, approximately 21% of

adults, or 43 million people, have been diagnosed with HUA (6).

The prevalence of HUA in China and South Korea is 6.4% and

11.4%, respectively (7, 8). HUA prevalence among diabetic patients

has been reported to be 21.24% in China (9) and 20.70% in North

America (10).

HUA is closely associated with abnormal glucose metabolism

(11). Individuals with elevated serum uric acid levels are

significantly more likely to develop diabetes than those with

normal levels, and conversely, people with diabetes have an

increased risk of developing HUA (12, 13). This bidirectional

relationship likely involves multiple mechanisms. HUA may

disrupt glucose homeostasis by impairing insulin signaling and

promoting insulin resistance (14). In parallel, diabetes is often

accompanied by metabolic disturbances such as obesity and

dyslipidemia, which can further exacerbate uric acid metabolism

disorders (15). Therefore, managing serum uric acid levels in

patients with diabetes or prediabetes is essential—not only to

reduce the risk of gout, but also to improve overall metabolic

health, lower the incidence of chronic complications, and enhance

both quality of life and life expectancy.

HUA and abnormal glucose metabolism are both closely linked

to inflammation (16, 17). Raised uric acid levels and chronic

disturbances in glucose metabolism can activate intracellular

signaling pathways and promote the expression of inflammatory

cytokines, triggering systemic inflammation and contributing to

organ damage. Inflammatory states, in turn, may increase the risk of

HUA, diabetes, and diabetes-related complications, creating a self-

reinforcing cycle. C-reactive protein (CRP) is a widely used

inflammatory marker. It plays a key role in inflammatory

responses, atherosclerosis, autoimmune conditions and

cardiovascular disease (18–20). Dyslipidemia—characterized by

elevated triglycerides, total cholesterol, low-density lipoprotein

cholesterol, and reduced high-density lipoprotein cholesterol

(HDL-c)—is associated with higher risks of diabetes and HUA

(21). Low HDL-c, in particular, is a known risk factor for diabetes,

cardiovascular disease, and other metabolic disorders (22, 23). The

CRP/HDL-c has been proposed as a combined marker of
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inflammation and lipid status, and has shown associations with

cardiovascular and metabolic disease risk (24, 25). One study found

a significant association between CRP/HDL-c and HUA in US

adults (26). However, no studies have yet examined this relationship

in people with diabetes or prediabetes, highlighting a gap that

warrants further investigation.

Using data sourced from the Health Management Institute of

the Second Medical Centre, PLA General Hospital, the aim of this

study was to investigate the relationship between the CRP/HDL-c

ratio and the risk of developing HUA in this population. The

hypothesis of this study was that there would be a strong correlation

between the CRP/HDL-c ratio and the risk of HUA among

individuals with diabetes or prediabetes.
2 Materials and methods

2.1 Study population

This study utilized data from the Health Management Research

Institute of PLA General Hospital, collected between November

2009 and December 2016. A total of 10,915 individuals aged 18 to

80 years with either diabetes or prediabetes were retrospectively

included. All participants provided written informed consent for

the use of their clinical data at the time of their hospital visit, in line

with institutional policies. The study was approved by the Research

Ethics Committee of Beijing Hospital (2025BJYYEC-KY03901).

Diabetes and prediabetes were defined according to the American

Diabetes Association (ADA) criteria (27). Diabetes was diagnosed

based on a self-reported history of physician-diagnosed diabetes, a

fasting plasma glucose (FPG) level ≥126 mg/dL, a 2-hour plasma

glucose level ≥200 mg/dL after a 75-g oral glucose tolerance test

(OGTT), or a hemoglobin A1c (HbA1c) level ≥6.5%. Prediabetes

was defined as the absence of a prior diabetes diagnosis combined

with either impaired fasting glucose (FPG 100–125 mg/dL),

impaired glucose tolerance (2-hour plasma glucose 140–199 mg/

dL after OGTT), or an HbA1c level of 5.7–6.4%. FPG was measured

after an overnight fast of at least 10 hours. Both FPG and 2-hour

plasma glucose levels following the OGTT were assessed according

to standardized procedures. HbA1c was measured in a central

laboratory using high-performance liquid chromatography with

the boronate affinity method (Bio-Rad D-10 Hemoglobin

Analyzer) following established protocols. Exclusion criteria

included: (1) missing CRP or HDL-c data; (2) age <18 years; (3)

pregnancy; (4) acute inflammatory or infectious diseases at the time

of data collection; (5) use of medications influencing CRP or HDL-c

(e.g., corticosteroids, statins); and (6) diagnosed malignancies.
2.2 Exposure and outcome definitions

In this study, the CRP/HDL-c, which is the ratio of CRP to

HDL-c, was used as the exposure variable. HUA was defined as SUA

levels ≥ 7 mg/dL (420umol/l) in men and ≥ 6 mg/dL(360umol/l) in

women (28).
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2.3 Covariate definitions

The study accounted for multiple potential covariates, including

age (years), gender, smoking status, diabetes mellitus status,

hypertension status, blood pressure, body mass index (BMI, kg/

m²), waist-to-hip ratio (WHR), and a series of biochemical markers.

These included glycated hemoglobin (HbA1c, %), alanine

aminotransferase (ALT, U/L), aspartate aminotransferase (AST,

U/L), triglycerides (TG, mmol/L), low-density lipoprotein

cholesterol (LDL-C, mmol/L), creatinine (Cr, μmol/L), and

estimated glomerular filtration rate (eGFR, mL/min/1.73 m²).

BMI was categorized as <25 kg/m² (normal), 25–29.9 kg/m²

(overweight), or ≥30 kg/m² (obese). The eGFR was calculated

using the Chronic Kidney Disease Epidemiology Collaboration

(CKD-EPI) equation (29). Smoke was defined as the consumption

of ≥10 cigarettes per day for ≥1 year, based on criteria from relevant

literature (30). Alcohol consumption was classified as limited

drinking (no alcohol or ≤25 g/day for men and ≤15 g/day for

women) or excessive drinking (≥25 g/day for men and ≥15 g/day for

women) (31). Hypertension status was determined based on self-

reported history.
2.4 Data collection

Electronic medical records were retrospectively reviewed to

obtain demographic and biochemical data. Information including

age, systolic and diastolic blood pressure (SBP and DBP), smoking

status, and alcohol consumption was collected using standardized

methods. Fasting venous blood samples were drawn from all

participants following an overnight fast and processed in

accordance with the quality control standards of the Clinical

Laboratory at PLA General Hospital (32). Serum concentrations of

total cholesterol (TC), triglycerides (TG), high-density lipoprotein

cholesterol (HDL-C), low-density lipoprotein cholesterol (LDL-C),

fasting blood glucose (FBG), hemoglobin A1c (HbA1c), alanine

aminotransferase (ALT), aspartate aminotransferase (AST), blood

urea nitrogen (BUN), creatinine (Cr), and uric acid (UA) were

measured using validated laboratory techniques. C-reactive protein

(CRP) levels were determined by nephelometry. The CRP-to-HDL-C

ratio was subsequently calculated.
2.5 Statistical analysis

All statistical analyses were performed using R software (version

4.4.3). Continuous variables with a normal distribution were

expressed as mean ± standard deviation (SD), while those with a

skewed distribution were presented as median (interquartile range).

Group differences in continuous variables were assessed using the

independent samples t-test or the Mann–Whitney U test, as

appropriate. Categorical variables were compared using the chi-

square test. Logistic and linear regression models were employed to

evaluate the associations of CRP, HDL-C, and the CRP/HDL-C

ratio with both the risk of HUA and SUA concentrations.
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Multicollinearity was assessed using the variance inflation factor

(VIF). Decision curve analysis (DCA) and receiver operating

characteristic (ROC) curve analysis were conducted to assess the

predictive value of CRP, HDL-C, and the CRP/HDL-C ratio for

identifying HUA risk. Subgroup analyses were also performed.

Finally, restricted cubic spline (RCS) logistic regression with three

knots was applied to explore potential nonlinear relationships

between the CRP/HDL-C ratio and the risk of developing HUA.

A two-sided P value < 0.05 was considered statistically significant.
3 Results

3.1 Baseline characteristics of study
participants

Table 1 showed the baseline characteristics of the study participants

(n = 10915) with diabetes or pre-diabetes stratified by without or with

hyperuricemia. The average age of the participants was 51.63 years, and

72.23% of them were male. Compared with the non-HUA group, the

HUA group was younger and had more males, drinkers, and

individuals with diabetes (P < 0.05). Additionally, individuals in this

group exhibited increased SBP, DBP, BMI,WHR, ALT concentrations,

AST concentrations, BUN concentrations, Cr concentrations, and UA

concentrations, FBG values, FCP concentrations, FINS concentrations,

HOMA-IR, TG concentrations, TC concentrations, LDL-c

concentrations, CRP (P < 0.001). Conversely, reduced eGFR and

lower levels of HDL-c were significantly more common in the HUA

group (P < 0.001). The HUA group exhibited notably greater CRP/

HDL-c values than did the non-HUA group (P < 0.001).
3.2 Baseline characteristics based on the
quantiles of the CRP/HDL-c

According to the CRP/HDL-c, the subjects were categorized into

four groups based on quantiles (Table 2). The high-CRP/HDL-c

quantile group exhibited greater proportions of males, individuals

with diabetes and hypertension (P < 0.001). Furthermore, SBP, DBP,

BMI, waist to hip ratio, ALT concentrations, AST concentrations,

eGFR, FBG values, HbA1c values, FCP concentrations, FINS

concentrations, HOMA-IR, TG concentrations, CRP were obviously

increased (P < 0.001). In contrast, the proportions of individuals with

high eGFRs, and high HDL-c levels decreased (P < 0.001). Compared

to those in the lowest CRP/HDL-c quartile, individuals in the second,

third and fourth quartile were younger (P < 0.001). Notably, a higher

CRP/HDL-c was related to increased levels of SUA and a greater

prevalence of HUA (18% vs.20% vs. 25% vs. 30%, P < 0.001).
3.3 Association between the CRP/HDL-c
and the risk of developing HUA

Table 3A showed that CRP/HDL-c was positively correlated

with the prevalence of HUA, a statistically significant relationship
frontiersin.org

https://doi.org/10.3389/fendo.2025.1619370
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Huang et al. 10.3389/fendo.2025.1619370
that persisted across unadjusted, partially adjusted, and fully

adjusted logistic regression models. After full adjustment, each

unit increase in the CRP/HDL-c ratio was associated with a 64%

higher risk of HUA (OR=1.64, 95% CI: 1.14 to 2.36; P=0.008;

Supplementary Tables 1, 2). When stratified by quartiles,
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participants in the highest quartile of CRP/HDL-c had a

significantly greater risk compared with those in the lowest

quartile (OR=1.33, 95% CI: 1.15 to 1.54; P<0.001).In a linear

regression analysis using SUA as the dependent variable, CRP/

HDL-c was positively and significantly associated with SUA levels

(b=0.26, 95% CI: 0.10 to 0.43; P=0.002; Table 3B). Receiver

operating characteristic (ROC) curve analysis showed that the

areas under the curve (AUCs) for CRP/HDL-c, CRP, and HDL-c

were 60.36%, 55.08%, and 59.55%, respectively. Decision curve

analysis (DCA) further demonstrated that CRP/HDL-c provided

a greater net benefit compared with CRP or HDL-c alone

(Figures 1, 2).
3.4 Sensitivity analysis of individual CRP
and HDL-c levels

To assess whether the observed association between the CRP/

HDL-c ratio and HUA was driven primarily by changes in CRP or

HDL-c alone, we conducted a sensitivity analysis evaluating the

associations of CRP and HDL-c quartiles separately with HUA. As

shown in Supplementary Table 3, compared with participants in the

lowest CRP quartile, those in the third and fourth quartiles had

significantly higher odds of hyperuricemia (Q3: OR=1.17, 95% CI:

1.01 to 1.34, P = 0.031; Q4: OR = 1.26, 95% CI: 1.10 to 1.45,

P=0.009), indicating a positive association between systemic

inflammation and uric acid levels. In contrast, higher HDL-c

levels were inversely associated with hyperuricemia risk.

Compared with the lowest HDL-c quartile, participants in the

third and fourth quartiles exhibited significantly lower odds of

HUA (Q3: OR=0.87, 95% CI: 0.73 to 0.98, P=0.045; Q4: OR=0.83,

95% CI: 0.68 to 0.95, P=0.032).These findings suggest that both

elevated CRP and reduced HDL-c independently contribute to

increased HUA risk, thereby supporting the use of CRP/HDL-c as

an integrative biomarker reflecting combined inflammatory and

lipid-related risk factors.
3.5 Subgroup analysis

Subgroup analyses were carried out considering factors such as

age, gender, BMI, smoking status, drinking status, diabetes status,

hypertension status, and eGFR to evaluate the robustness of the

association between CRP/HDL-c and the risk of developing HUA

across different populations with diabetes or pre-diabetes (Figure 3).

The results indicated that the positive association remained

consistent across most subgroups. Notably, the association was

stronger in females (OR = 1.30, 95% CI: 1.14–1.49) than in males

(OR = 1.14, 95% CI: 1.07–1.21), with a significant interaction by

gender (P for interaction = 0.031). Further age-stratified analyses

among females revealed that the OR for the <50 years group was

1.47, which was higher than the OR of 1.23 observed in the ≥50

years group (P for interaction = 0.008) (Supplementary Figure 1).

This finding suggests that the CRP/HDL ratio may serve as a

stronger predictor of hyperuricemia in younger women.
TABLE 1 Characteristics of participants with diabetes or pre-diabetes
stratified by without or with hyperuricemia.

Characteristic
Non-HUA
group
(N = 8,372)

HUA group
(N = 2,543)

p-value

Age (years) 51 (47, 57) 50 (45, 55) <0.001

Male gender, n (%) 5,694 (68%) 2,190 (86%) <0.001

SBP (mmHg) 123 (112, 135) 127 (116, 138) <0.001

DBP (mmHg) 79 (72, 87) 82 (76, 89) <0.001

BMI (kg/m2) 25.6 (23.7, 27.7) 27.0 (25.1, 29.0) <0.001

WHR 0.93 (0.86, 0.97) 0.95 (0.92, 0.98) <0.001

ALT (U/L) 21 (15, 30) 26 (18, 38) <0.001

AST (U/L) 19 (16, 23) 20 (17, 26) <0.001

BUN (mmol/l) 5.10 (4.40, 6.00) 5.30 (4.50, 6.20) <0.001

Cr (umol/l) 67 (57, 76) 75 (65, 83) <0.001

eGFR(mL/min/
1.73 m2)

103 (96, 109) 101 (92, 108) <0.001

SUA (umol/l) 325 (276, 367) 455 (432, 494) <0.001

FBG (mmol/l) 5.76 (5.24, 6.77) 5.87 (5.37, 6.64) <0.001

HbA1c (%) 6.00 (5.80, 6.50) 6.00 (5.80, 6.40) 0.084

FCP (ng/ml) 2.52 (1.97, 3.20) 3.11 (2.57, 3.82) <0.001

FINS (mU/L) 10 (7, 15) 12 (9, 17) <0.001

HOMA-IR 2.62(1.73-3.93) 3.27(2.29-4.77) <0.001

TG (mmol/l) 1.55 (1.10, 2.23) 2.08 (1.48, 3.08) <0.001

TC (mmol/l) 4.80 (4.16, 5.47) 4.99 (4.35, 5.69) <0.001

LDL-c (mmol/l) 3.15 (2.56, 3.73) 3.23 (2.62, 3.84) <0.001

HDL-c (mmol/l) 1.15 (0.96, 1.38) 1.05 (0.90, 1.24) <0.001

CRP (mg/l) 0.12 (0.07, 0.22) 0.15 (0.08, 0.27) <0.001

CRP/HDL-c 0.11 (0.06, 0.20) 0.14 (0.07, 0.26) <0.001

Smokers, n (%) 2,083 (25%) 661 (26%) 0.300

Drinkers, n (%) 2,595 (31%) 839 (33%) 0.013

Hypertension, n (%) 660 (7.9%) 204 (8.0%) 0.911

Diabetes, n (%) 1842 (22%) 786 (27%) <0.001
Data are number of subjects (percentage) or medians (interquartile range).
Mann–Whitney U test was used to compare the median values between participants with and
without hyperuricemia. Chi-square test was used to compare the percentage between
participants with and without hyperuricemia.
SBP, systolic blood pressure; DBP, diastolic blood pressure; BMI, body mass index; WHR,
waist to hip ratio; ALT, alanine aminotransferase; AST, aspartate aminotransferase; BUN,
blood urea nitrogen; eGFR, estimated glomerular filtration rate; SUA, serum uric acid; FBG
fasting blood glucose; HbA1c, glycated hemoglobin A; FCP, fasting plasma C-peptide; FINS,
fasting insulin; HOMA-IR, homeostatic model assessment of insulin resistance; TG,
triglycerides; TC, total cholesterol; LDL-c, low-density lipoprotein cholesterol; HDL-c,
high- -density lipoprotein cholesterol.
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No significant interactions were observed for age, BMI, smoking

status, drinking status, diabetes, hypertension, or eGFR (all P for

interaction > 0.05). Furthermore, the RCS results showed a linear

relationship between the CRP/HDL-c and the risk of developing

HUA across the entire diabetes and prediabetes population

(Supplementary Figure 2).
4 Discussion

This population-based study provides novel evidence for an

association between the CRP/HDL-c ratio and the risk of HUA in
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patients with diabetes or prediabetes. Compared with traditional

lipid and inflammatory markers, a higher CRP/HDL-c ratio was

more strongly associated with an increased risk of HUA in patients

with diabetes or prediabetes.

Currently, an estimated 537 million adults globally are affected

by diabetes, with over 90% of cases classified as type 2 diabetes

mellitus (T2DM). This number is projected to increase to 783

million by 2045 (33). HUA and T2DM commonly coexist, and

individuals with HUA have a 1.5-fold higher risk of developing

T2DM compared with the general population (13). A cross-

sectional analysis involving 1,037 individuals with diabetes and

272 healthy controls reported a significantly higher prevalence of
TABLE 2 Baseline characteristics of participants according to the quartiles of the CRP/HDL-c.

Characteristic
Q1(0.02, 0.05)
N = 2,729

Q2(0.07, 0.10)
N = 2,731

Q3(0.13, 0.18)
N = 2,726

Q4(0.27, 0.41)
N = 2,729

p value

Age (years) 52 (47, 57) 51 (46, 56) 51 (46, 56) 50 (45, 56) <0.001

Male gender, n (%) 1,826 (67%) 1,915 (70%) 2,021 (74%) 2,122 (78%) <0.001

SBP (mmHg) 123 (111, 135) 122 (111, 135) 125 (113, 136) 127 (115, 138) <0.001

DBP (mmHg) 80 (73, 87) 79 (72, 86) 80 (73, 87) 81 (74, 89) <0.001

BMI (kg/m2) 24.9 (22.8, 26.8) 25.5 (23.6, 27.5) 26.3 (24.6, 28.4) 27.2 (25.2, 29.3) <0.001

Waist to hip ratio 0.92 (0.84, 0.96) 0.93 (0.86, 0.96) 0.94 (0.89, 0.98) 0.95 (0.91, 0.99) <0.001

ALT (U/L) 20 (15, 29) 21 (15, 30) 23 (17, 35) 24 (17, 36) <0.001

AST (U/L) 19 (16, 23) 19 (16, 23) 19 (16, 24) 19 (16, 25) <0.001

BUN (mmol/l) 5.20 (4.40, 6.09) 5.10 (4.40, 6.00) 5.20 (4.40, 6.10) 5.10 (4.40, 6.00) 0.200

Cr (umol/l) 69 (59, 79) 68 (58, 78) 68 (59, 78) 69 (59, 78) 0.400

eGFR (mL/min/1.73 m2) 104 (95, 110) 103 (96, 109) 102 (95, 109) 101 (94, 107) <0.001

SUA (umol/l) 336 (278, 394) 341 (285, 399) 356 (301, 412) 367 (311, 425) <0.001

FBG (mmol/l) 5.70 (5.21, 6.53) 5.68 (5.21, 6.57) 5.84 (5.32, 6.74) 5.94 (5.35, 7.13) <0.001

HbA1c (%) 5.90 (5.80, 6.30) 6.00 (5.80, 6.40) 6.00 (5.80, 6.50) 6.10 (5.80, 6.80) <0.001

FCP (ng/ml) 2.33 (1.81, 2.98) 2.51 (1.99, 3.13) 2.79 (2.23, 3.45) 3.03 (2.43, 3.76) <0.001

FINS (mU/L) 9 (6, 13) 10 (7, 14) 11 (8, 16) 13 (9, 18) <0.001

HOMA-IR 2.28 (1.52, 3.37) 2.53 (1.69, 3.71) 3.01 (2.05, 4.28) 3.38 (2.28, 5.15) <0.001

TG (mmol/l) 1.49 (1.05, 2.23) 1.49 (1.06, 2.18) 1.72 (1.26, 2.41) 1.92 (1.38, 2.79) <0.001

TC (mmol/l) 4.88 (4.19, 5.59) 4.83 (4.18, 5.47) 4.86 (4.24, 5.51) 4.81 (4.18, 5.50) 0.110

LDL-c (mmol/l) 3.18 (2.53, 3.82) 3.18 (2.59, 3.76) 3.20 (2.63, 3.75) 3.12 (2.56, 3.73) 0.072

HDL-c (mmol/l) 1.29 (1.07, 1.54) 1.19 (1.02, 1.39) 1.08 (0.92, 1.25) 0.98 (0.84, 1.14) <0.001

CRP (mg/l) 0.04 (0.02, 0.06) 0.10 (0.08, 0.12) 0.17 (0.14, 0.20) 0.37 (0.27, 0.41) <0.001

Smoke, n (%) 677 (25%) 708 (26%) 662 (24%) 697 (26%) 0.501

Drink, n (%) 881 (32%) 890 (33%) 899 (33%) 890 (33%) 0.988

Hypertension, n (%) 141 (5.2%) 232 (8.5%) 247 (9.1%) 253 (9.3%) <0.001

Diabetes, n (%) 595 (22%) 604 (22%) 721 (26%) 900 (33%) <0.001

HUA 503 (18.43%) 557 (20.39%) 669 (24.54%) 814 (29.82%) <0.001
Data are number of subjects (percentage) or medians (interquartile ranges).
Kruskal-Wallis rank sum test was used to compare the median values between participants.
Chi-square test was used to compare the percentage between participants.
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HUA among patients with diabetes than among controls (34).

Other studies have similarly shown that the prevalence of HUA is

highest among individuals with impaired glucose tolerance,

exceeding that observed in patients with T2DM or prediabetes

individuals (35). Elevated serum uric acid levels have also been

linked to an increased risk of chronic kidney disease (36),

cardiovascular disease, hypertension (37), T2DM, metabolic

syndrome (38, 39), and cognitive decline (40). Although the

causal relationship between HUA and diabetes-related

complications remains uncertain, several studies have identified

elevated UA levels as a risk factor for atherosclerosis in patients with

T2DM (41, 42). Given these findings, greater attention should be

paid to the management of serum UA levels in individuals with

diabetes or prediabetes to prevent the development of HUA.
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The identification of novel predictive markers is also warranted to

enable early detection and timely intervention.

CRP/HDL-c has been introduced into clinical practice as a

potential marker for predicting metabolic syndrome (MetS) (43).

Compared with single biomarkers, this ratio may better capture the

interplay between lipid metabolism and systemic inflammation,

particularly in individuals with diabetes or prediabetes, thereby

improving the accuracy of clinical risk stratification. In our study,

the CRP/HDL-C ratio was strongly associated with the risk of HUA

in both diabetic and prediabetic populations. Insulin resistance (IR),

a common feature of diabetes and prediabetes, contributes to

hyperglycemia, which may increase hepatic gluconeogenesis,

impair lipid metabolism, and promote oxidative stress and

inflammation—mechanisms that are likely to underlie the
TABLE 3 Regression analyses for the association between CRP/HDL-c and HUA risk or SUA concentration.

A

HUA Model 1 Model 2 Model 3

OR (95%CI) P value OR (95%CI) P value OR (95%CI) P value

Continuous

CRP 2.25(1.55,3.29) <0.001 2.24(1.54,3.25) <0.001 1.95(1.26,2.98) <0.001

HDL-c 0.30(0.26,0.36) <0.001 0.63(0.53,0.75) <0.001 0.90(0.71,1.14) 0.384

CRP/HDL-c 2.64(1.65,3.73) <0.001 2.25(1.57,3.14) <0.001 1.64(1.14,2.36) 0.008

Categories

Quantile 1 reference reference reference

Quantile 2 1.13(0.99,1.30) 0.067 1.02(0.89,1.17) 0.746 1.11(0.96,1.29) 0.146

Quantile 3 1.44(1.26,1.64) <0.001 1.14(1.00,1.31) 0.049 1.17(1.02,1.36) 0.028

Quantile 4 1.88(1.66, 2.14) <0.001 1.34(1.17,1.53) <0.001 1.33(1.15,1.54) <0.001

P for trend < 0.001 <0.001 <0.001

B

SUA Model 1 Model 2 Model 3

b(95%CI) P value b(95%CI) P value b(95%CI) P value

Continuous

CRP 1.00(0.81, 1.20) <0.001 0.47(0.28,0.66) <0.001 0.48(0.30,0.65) <0.001

HDL-c -1.30(-1.40, -1.20) <0.001 -0.25(-0.33, -0.17) <0.001 0.01(-0.11,0.09) 0.828

CRP/HDL-c 1.30(1.10, 1.50) <0.001 0.47(0.30,0.65) <0.001 0.26(0.10,0.43) 0.002

Categories

Quantile 1 reference reference reference

Quantile 2 0.10(0.02, 0.17) 0.009 -0.02(-0.08,0.05) 0.643 0.03(-0.03,0.09) 0.323

Quantile 3 0.35(0.27, 0.42) <0.001 0.09(0.03,0.16) 0.004 0.10(0.04,0.16) 0.001

Quantile 4 0.53(0.46, 0.61) <0.001 0.16(0.09,0.22) <0.001 0.14(0.08,0.20) <0.001

P for trend < 0.001 < 0.001 < 0.001
(A) Logistic regression analysis results for the association between the CRP/HDL-c and the risk of developing HUA. (B) Linear regression analysis results for the association between the CRP/
HDL-c and the SUA concentration.
OR: odds ratio;95% CI: 95% confidence interval.
Model 2: adjusted for age, gender, BMI; Model 3: adjusted for age, gender, SBP, DBP, BMI, Waist to hip ratio, ALT, AST, BUN, Cr, eGFR, FBG, FCP, FINS, TC, TG, LDL-c, HbA1c,
Drinkers, Hypertension.
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development of HUA (44). Previous animal studies have shown that

small-molecule inhibitors targeting fatty acid synthase can improve

hepatic function, reduce inflammation, and attenuate oxidative

stress in obese mice fed a high-sugar diet (44).Our findings also

showed that patients with diabetes or prediabetes and concurrent

HUA had significantly higher HOMA-IR values, suggesting more
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severe insulin resistance in this group. Moreover, individuals in the

highest quartile of CRP/HDL-C had both higher HOMA-IR levels

and greater risk of HUA compared with those in the lowest quartile,

consistent with previous research. Obesity was highly prevalent

among participants with diabetes or prediabetes. Those with

coexisting HUA had significantly higher BMI, indicating a
FIGURE 1

DCA results.
FIGURE 2

ROC results.
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possible link between obesity and elevated SUA through two main

pathways. One relates to lifestyle factors such as diets high in

purine-rich meat, fat, and alcohol. The other involves adipokine

regulation. Low adiponectin levels have been associated with both

microvascular and macrovascular complications of diabetes, while

leptin has shown variable associations with coronary heart disease

in patients with type 2 diabetes (45). Notably, previous studies have

reported an inverse relationship between SUA and adiponectin

levels in hypertensive patients with MetS (46). Interestingly, the

association between CRP/HDL-c and hyperuricemia was stronger

in females than in males, with a significant interaction by gender.

Interestingly, our gender-stratified analyses revealed that the

association between the CRP/HDL ratio and HUA was stronger

in females than in males. Notably, this association was most

pronounced among women aged <50 years. Several biological and

hormonal mechanisms may underlie this observation. Estrogen is

known to exert anti-inflammatory effects and to enhance HDL-C

levels, potentially leading to a more dynamic balance between pro-

and anti-inflammatory processes in premenopausal women (47,

48). As a result, fluctuations in the CRP/HDL ratio may better

reflect early metabolic disturbances in this population. Moreover,

estrogen has been shown to facilitate uric acid excretion via renal
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pathways, and declining estrogen levels with age may attenuate this

protective effect. Prior studies have similarly demonstrated sex-

specific differences in inflammation and lipid metabolism,

highlighting the need for gender- and age-specific risk

stratification in metabolic disease (49). These findings suggest that

the CRP/HDL ratio may serve as a particularly sensitive marker of

hyperuricemia risk in younger women.

This study possesses several important strengths. First, it

utilised data from a large-scale and well-established health

management database at the Second Medical Centre of the

Chinese PLA General Hospital, ensuring a substantial sample size

with strong representativeness and generalizability. Second,

potential confounding factors were rigorously controlled for

during both the design and analytical phases, thereby enhancing

the internal validity and reliability of the results. Third, restricted

cubic spline (RCS) modelling was employed to examine potential

non-linear associations between CRP/HDL-C and hyperuricemia,

and subgroup analyses were conducted to assess the robustness and

consistency of the findings across different population subgroups.

Fourth, to account for the possibility that an elevated CRP/HDL-c

ratio may arise from distinct individual alterations in CRP or HDL-

c, we examined their associations with hyperuricemia separately.
FIGURE 3

Subgroup analyses of all participants by gender, age, BMI, smoke, drink, hypertension, diabetes, and eGFR group.
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The consistent findings further supported the validity of CRP/HDL-

c as a robust composite marker integrating inflammatory and lipid-

related risk.

Nonetheless, several limitations should be acknowledged. First, the

cross-sectional design of this study precludes causal inference, and the

associations observed cannot establish temporal relationships.

Longitudinal and interventional studies are warranted to elucidate

underlying mechanisms. Second, although we adjusted for multiple

covariates, residual confounding cannot be ruled out. For instance, we

lacked data on the use of urate-lowering, lipid-lowering, and glucose-

lowering medications, as well as key lifestyle factors such as alcohol

consumption and dietary composition. Third, our study population

exhibited relatively well-controlled glycemic levels, as indicated by low

mean fasting glucose and HbA1c values. Future studies in populations

with poorer glycemic control are needed to verify the generalizability of

these findings. Fourth, although the CRP/HDL-c ratio functions as a

composite marker integrating inflammation and lipid metabolism, it

should be noted that a high ratio may result from elevated CRP,

decreased HDL-c, or both. These scenarios may reflect different

physiological mechanisms, and caution is warranted when

interpreting the clinical implications of the ratio in isolation. Finally,

although the CRP/HDL-c ratio was significantly associated with

hyperuricemia in both males and females, we observed a stronger

association in females (P for interaction = 0.031). Further subgroup

analysis revealed that this association was particularly pronounced in

females under 50 years old, with a significant interaction by age

observed in women (P for interaction = 0.008). These findings

underscore potential sex- and age-related heterogeneity, and suggest

that this marker should be interpreted with consideration of

demographic context and in conjunction with other clinical indicators.
5 Conclusion

We found a significant association between the CRP/HDL-c ratio

and the risk of hyperuricemia in people with diabetes or prediabetes.

Targeting inflammation and lipid metabolism to decrease this ratio

may offer a potential strategy for risk assessment, prevention, and

management of hyperuricemia in this population.
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Protection against prolonged 
pneumococcal infection involves 
structural changes in C-reactive 
protein and subsequent binding 
to both phosphocholine and 
amyloids on the bacterial surface 
Alok Agrawal1*†, Donald N. Ngwa1, J. Paul Simons2 

and Sanjay K. Singh1* 

1Department of Biomedical Sciences, College of Medicine, East Tennessee State University, Johnson 
City, TN, United States, 2Centre for Amyloidosis and Acute Phase Proteins, Division of Medicine, 
University College London, London, United Kingdom 
C-reactive protein (CRP) protects mice during the initial stages of Streptococcus 
pneumoniae infection. In order to be protective against all stages of infection, we 
hypothesize that CRP binds to two different ligands on pneumococci. In its native 
form, CRP binds to phosphocholine residues of C-polysaccharide to activate 
complement. In its altered form, CRP binds to amyloid-like structures (amyloids) 
formed on complement inhibitors recruited by pneumococci. We employed CRP 
knockout mice to test this hypothesis. In one approach, both wild-type CRP and 
E42Q/F66A/T76Y/E81A mutant CRP (E-CRP-1) were administered together. E­
CRP-1 does not bind to phosphocholine but binds to amyloids. In another 
approach, Y40F/E42Q mutant CRP (E-CRP-2) was administered. E-CRP-2 
binds to both phosphocholine and amyloids. When CRP was administered to 
mice 12 h after inoculation, then unlike wild-type CRP by itself, the combination 
of wild-type CRP and E-CRP-1 was protective and E-CRP-2 alone was 
protective. We also detected amyloids on pneumococci. The serum levels of 
the amyloid-binding protein, serum amyloid P component (SAP), were higher in 
CRP knockout mice than in wild-type mice. Also, the basal SAP levels were higher 
in female than in male mice and, conversely, male mice were more susceptible 
than female mice to severe infection. We conclude that the protection against 
prolonged pneumococcal infection requires structural changes in CRP and 
binding to both phosphocholine and amyloids on pneumococci. The sources 
of amyloids can be virulence factors or recruited complement inhibitors or both. 
Combined data also raise the possibility that SAP cooperates with CRP in 
reducing bacteremia and bacterial load. 
KEYWORDS 

C-reactive protein, Streptococcus pneumoniae, bacterial amyloids, complement 
evasion, serum amyloid P component 
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Introduction 

C-reactive protein (CRP) is an evolutionarily conserved protein, 
which suggests that CRP performs host-defense functions in all 
organisms from arthropods to humans (1–4). In humans, CRP is a 
component of the acute phase response; the serum level of CRP 
increases thousand-fold or more in acute inflammatory states (5). 
CRP is composed of five identical subunits arranged in a cyclic 
pentameric symmetry (6). CRP binds to phosphocholine (PCh)­
containing substances, such as C-polysaccharide of the cell wall of 
Streptococcus pneumoniae, in a Ca2+-dependent manner (7). All five 
subunits of CRP have a PCh-binding site consisting of amino acid 
residues Phe66, Thr76 and Glu81 (8–10). PCh-complexed CRP 
activates the classical pathway of the complement system, leading 
to the destruction of the ligand (11). Human CRP activates mouse 
complement system also and therefore mice are widely used to 
investigate the in vivo functions of CRP (12–14). 

The native pentameric conformation of CRP is altered under 
experimental inflammatory conditions such as in the presence of 
acidic pH or reactive oxygen species (15–18). At acidic pH, CRP has 
been shown to bind to amyloid-b peptide 1-42 (Ab) (16, 19, 20). 
Some proteins, when immobilized, express Ab-like structures 
(amyloids), and acidic pH-treated CRP binds to such immobilized 
proteins through the exposed amyloids (21, 22). The existence of 
non-native CRP in vivo and their deposition at sites of 
inflammation have been demonstrated by employing antibodies 
specific for non-native CRP (23, 24); however, it is not evident 
whether CRP seen at the sites of inflammation was monomeric CRP 
or non-native pentameric CRP. Like the PCh-binding function of 
CRP, the amyloid-binding function of CRP has also been conserved 
throughout evolution (25). 

Human CRP protects against lethal pneumococcal infection by 
decreasing bacteremia in mouse models of the disease (26–30). 
Complement activation by ligand-complexed CRP is necessary for 
CRP-mediated protection against infection (31–33). In mouse 
models in which human CRP was passively administered to mice, 
CRP was protective only when administered 6 h before to 2 h after 
inoculation with pneumococci (34). It has been shown that 
pneumococci recruit complement-inhibitory proteins on their 
surface to become complement attack-resistant (35–42). The 
presence of complement-inhibitory proteins on pneumococci 
could be the reason for the inability of CRP to protect when 
administered 2 h after inoculation (Figures 1A, B). 

It remains to be established that the ability of structurally 
altered pentameric CRP to bind to amyloids contributes to 
protection against pneumococcal infection (43). Since the acidic 
pH-induced changes in CRP are reversible at physiological pH, 
acidic pH-treated CRP cannot be administered to mice for in vivo 
studies (16). Therefore, recombinant CRP mutants have been 
Abbreviations: Ab, Amyloid-b peptide; Amyloids, amyloid-like structures; cfu, 

colony-forming units; CRP, C-reactive protein; E-CRP, engineered CRP; KO, 

knockout; moCRP, mouse CRP; MST, median survival time; PCh, 

phosphocholine; SAP, serum amyloid P component; S. pneumoniae, 

Streptococcus pneumoniae; WT, wild-type. 
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created that mimic the amyloid-binding property of acidic pH-

treated CRP (20, 21, 44). Previously, two such CRP mutants have 
been used as tools to investigate the host-defense functions of 
structurally altered CRP in vivo: E-CRP-1 and E-CRP-2 (22, 43). 
The ligand-recognition and effector functions of wild-type (WT) 
CRP, E-CRP-1 and E-CRP-2 are summarized in Figure 1C. E-CRP­
1 (E42Q/F66A/T76Y/E81A CRP mutant) does not bind to PCh due 
to the mutations in the PCh-binding site (43, 45). E-CRP-1, 
however, binds to amyloids due to the presence of the E42Q 
mutation (20, 21). In contrast to E-CRP-1, E-CRP-2 (Y40F/E42Q 
CRP mutant) retains the ability to bind to PCh and, in addition, also 
binds to amyloids (20, 21, 43, 46). Biochemical analyses of acidic 
pH-treated WT CRP and of CRP mutants suggested that CRP gains 
the amyloid-binding property due to the loss of one Ca2+ from CRP 
and that the cholesterol-binding region of CRP which contains the 
Ca2+-binding site may be involved (16, 20, 21, 47). 

Our earlier findings that immobilized proteins express amyloids 
(21) prompted us to hypothesize that complement inhibitory 
proteins recruited by pneumococci may express amyloids. It is 
not known whether the virulence factors present on pneumococci 
also express amyloids. In this study, we tested the overall hypothesis 
that if the amyloid-expressing proteins on the pneumococcal 
surface are blocked by E-CRP-1/-2, then WT CRP should be able 
to protect mice against all stages of pneumococcal infection; for 
example, WT CRP should be able to protect mice against infection 
even when administered to mice 12 h post-inoculation. Two 
approaches were employed in this study. In the first approach, 
both WT CRP (for PCh-binding) and E-CRP-1 (for amyloid­

binding) were administered to mice. In this approach, E-CRP-1 
can bind to amyloid-expressing proteins and PCh-bound WT CRP 
can then activate complement and kill the bacteria (Figure 1D). In 
the second approach, E-CRP-2 (for both PCh-binding and amyloid­

binding) was administered to mice, assuming that some E-CRP-2 
molecules would bind to amyloids and some to PCh (Figure 1E). 
PCh-bound E-CRP-2 can then activate complement and kill the 
bacteria. CRP knockout (KO) mice were used in this study since our 
hypothesis could only be tested in CRP-deficient mice. 
Materials and methods 

Preparation of CRP 

The cDNAs for E42Q/F66A/T76Y/E81A mutant CRP (E-CRP­
1) and Y40F/E42Q mutant CRP (E-CRP-2) were constructed, 
expressed in CHO cells using the ExpiCHO Expression System 
(Thermo Fisher Scientific) and purified from the cell culture 
supernatants, as described previously (43, 46, 48). E-CRP-1 was 
purified by employing Ca2+-dependent affinity chromatography on 
a phosphoethanolamine-conjugated Sepharose column, followed by 
ion-exchange chromatography on a MonoQ column and gel 
filtration on a Superose12 column. E-CRP-2 from cell culture 
supernatants and native WT CRP from discarded human pleural 
fluid were purified by employing Ca2+-dependent affinity 
chromatography on a PCh-conjugated Sepharose column, 
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followed by ion-exchange chromatography on a MonoQ column 
and gel filtration on a Superose12 column. The purity of CRP 
preparations was confirmed by denaturing 4-20% SDS-PAGE under 
reducing conditions. Purified CRP was dialyzed against 10 mM 
Tris-HCl, pH 7.2, containing 150 mM NaCl and 2 mM CaCl2, and 
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was subsequently treated with Detoxi-Gel Endotoxin Removing Gel 
(Thermo Fisher Scientific). The concentration of endotoxin in CRP 
preparations was determined by using the Limulus Amebocyte 
Lysate kit QCL-1000 (Lonza). Purified CRP was stored at 4°C and 
used within a week. 
FIGURE 1 

(A, B) Suggested mechanism of action of CRP in pneumococcal infection. (C) Ligand-recognition and effector functions of CRP molecules 
employed in this study. (D, E) Hypothesis for the mechanism of action of exogenously administered CRP in protecting CRP KO mice against 
prolonged pneumococcal infection. 
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Pneumococci 

S. pneumoniae type 3, strain WU2, was obtained from Dr. 
David Briles (University of Alabama at Birmingham, Birmingham, 
AL, USA) and used as described previously (43, 45). In brief, 
pneumococci were made virulent by sequential i.v. passages in 
mice and were stored in aliquots at -80°C. For each experiment, a 
separate aliquot of pneumococci was thawed and cultured. Cultured 
pneumococci were resuspended in normal saline and the 
concentration of pneumococci (cfu/ml) was adjusted based on the 
absorbance of the suspension at 600 nm (A600 = 1.00 = 1.2 x 109 cfu/ 
ml). Within 2 h, 100 µl of pneumococci suspension containing the 
required number (cfu) of pneumococci, as mentioned in the figures, 
was injected into mice. The concentration of pneumococci was 
confirmed next day by plating. 
Mice 

The method for the generation of pure-line C57BL/6 CRP KO 
mice has been previously described (49). The breeding colony of 
CRP KO mice was maintained in the Division of Laboratory Animal 
Research of our university. Male and female WT C57BL/6 mice 
were purchased from Jackson Laboratories. Mice were brought up 
and maintained according to protocols approved by the University 
Committee on Animal Care. Mice were 8–10 weeks old when used 
in experiments. 
Mouse protection experiments 

Mouse protection experiments were performed exactly as 
described previously (29, 43). In brief, mice were inoculated with 
pneumococci; the numbers of pneumococci (cfu) are mentioned in 
the figures. CRP (25 mg) was administered at different time points as 
mentioned in the figures. The amount of endotoxin in 25 mg of all 
CRP preparations was <1.0 endotoxin units. Survival of mice was 
recorded three times per day for 7 days. Survival curves were 
generated using the GraphPad Prism 9 software. To determine p-
values for the differences in the survival curves among various 
groups, the survival curves were compared using the software’s 
Logrank (Mantel-Cox) test. 

To determine bacteremia in the surviving mice, blood was 
collected daily for 5 days from the tip of the tail vein, diluted in 
normal saline, and plated on sheep blood agar for colony counting. 
The bacteremia value for dead mice was recorded as 109 cfu/ml 
because mice died when the bacteremia exceeded 108 cfu/ml. The 
scatter plots of the bacteremia data and the median bacteremia 
value for each group were generated using the GraphPad Prism 9 
software. The software’s Mann-Whitney test was used to determine 
p-values for the differences in bacteremia among various groups at 
each time point. The median values shown in the scatter plots for 
each group of mice were also plotted separately for easier 
comparison of all groups of mice in a single figure. 
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Assay for the detection of amyloids on 
pneumococci 

Microtiter wells (Corning, 9018) were coated with increasing 
numbers of pneumococci in 100 µl TBS, pH 7.2, in duplicate, and 
incubated overnight at 4°C. The unreacted sites in the wells were 
blocked with TBS containing 0.5% gelatin for 45 min at room 
temperature. Both, polyclonal anti-Ab antibodies (Novus, NBP2­
25093) and monoclonal anti-Ab antibodies (Novus, NBP2-13075) 
were used to detect the amyloids on the coated pneumococci. 
Normal rabbit IgG and normal mouse IgG were used as controls 
for the antibodies. The anti-Ab antibodies (10 mg/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-Ab antibodies were detected by using HRP-

conjugated donkey anti-rabbit IgG (GE Healthcare) and bound 
monoclonal anti-Ab antibodies were detected by using HRP-

conjugated goat anti-mouse IgG (Thermo Fisher Scientific). Color 
was developed, and the OD was read at 405 nm. 
Assays for the measurement of mouse CRP 
and serum amyloid P component 

The levels of mouse CRP (moCRP) in the sera obtained from 
the blood of WT mice were measured by using Mouse CRP 
Quantikine ELISA Kit (R&D, catalog number MCRP00). The 
levels of mouse serum amyloid P component (SAP) in the sera 
from WT and KO mice were measured by using Mouse SAP 
Quantikine ELISA Kit (R&D, catalog number MPTX20). 
Results 

Male mice are more susceptible than 
female mice to infection 

To establish a CRP KO mouse model of infection with S. 
pneumoniae type 3, strain WU2, we titrated the dose of bacteria 
needed for inoculation. In order to determine whether there was 
any difference between WT and KO mice for their susceptibility to 
infection and whether there was any difference between male and 
female mice, both WT and KO mice and both male and female mice 
were employed. The median survival time (MST, the time taken for 
the death of 50% of mice) for each dose of bacteria was 
then determined. 

As shown in the survival curves for all four types of mice 
(Figures 2A–D), and as expected, the MST decreased as the 
inoculation dose of bacteria increased. To determine the relative 
susceptibility of each type of mice to infection in terms of the dose 
of bacteria and the corresponding survival times, the data 
(Figures 2A–D) were compiled together and presented as MST 
curves (Figure 2E). The survival time of 50 h and the dose of 3 x 107 

cfu of bacteria were chosen for comparing the four MST curves. As 
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shown, for each type of mice to survive for 50 h after inoculation, 
the doses of bacteria were 13 x 107, 8 x 107, 5 x 107 and 2 x 107 cfu 
for WT female, KO female, WT male and KO male mice, 
respectively. Similarly, for mice inoculated with 3 x 107 cfu of 
bacteria, the survival times were 112 h, 86 h, 63 h and 36 h for WT 
female, KO female, WT male and KO male mice, respectively. These 
results and the statistical analyses of the MST curves indicated that 
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male mice were significantly more susceptible than female mice to 
infection. Also, CRP KO mice were more susceptible than WT mice 
to infection, although the difference between the MST curves for 
female WT and female KO mice was not statistically significant. 

CRP KO male mice inoculated with 107 cfu of pneumococci 
were employed as the mouse model for all CRP-mediated 
protection experiments, unless otherwise mentioned. 
FIGURE 2 

Sex-specificity and susceptibility of mice to infection. Mice were injected with 102–109 cfu of pneumococci, as shown for each group of mice (n, 
number of mice). The MST values are shown for each dose of pneumococci for each group of mice (ND, MST not determined since >50% mice 
survived). The data are combined from two separate experiments with six to nine mice for each dose of pneumococci in each group of mice. (A) 
Survival of male WT mice. (B) Survival of female WT mice. (C) Survival of male CRP KO mice. (D) Survival of female CRP KO mice. (E) The MST values 
for each group of mice shown in A-D are plotted together for comparing the susceptibility of all four types of mice. To determine p-values for the 
differences in the MST curves, the curves were subjected to two-way ANOVA followed by Tukey’s multiple comparison test. The p-values for the 
differences in the MST curves between groups A B, C D, A C and B D were 0.07, 0.01, 0.03 and 0.31, respectively. 
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KO mice are most protected when WT 
CRP is administered prior to or within an 
hour of inoculation 

The protective effects of WT CRP administered 30 min prior to 
and 15 min to 4 h after inoculation into KO male mice (Figure 3A) 
were determined first, by analyzing the survival curves of mice. 
Statistical analysis of the data showed that, when compared to 
group A mice (bacteria alone), CRP was clearly protective for 
groups B-F of mice, that is, if injected 30 min before to 2 h after 
inoculation. The p-value between group A and group G (CRP injected 
4 h after inoculation), however, was 0.05, suggesting that CRP may 
still be protective. When compared to group B mice in which CRP was 
administered 30 min prior to inoculation, CRP was found to be 
protective only when injected 45 min after inoculation, but not later. 
Overall, as shown, as the interval between inoculation and CRP 
administration increased, the MST decreased. Mice survived longest 
and the MST could not be determined when CRP was given to mice 
30 min before inoculation. Mice survived shortest when CRP was 
given to mice 4 h after inoculation. These results were similar to 
previously published data on the effects of WT CRP in WT mice: CRP 
was protective only when administered either prior to inoculation or 
at most 2 h post-inoculation. To confirm that WT CRP was protective 
against infection in KO female mice also, the 30 min time point for 
CRP injection prior to inoculation was chosen. As shown in 
Figure 3B, CRP protected female mice also. In all subsequent 
protection experiments, only CRP KO male mice were employed. 
WT CRP and E-CRP-1 together protect KO 
mice even when administered 12 h after 
inoculation 

We determined the protective effects of E-CRP-1 which does 
not bind to PCh and instead binds to amyloids. WT CRP 
administered 30 min prior to inoculation was included as a 
control for  the animal model.  As shown  in  Figure 4, and  as  has  
been reported earlier (43), WT CRP protected mice when 
administered 30 min prior to inoculation (group B) but did not 
protect when administered 12 h after inoculation (group D). The 
survival curve of mice treated with E-CRP-1, 30 min prior to 
inoculation (group C), was found to be significantly different from 
both group A (no CRP) and group B. However, like WT CRP, E-
CRP-1 was  not protective when administered 12 h after 
inoculation (group E). Although WT CRP and E-CRP-1 were 
not protective when either one was administered 12 h after 
inoculation, the survival curve of mice treated with the 
combination of WT CRP and E-CRP-1 was significantly 
different from both groups D and E and also different from 
group A. The survival times of mice treated with both WT CRP 
and E-CRP-1 together were longer than the survival times of mice 
treated with either WT CRP or E-CRP-1 alone and 10% of mice 
survived at the end of the experiment. 
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FIGURE 3 

Survival of CRP KO mice infected with pneumococci and treated 
with WT CRP. The data are combined from two to three separate 
experiments with six to eight mice in each group in each 
experiment (n, number of mice). The MST values are shown for each 
group of mice (ND, MST not determined since >50% mice survived). 
(A) Male CRP KO mice. CRP was injected at various time points in 
different groups of mice, from 30 min before to 4 h after inoculation 
with pneumococci (107 cfu). The p-value for the difference in the 
survival curves between groups A and B was <0.001. The p-values 
for the differences between A C, A D, A E and A F were 0.01. The p-
value for the difference between A and G was 0.05. The p-values for 
the differences between B C and B D were >0.05. The p-values for 
the differences between B E, B F and B G were <0.005. (B) Female 
CRP KO mice. CRP was injected 30 min prior to inoculation with 
pneumococci (108 cfu). The p-value for the difference between 
groups A and B was <0.05. 
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FIGURE 4 

Survival of CRP KO mice infected with pneumococci and treated with E-CRP-1. The data are combined from two to four separate experiments with 
six to nine mice in each group in each experiment (n, number of mice). The MST values are shown for each group of mice (ND, MST not determined 
since >50% mice survived). CRP was injected 30 min prior to inoculation with pneumococci (107 cfu) in groups B and C and 12 h after inoculation in 
groups D-F. The p-values for the differences in the survival curves between groups A B, A C and A F were <0.001. The p-values for the differences 
between A D and A E were >0.05. The p-values for the differences between B C, B D, B E and B F were <0.001. The p-values for the differences 
between C D, C E and C F were 0.004, 0.04 and 0.46, respectively. The p-value for the difference between E and F was 0.01. 
FIGURE 5 

Bacteremia in CRP KO mice inoculated with pneumococci and treated with E-CRP-1 (A–F). Blood was collected from each surviving mouse shown 
in Figure 4. Bacteremia was determined by plating. The bacteremia values for dead mice were recorded as 109 cfu/ml. Bacteremia values of 0–100 
were plotted as 100 and bacteremia values of >108 cfu/ml were plotted as 109 cfu/ml. The red horizontal line in each group of mice represents 
median bacteremia. 
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To determine whether the increased survival of mice was due 
to reduced bacteremia, we measured bacteremia in each surviving 
mouse in all six groups of mice (Figure 5). After 60 h of 
inoculation, bacteremia reached >108 cfu/ml in all groups of 
mice except in mice treated with WT CRP 30 min prior to 
inoculation. For statistical analysis and to compare bacteremia 
between any two groups of mice, the median values of bacteremia 
(Figure 5) for each time point up to 60 h for all groups of mice 
were plotted together (Figure 6). The bacteremia in mice treated 
with either WT CRP (group D) or E-CRP-1 (group E) was not 
significantly different from bacteremia in untreated mice (group 
A). However, the bacteremia in mice treated with both WT CRP 
and E-CRP-1 (group F) was found to be significantly lower than 
bacteremia in untreated mice (group A) at time points 36 h and 44 
h. Consistent with the survival curves of mice treated with E-CRP­
1 alone 30 min prior to inoculation (Figure 4),  these mice had

significantly lower bacteremia than in untreated mice and at the 
same time, significantly higher than mice treated with WT CRP 
alone 30 min prior to inoculation. 
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E-CRP-2 by itself protects KO mice when 
administered 12 h after inoculation 

The protective effects of E-CRP-2 which binds to both PCh and 
amyloids was determined next. As shown in Figure 7, WT CRP was 
protective when administered 30 min prior to inoculation (group B) 
but was not protective when administered 12 h after inoculation 
(group D). In contrast to WT CRP, E-CRP-2 was protective 
irrespective of whether E-CRP-2 was administered 30 min prior 
to inoculation (group C) or 12 h after inoculation (group E). 
However, the survival curve of mice in which E-CRP-2 was 
administered 12 h after inoculation was found to be significantly 
different from both group A (no CRP) and groups B and C. When 
CRP was administered 12 h after inoculation, the survival times of 
mice treated with E-CRP-2 were found to be longer than the 
survival times of mice treated with WT CRP. 

Next, we measured bacteremia in each surviving mouse from all 
five groups of mice (Figure 8). After 66 h of inoculation, bacteremia 
reached >108 cfu/ml in all groups of mice except in mice treated 
with either WT CRP or E-CRP-2, 30 min prior to inoculation. For 
statistical analysis and to compare bacteremia between any two 
groups of mice, the median values of bacteremia (Figure 8) for each 
time point up to 66 h for all groups of mice were plotted together 
(Figure 9). Bacteremia was significantly reduced in mice treated 
with either CRP species 30 min prior to inoculation for the entire 
duration of the experiment. Bacteremia was not reduced in mice 
treated with WT CRP 12 h after inoculation, except at 36 h time 
point. In contrast, when E-CRP-2 was administered 12 h after 
inoculation, bacteremia was significantly reduced sometime after 20 
h post-inoculation and remained low till at least 44 h. The 
bacteremia data were largely consistent with the survival data 
shown in Figure 7. 
Amyloids are present on the 
pneumococcal surface 

First, we determined whether amyloids were present on 
pneumococci which were cultured in vitro in broth and used to 
inoculate mice. As shown in Figure 10, pneumococci were reactive 
with both polyclonal and monoclonal anti-Ab antibodies. These 
data suggested that amyloids were already present on the surface of 
pneumococci even if the bacteria were not grown in the serum in 
the presence of complement inhibitor proteins. For this reason, we 
did not investigate the presence of amyloids on pneumococci which 
were grown in vivo in mice and then isolated from the blood. 
SAP levels are higher in KO mice than in 
WT mice 

In mice, CRP is a minor acute phase protein (50). SAP, an 
amyloid-binding protein, is the major acute phase protein in mice 
(51–54). Since the four types of mice (WT female and male, KO 
female and male) responded differently to the severity of infection 
FIGURE 6 

Median values of bacteremia in mice inoculated with pneumococci 
with and without E-CRP-1. The median bacteremia values for all six 
groups of mice shown in panels (A-F) in Figure 5 are plotted 
together for comparison. For all time points, the p-values for the 
differences between groups A, C were <0.01. For all time points, the 
p-values for the differences between groups A, D and between 
groups A, E were >0.05. For 36 h and 44 h, the p-values for the 
difference between groups A, F were <0.01. 
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FIGURE 7 

Survival of CRP KO mice inoculated with pneumococci and treated with E-CRP-2. The data are combined from two to three separate experiments 
with six to eight mice in each group in each experiment (n, number of mice). The MST values are shown for each group of mice (ND, MST not 
determined since >50% mice survived). CRP was injected 30 min prior to inoculation with pneumococci (107 cfu) in groups B and C and 12 h after 
inoculation in groups D, E. The p-values for the differences in the survival curves between groups A B, A C and A E were 0.001. The p-value for the 
differences between A, D was 0.22. The p-value for the difference between B, C was 0.40. The p-values for the differences between B D and B E 
were <0.001. The p-values for the differences between C D, C E and D E were <0.005. 
FIGURE 8 

Bacteremia in CRP KO mice inoculated with pneumococci and treated with E-CRP-2 (A–E). Blood was collected from each surviving mouse shown 
in Figure 7. Bacteremia was determined by plating. The bacteremia values for dead mice were recorded as 109 cfu/ml. Bacteremia values of 0–100 
were plotted as 100 and bacteremia values of >108 cfu/ml were plotted as 109 cfu/ml. The red horizontal line in each group of mice represents 
median bacteremia. 
Frontiers in Immunology 09 frontiersin.org 106

https://doi.org/10.3389/fimmu.2025.1631409
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Agrawal et al. 10.3389/fimmu.2025.1631409 
in terms of their MST, we measured the serum levels of moCRP in 
WT mice and of SAP in WT and KO mice. As shown in Figure 11A, 
the basal levels of SAP in the sera (0 h) were approximately five-fold 
higher in KO mice than in WT mice, irrespective of the sex of mice 
(p = <0.005). The induced levels of SAP in mice after 36 h of 
inoculation was also higher in KO mice than in WT mice, 
irrespective of the sex of mice (p = <0.005). These data suggest 
that the absence of endogenous CRP can trigger acute phase 
response and that SAP can substitute CRP. 
Basal SAP levels are higher in female mice 
than in male mice 

In both WT and KO mice, the basal levels of SAP were 
significantly higher (p = <0.005) in female mice than in male 
mice (Figure 11A). At 36 h post-inoculation, however, the levels 
of SAP were significantly higher in males than in females (p < 
0.005), probably due to greater induction of SAP expression in male 
mice in response to inoculation. In WT mice, the increase in the 
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levels of SAP was ~250-fold in male mice and ~50-fold in female 
mice. Similarly, in KO mice, the increase in the levels of SAP was 
~80-fold in male mice and ~25-fold in female mice. In contrast to 
SAP, both the basal and induced serum levels of moCRP were not 
significantly different (p = >0.05) in male and female 
mice (Figure 11B). 
Discussion 

WT CRP protects mice against pneumococcal infection if 
administered to mice prior to inoculation with bacteria and does 
not protect if administered a few hours after inoculation (30, 34). 
Thus, WT CRP is not protective against prolonged infection. We 
tested the hypothesis that the amyloid-binding function of 
structurally altered CRP is required for CRP-mediated protection 
against prolonged infection. In this study, we employed CRP KO 
mice and investigated the effects of the amyloid-binding CRP 
molecules E-CRP-1 and E-CRP-2 on the survival of and 
bacteremia in mice when administered 12 h after inoculation. 
There were three major findings: 1. Amyloids were detected on 
the surface of broth-cultured pneumococci. 2. Unlike WT CRP 
alone, the combination of WT CRP and E-CRP-1 was protective 
FIGURE 10 

Detection of Ab epitopes on the surface of S. pneumoniae. 
Microtiter wells were coated with pneumococci. Anti-Ab antibodies, 
both monoclonal and polyclonal, were then added to the wells. 
Normal mouse IgG and rabbit IgG were included as controls. Bound 
monoclonal anti-Ab antibodies and normal mouse IgG were 
detected by using HRP-conjugated goat anti-mouse IgG. Bound 
polyclonal anti-Ab antibodies and normal rabbit IgG were detected 
by using HRP-conjugated donkey anti-rabbit IgG. The OD of the 
developed color was read at 405 nm. Data shown are mean ± SEM 
of three experiments. 
FIGURE 9 

Median values of bacteremia in mice inoculated with pneumococci 
with and without E-CRP-2. The median bacteremia values for all five 
groups of mice shown in panels (A-F) in Figure 7 are plotted 
together for comparison. For all time points, the p-values for the 
differences between groups A and C were <0.01. For all time points, 
the p-values for the differences between groups A and D were 
>0.05, except at 36 h where the p-value was <0.05. The p values for 
the difference between groups A and E for time points 13 h and 20 
h were >0.05 and for 36 h and 44 h were <0.005. 
frontiersin.org 

https://doi.org/10.3389/fimmu.2025.1631409
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Agrawal et al. 10.3389/fimmu.2025.1631409 
when administered to mice 12 h after inoculation. E-CRP-2 by itself 
protected mice when administered 12 h after inoculation. 3. Serum 
SAP levels were higher in KO mice than in WT mice. Also, the basal 
SAP levels were higher in female mice than in male mice and, 
conversely, male mice were more susceptible than female mice to 
infection. Thus, there was an inverse relationship between the 
susceptibility of mice to infection and basal SAP levels in their sera. 

In a previous study, WT mice were employed to investigate the 
effects of E-CRP-1 on pneumococcal infection (43). It was reported 
that E-CRP-1 was protective in WT mice against infection when 
administered 12 h after inoculation. The explanation was that E­
CRP-1 blocked the complement inhibitor proteins recruited by 
pneumococci and then endogenous moCRP could activate 
complement  by  complexing  with  the  PCh  groups  on  
pneumococci. Subsequently, it was reported that many proteins, 
when immobilized on microtiter plates, expressed amyloids (21), 
which raised the possibility that complement inhibitors expressed 
amyloids once immobilized on the pneumococcal surface and that 
the amyloids were the ligands for E-CRP-1. In this study, we found 
that pneumococci cultured in broth, with no exposure to serum 
complement inhibitors, had amyloids on their surface. The presence 
of functional amyloids on bacterial surfaces has been demonstrated 
previously (55). The sources of the amyloids on broth-grown 
pneumococci are not known; however, it is possible that the 
surface virulence factors are amyloidogenic proteins. The 
possibility that E-CRP-1 directly binds to virulence factors has 
been raised previously based on the following findings: the binding 
of E-CRP-1 to pneumococci was 99% less than the binding of WT 
CRP to pneumococci, and that the residual binding of E-CRP-1 to 
pneumococci occurred in the absence of Ca2+ (43). Since broth-
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cultured pneumococci were already amyloid-positive, we did not 
test pneumococci isolated from infected mice for the presence of 
surface amyloids. However, the possibility that both the virulence 
factors and the complement inhibitor proteins recruited by 
virulence factors express amyloids still exists. 

In the current study, instead of WT mice, KO mice were 
employed to investigate the effects of E-CRP-1 on pneumococcal 
infection. In this animal model, E-CRP-1 by itself was not protective 
but the combination of exogenous WT human CRP and E-CRP-1 
was protective when administered to mice 12 h after inoculation. 
Like the combination of WT CRP and E-CRP-1, E-CRP-2 by itself 
was protective. These findings provide a proof of concept that CRP 
can protect against prolonged infection provided that both PCh and 
amyloids on the bacterial surface are occupied by either structurally 
altered CRP molecules mimicking E-CRP-2 or by WT CRP and 
structurally altered CRP molecules mimicking E-CRP-1, 
respectively. Although both E-CRP-1 and E-CRP-2 were 
protective when administered to mice 12 h after inoculation, the 
protection was not as good as the protection seen when CRP was 
administered to mice 30 min prior to inoculation. It is possible that 
multiple injections of WT CRP and E-CRP-1 or E-CRP-2 or higher 
doses of each CRP species would result in better protection than 
seen with the single injection of structurally altered CRP 
reported here. 

It is not known whether structurally altered CRP mimicking the 
ligand-binding properties of E-CRP-1 or E-CRP-2 is formed at sites 
of inflammation in vivo during pneumococcal infection. Since CRP 
mutants E-CRP-1 and E-CRP-2 mimic the ligand-binding 
properties of acidic pH-treated CRP and H2O2-treated CRP, these 
mutants provide us with a tool to identify the actual CRP species 
FIGURE 11 

Serum levels of endogenous moCRP and SAP. Different types of mice were inoculated with different doses of pneumococci; the doses of 
pneumococci were chosen based on the relative susceptibility of each type of mouse to infection. Blood was collected just prior to inoculation 
(time zero) and at 18 h and 36 h post-inoculation. The data shown are mean ± SEM of three assays. At time zero, there were 8 mice in each group. 
At 18 h and 36 h time points, there were 5 mice in both groups of female mice and 8 mice in both groups of male mice, since 3 WT and 3 KO 
female mice died after infection. The p-values are shown as *p < 0.05 and **p < 0.005. (A) Levels of CRP in WT mice before and after inoculation. 
(B) Levels of SAP in WT and KO mice before and after inoculation. 
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present at sites of inflammation. E-CRP-1 and E-CRP-2 can be used 
to generate a library of monoclonal antibodies which can then be 
screened to identify the antibodies which neither react with WT 
CRP nor with monomeric CRP. The antibodies specific for E-CRP­
1 and E-CRP-2 can then be employed to detect structurally altered 
pentameric CRP in vivo and to locate the sites where WT CRP is 
converted to amyloid-binding forms of CRP. 

Our data suggest that the recognition of bacterial amyloids by 
structurally altered CRP is critical for protection against prolonged 
infection. In theory then, any amyloid-binding protein 
administered to mice should give the results similar to that of E­
CRP-1 and E-CRP-2. Since SAP is an amyloid-binding protein, SAP 
should be able to bind to bacterial amyloids and contribute to CRP-
mediated protection. It is also possible that the binding of SAP to 
bacterial amyloids reduces the virulence of pneumococci. It has 
been shown previously that SAP binds to pneumococci and 
activates complement (56); however, it has been suggested that 
the ligands of SAP on pneumococci were surface carbohydrates 
since SAP also binds to carbohydrates. 

While developing the KO mouse model for this study, we noted 
sex-specificity in the expression of the SAP gene, in the 
susceptibility of both WT and KO mice to infection and in the 
SAP levels in the sera from both WT and KO mice. There was no 
sex-specificity in the expression of the moCRP gene, although it has 
been reported previously that the expression of the human CRP 
transgene in mice was sex-specific (28, 57). We found that female 
mice were less susceptible than male mice to infection; these results 
are consistent with a previously published report that, in both 
animals and humans, males are generally more susceptible than 
females to bacterial infections and that women have stronger 
immune responses to foreign antigens than men (58). We 
propose that female mice were less susceptible than male mice to 
infection because female mice had higher basal SAP levels in their 
sera than in the sera of male mice. The inverse relationship between 
the susceptibility of mice to infection and the basal levels of SAP in 
the sera further suggests that SAP plays a role in protecting against 
pneumococcal infection. 

As described above, the capability of SAP to bind amyloids and 
the relationship between basal SAP levels and susceptibility to 
infection both suggested the involvement of SAP in protection 
against pneumococcal infection. Another evidence to support the 
role of SAP in pneumococcal infection came from the data on SAP 
levels seen in KO mice which was higher than in WT mice. The 
higher expression of the SAP gene in the absence of the CRP gene 
supports our interpretation that SAP plays a role in protecting 
against pneumococcal infection. Indeed, employing SAP KO mice, 
it has been shown previously that mouse SAP participates in 
protection against pneumococcal infection (56). 

We conclude that the protection against prolonged 
pneumococcal infection involves conformational changes in CRP, 
binding of CRP to both PCh and amyloids on the pneumococcal 
surface, and complement activation by PCh-complexed CRP. The 
two recognition functions of CRP, PCh-binding and amyloid­

binding, can be exhibited by two different CRP molecules as 
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exemplified here by the combination of WT CRP and E-CRP-1 or 
by a single structurally altered CRP molecule if the PCh-binding 
function is retained in the structurally altered form as exemplified 
here by E-CRP-2. The combined data reported here and published 
previously (56) suggest that SAP cooperates with CRP in protection 
against pneumococcal infection. We propose that, in circulation, CRP 
cooperates with SAP to reduce bacteremia. At sites of inflammation 
in the organs, where the conformation of CRP can be altered, WT 
CRP cooperates with structurally altered CRP to reduce bacterial load 
in the organs. Future investigations employing double SAP KO and 
CRP KO mice would provide definitive proof for the cooperation 
between SAP and CRP in controlling pneumococcal infection. 
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Elevated C-reactive protein and
D-dimer to predict venous
thromboembolism in patients
with bladder cancer
Bo Chen1,2†, Tonghe Zhang1,2†, Yisong Wang1,2, Zhaoyang Li1,3,
Haoyu Liu1,2, Zhan Jiang1,2, Huitang Yang1,2, Yandong Cai1,2,
Guoju Fan1,2, Kaiqiang Wang1,2, Hongwei Zhang1,2,
Hailong Hu4,5 and Yankui Li 1,2*

1Department of Vascular Surgery, The Second Hospital of Tianjin Medical University, Tianjin, China,
2Center for Cardiovascular Diseases, The Second Hospital of Tianjin Medical University, Tianjin, China,
3Clinical Medical College, Hebei University, Baoding, Hebei, China, 4Department of Urology, The
Second Hospital of Tianjin Medical University, Tianjin, China, 5Tianjin Key Laboratory of Urology,
Tianjin Institute of Urology, Tianjin, China
Objective: This study evaluated C-reactive protein (CRP) in hospitalized patients

with bladder cancer (BC) and explored the predictive value of CRP for venous

thromboembolism (VTE), combining CRP and D-dimer (D-D) levels to improve

the ability to predict the risk of VTE in BC patients, thereby better guiding clinical

prevention and treatment of this disease.

Methods: Clinical data from 4,438 patients with BC admitted between January

2015 and December 2020 were reviewed. After screening, 2,164 patients

remained.52 VTE cases were identified, and 104 matched controls were

selected (1:2 ratio). Conditional logistic regression, receiver operating

characteristic (ROC) curve analysis, stratified analysis, and interaction tests

were conducted to assess predictive performance and control for

confounding bias.

Results: Conditional logistic regression analysis indicated that elevated CRP and

D-D levels were associated with higher risk of VTE in hospitalized patients with

BC. Moreover, the areas under the ROC curves were 0.734 for CRP, 0.817 for D-

D, and 0.865 for the combined model, indicating that the combined model offers

superior predictive performance. Stratified and interaction analyses further

revealed that the predictive value of CRP and D-D levels was influenced by the

infection status.

Conclusion: Elevated CRP and D-D levels may be potential indicators of VTE in

BC patients. Their combined use improves predictive accuracy, and their

predictive value may be better in non-infected patients.
KEYWORDS

venous thromboembolism, C-reactive protein, d-dimer, bladder cancer, inflammation,
immune system
frontiersin.org01112

https://www.frontiersin.org/articles/10.3389/fimmu.2025.1652139/full
https://www.frontiersin.org/articles/10.3389/fimmu.2025.1652139/full
https://www.frontiersin.org/articles/10.3389/fimmu.2025.1652139/full
https://www.frontiersin.org/articles/10.3389/fimmu.2025.1652139/full
https://orcid.org/0000-0001-8048-0910
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2025.1652139&domain=pdf&date_stamp=2025-08-13
mailto:yankuili@tmu.edu.cn
https://doi.org/10.3389/fimmu.2025.1652139
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2025.1652139
https://www.frontiersin.org/journals/immunology


Chen et al. 10.3389/fimmu.2025.1652139
1 Introduction

Venous thromboembolism (VTE) is a serious clinical condition

that includes deep vein thrombosis (DVT) and pulmonary embolism

(PE) (1, 2). In cancer patients, the risk of VTE ranges from 3% to 5%

in early-stage disease and up to 30% in advanced-stage or metastatic

cancer (3, 4). The overall incidence of VTE in patients with bladder

cancer (BC) ranges from 0.4% to 4.7% (5, 6). VTE is not only a

disorder of coagulation but also a complex immunoinflammatory

process (7–9). In patients with BC, the development of VTE involves

multiple interrelated factors, such as tumor biology, treatment

modalities, and patient-specific characteristics (10–12). Without

early identification and prevention, severe VTE events, such as

pulmonary embolism, can lead to sudden death or disrupt the

course of cancer treatment (13, 14). Therefore, early screening of

high-risk individuals and timely initiation of anticoagulant

prophylaxis are crucial to reduce VTE incidence, improve patients’

quality of life, and enhance clinical outcomes, making them vital

components of comprehensive cancer management (15, 16).

VTE is increasingly recognized as a classic example of

immunothrombosis, in which systemic inflammation significantly

elevates thrombotic risk (17, 18). C-reactive protein (CRP)—a highly

conserved member of the pentraxin family—is widely used as a

biomarker of infection and inflammation in clinical practice and is

typically measured using either traditional or high-sensitivity CRP

assays (19–21). CRP possesses both proinflammatory and

prothrombotic properties and plays a central role in the pathogenesis

of arterial and venous thrombosis (20, 22). D-dimer (D-D)—a soluble

fibrin degradation product generated through plasmin-mediated

fibrinolysis of cross-linked fibrin—is a well-established biomarker of

coagulation activation and secondary fibrinolysis (23, 24). Elevated

plasma D-D levels have frequently been associated with the

pathophysiology of VTE (25, 26). Research suggests that CRP and

D-D may be potential prognostic biomarkers for patients with cancer

and for the recurrence of VTE after discontinuation of anticoagulant

therapy in cancer-related thrombosis (27–29).

An individualized medical approach that integrates

immunological and coagulation markers may offer a superior

strategy for preventing and managing VTE in patients with BC

(30). However, the current guideline-based evidence for VTE risk

assessment in patients with BC remains limited. Therefore, this

study aimed to explore the predictive value of CRP and D-D levels,

individually and in combination, for VTE in patients with BC. We

hypothesize that evaluating these markers in combination will

improve the accuracy of early-risk identification and screening,

reduce the incidence of VTE and related mortality, and ultimately

improve clinical outcomes for patients.
2 Materials and methods

2.1 Patient source

This study initially screened 4,438 patients diagnosed with BC

who were admitted to the Department of Urology at our hospital
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between January 2015 and December 2020. After applying the

inclusion and exclusion criteria, 2,164 patients were eligible for

further analysis. Of these, 52 patients were selected for the VTE

group based on in-hospital imaging results, and patients without

VTE (controls) were selected and matched in a 1:2 ratio,

considering age, sex, and cancer stage, yielding a final study

population of 156 patients (Figure 1).
2.2 Patient screening criteria

The inclusion criteria were as follows: (1) A confirmed

diagnosis of BC by pathological examination, (2) color Doppler

ultrasound (CDU) and/or computed tomography angiography

(CTA) were utilized to ascertain that patients had no VTE upon

admission, (3) non-use of anticoagulants or antiplatelet medications

within one month, and (4) availability of plasma CRP test results

(immunoturbidimetric method was used for CRP detection in our

hospital; CRP reference range: 0–10 mg/L). The exclusion criteria

were as follows: (1) The patient had other tumors besides BC, (2)

patients with VTE upon hospital admission, (3) predicted life

expectancy of less than 6 months, (4) presence of active bleeding,

(5) immune system-related diseases, and (6) incomplete clinical and

imaging data.
2.3 Data collection

Patients’ clinical characteristics, including, but not limited to,

age, sex, body mass index (BMI), cancer stage, history of lifestyle or

related disease (alcohol consumption, smoking, diabetes mellitus,

and hypertension), infection, CRP level, D-D level, surgery received,

and medications administered, were extracted from the electronic

medical record system of our hospital. Patients identified as high

risk (Caprini risk score ≥ 5) routinely underwent lower limb venous

CDU screening. For those presenting with chest pain, cough, or

dyspnea in addition to lower limb DVT, pulmonary CTA was

performed to assess for PE.
2.4 Statistical analysis

R software (version 4.4.0; R Foundation for Statistical

Computing, Vienna, Austria) was used for statistical analysis.

Continuous data are shown as the mean ± standard deviation

(SD). Student’s t-test was used for normally distributed data and

the Mann–Whitney U test for non-normally distributed data. All

categorical data are shown as frequencies and rates, and the chi-

square (c²) test was used to assess comparisons between groups.

Conditional logistic regression analysis was applied, and receiver

operating characteristic (ROC) curves were constructed to evaluate

the discriminatory ability of CRP, D-D, and their combination in

predicting VTE. In addition, stratified analysis and interaction
frontiersin.org

https://doi.org/10.3389/fimmu.2025.1652139
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Chen et al. 10.3389/fimmu.2025.1652139
testing were performed to assess whether infection status modified

the associations between CRP, D-D, and VTE risk.
3 Results

The baseline characteristics of the enrolled patients are

summarized in Table 1, along with comparative outcomes between

the VTE and non-VTE groups. A total of 156 patients were included

in this study: 52 patients with VTE and 104 without VTE. Among the

52 patients with VTE, 3 had PE (with concurrent DVT), and all

52 had DVT: 43 patients had below-knee venous thrombosis

(including posterior tibial vein, anterior tibial vein, peroneal vein,

and intermuscular vein), 2 had popliteal vein thrombosis, and 7 had

femoral vein thrombosis. The VTE and non-VTE groups were similar

regarding baseline characteristics, including age, sex, BMI, cancer

stage, and history of smoking, alcohol consumption, hypertension,
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and surgeries and medications received, indicating that the matching

method applied was appropriate (Table 1). However, after matching,

statistically significant differences remained in the history of diabetes

mellitus, CRP level, and D-D level between the VTE and non-VTE

groups (p < 0.05).

To explore the potential of CRP and D-D as predictive markers

of VTE in hospitalized patients with BC, we performed a

conditional logistic regression analysis. The clinical data of

patients with BC were included in the conditional logistic

regression analysis to identify predictors of in-hospital VTE. Age,

sex, BMI, cancer stage, alcohol consumption, smoking history,

diabetic status, hypertension history, infection status, CRP level,

D-D level, surgery received, and medications administered were

input as independent variables in the conditional logistic analysis,

with the in-hospital VTE incidence as the dependent variable.

Elevated CRP and D-D levels were independently associated with

an increased risk of VTE (p < 0.05). These results suggest that CRP
FIGURE 1

Flowchart for the enrolled patients.
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and D-D levels may serve as valuable predictive markers of VTE in

patients with BC (Table 2).

ROC curves were constructed to evaluate the predictive ability

of CRP levels, D-D levels, and their combination for VTE in

patients with BC. The area under the curve (AUC) values were

0.734 for CRP, 0.817 for D-D, and 0.865 for the combined model,

indicating that the combined index had the highest discriminatory

ability. These results suggest that integrating CRP and D-D levels

may improve the predictive performance of VTE risk stratification

in this population (Figure 2).
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To minimize the potential confounding effect of infection, a

stratified analysis was conducted based on the infection status. The

results indicated that both CRP and D-D levels were significantly

associated with VTE in the non-infected group (p < 0.05), whereas

no such associations were observed in the infected group (p > 0.05).

These findings support that CRP and D-D plasma levels may serve

as reliable predictive markers for VTE in patients with BC without

infection (Supplementary Table S1).

Interaction analysis confirmed the modifying effect of

infection on the predictive value of the CRP level. A significant

interaction was observed between CRP levels and infection (p =

0.003), indicating that the infection status may attenuate the

predictive ability of the CRP level for VTE. In contrast, no

significant interaction was found between D-D and infection (p

= 0.313), suggesting that the D-D level remains a relatively stable

predictor, regardless of infection status (Supplementary

Table S2).
4 Discussion

VTE is not only a manifestation of abnormal coagulation but

also a classic process of immunothrombosis, involving complex

interactions between the inflammatory and coagulation systems

(31, 32). In patients with malignancies, such as BC, the risk of VTE

is significantly increased due to tumor-induced hypercoagulability,

prolonged immobil izat ion, surgical intervention, and

chemotherapy (33 , 34) . Ident i fy ing biomarkers that

simultaneously reflect inflammation and coagulation status is

crucial for early prediction and prevention of VTE in high-

risk populations.

CRP, an acute-phase reactant, is a sensitive marker of

systemic inflammation that promotes thrombosis by enhancing

endothelial dysfunction, activating coagulation pathways, and

impairing fibrinolysis (35, 36). In the present study, elevated

CRP level in the absence of infection was statistically

significantly associated with VTE in hospitalized patients with

BC (p < 0.01), suggesting its potential utility as a predictive

marker. This finding is consistent with that of a previous report

highlighting the predictive role of CRP in thrombogenesis (36).

CRP measurement is cost-effective, widely available, and easy to
TABLE 1 Baseline characteristics and different treatments of
enrolled patients.

Characteristics

Non-VTE
group
(n=104)

VTE
group
(n=52)

p

Age, Mean ± SD 71.42 ± 7.67 71.50 ± 7.44 0.952

Sex, n (%)

male 82 (78.85%) 41 (78.85%)
1.000

female 22 (21.15%) 11 (21.15%)

BMI, Mean ± SD 23.51 ± 2.82 24.02 ± 2.58 0.259

Smoking history, n (%) 44 (42.31%) 23 (44.23%) 0.954

Alcohol consumption,
n (%)

21 (20.19%) 16 (30.77%) 0.206

Hypertension, n (%) 46 (44.23%) 23 (44.23%) 1.000

Diabetes mellitus, n (%) 15 (14.425%) 18 (34.62%) 0.007**

Infection, n (%) 31 (29.82%) 14 (26.92%) 0.851

CRP, Mean ± SD 19.37 ± 30.14 81.58 ± 176.92 0.015*

D-D, Mean ± SD 0.8 ± 1 4.64 ± 11.34 0.018*

Surgery, n (%)

TURBT 51 (49.08%) 21 (40.38%)
0.577

RC 26 (25.00%) 16 (30.77%)

Medications, n (%)

Chemotherapy alone 59 (56.73%) 26 (50.00%)

0.075Chemotherapy +
Immunotherapy 13 (12.50%) 14 (26.92%)

Cancer stages, n (%)

I 26 (25.00%) 13 (25.00%)

1.000
II 48 (46.15%) 24 (46.15%)

III 24 (23.08%) 12 (23.08%)

IV 6 (5.77%) 3 (5.77%)
*p<0.05 **p<0.01 BMI, body mass index; CRP, C-reactive protein; D-D, D-dimer; TURBT,
transurethral resect ion of bladder tumor; RC, radica l cystectomy; VTE,
venous thromboembolism.
TABLE 2 Conditional logistic regression analysis for VTE in patients with
bladder cancer.

Variable Beta. OR 95% CI p

CRP 0.023 1.024 0.009–0.038 0.002**

D-D 0.65 1.915 0.287–1.013 <0.001**
fr
**p<0.01 CRP, C-reactive protein; D-D, D-dimer; OR, odds ratio; CI, confidence interval;
VTE, venous thromboembolism.
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perform in clinical settings (37, 38). However, in the current

study, stratified analysis by infection status showed that infection

may attenuate the specificity of CRP (p > 0.05), and an

interaction test further confirmed the significant modifying

effect of infection on the CRP–VTE association (p < 0.05).

These findings highlight the importance of considering

background inflammatory conditions when interpreting CRP

levels in clinical practice.

This study is the first to assess the risk of VTE in patients with

BC using CRP and D-D levels combined, addressing not only

coagulation dysfunction but also the immunoinflammatory

aspects of thrombosis. Our study revealed a statistically

significant association between elevated D-D levels and VTE

incidence, consistent with the findings of previous studies (39,

40). ROC curve analysis revealed AUCs of 0.734 for CRP, 0.817 for

D-D, and 0.865 for the combined model. The combination of CRP

and D-D significantly improved the predictive performance of the

model compared to either marker alone, suggesting that

integrating inflammatory and coagulation markers may enhance

the clinical utility of risk assessment models. This combined

approach may improve the efficiency of VTE screening in

patients with BC. This further supports the development of

more precise preventive strategies by highlighting the

importance of managing thromboinflammatory responses in
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parallel with anticoagulation therapy, with the aim of lowering

the incidence and mortality of VTE.

These findings suggest that CRP and D-D levels are promising

biomarkers for individualized VTE risk assessment in patients with

BC. However, there are some limitations to this study. First, the

retrospective design did not fully exclude patient heterogeneity in

reasons for hospitalization. We plan to address this issue further in

future research by collecting data from a large number of patients

and conducting more rigorous stratified analyses. Second, due to

the retrospective nature of the study and limited availability of

clinical data, time series data was unavailable for most patients. To

enhance the reliability and clinical relevance of these findings,

future prospective multicenter studies incorporating dynamic

biomarker monitoring are needed.
5 Conclusion

This study demonstrated that elevated CRP and D-D levels were

statistically associated with an increased risk of VTE in hospitalized

patients with BC. Our findings suggest that integrating CRP and D-

D levels may provide a useful strategy for the early identification

and risk stratification of VTE in BC, particularly in patients

without infection.
FIGURE 2

ROC curves for CRP, D-D, and their combination in predicting VTE in bladder cancer. ROC, receiver operating characteristic; CRP, C-reactive
protein; D-D, D-dimer; VTE, venous thromboembolism.
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