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A Functional Genetic Variant at the
C-Reactive Protein Promoter

(rs3091244) Is Not Associated With
Cancer Risk in a Chinese Population

Ming-Yu Wang'?, Hai-Hong Zhou?', Chun-Miao Zhang', Hai-Xiang Su?, Shuo-Lei Li’,
Shang-Rong Ji', Enqi Liu®* and Yi Wu**#

! Translational Medicine Research Center, MOE Key Laboratory of Cell Activities and Stress Adaptations, School of Life
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China, * MOE Key Laboratory of Environment and Genes Related to Diseases, School of Basic Medical Sciences, Xi'an
Jiaotong University, Xi’an, China, * The Affiliated Children’s Hospital of Xi’an Jiaotong University, Xi’an, China

Background: The association of genetically elevated levels of circulating C-reactive
protein (CRP) with cancer risk has been extensively investigated in European populations;
however, there are conflicting conclusions. The tri-allelic rs3091244 is a functionally
validated genetic variant, and its allelic frequencies differ significantly between European
and Asian populations. Here, we examined the association of rs3091244 with cancer
risk in a Chinese population.

Methods: rs3091244 was genotyped by Sanger sequencing in 4,971 cancer cases and
2,485 controls. The rs1205 and rs2794521 gene variants were also genotyped using
TagMan assays in subgroups.

Results: No association was detected between the genotyped CRP variants and cancer
risk, with or without distinguishing cancer types, suggesting that circulating CRP is not
causally involved in tumorigenesis in Chinese populations.

Keywords: cancer, inflammation, C-reactive protein, genetic variants, cancer risk

INTRODUCTION

Genome instability and inflammation underlie the initiation and progression of cancer (1, 2). C-
reactive protein (CRP) is a well-established circulating marker of inflammation (3) whose blood
levels are positively associated with the risk and prognosis of several types of cancer (4, 5).
Moreover, CRP has been shown to prevent the apoptosis of myeloma cells (6), to facilitate the
invasiveness of breast cancer cells (7, 8), and to promote malignant properties of pancreatic
neuroendocrine neoplasm cells (9). These findings raise the possibility that CRP, a putative soluble
pattern recognition receptor acting in host defense and inflammation (10-16), might play a causal
role in tumorigenesis.

A causal involvement suggests that genetically elevated levels of circulating CRP would affect
cancer risk. However, large-scale genetic epidemiological studies (> 500 cases) fail to reach
consistent conclusions, although European populations have mostly been examined (17-24). This
might be explained by the fact that the examined genetic variants were not functionally linked
to CRP expression. In addition, allelic frequencies of CRP variants usually differ among races.
Therefore, examining whether functional CRP variants are associated with cancer risk in different
populations might help to clarify the role of CRP in tumorigenesis.
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Wang et al.

CRP SNP and Cancer Risk

Of the known CRP variants, only the promoter single-
nucleotide polymorphism rs3091244, frequently observed in
European and Asian populations, has been formally validated
as a functional regulator of CRP expression (25-28). However,
genotyping the tri-allelic rs3091244 is not trivial using the regular
TagMan assay. Thus, we genotyped this variant using Sanger
sequencing and examined its association with the risk of any
and specific types of cancer in a Chinese population. Our
results revealed that rs3091244 and another promoter variant,
rs2794521, were not associated with cancer risk, arguing for a
noncausal role of circulating CRP in tumorigenesis.

MATERIALS AND METHODS

Participants

Control and cancer cases are all Han Chinese. The types of cancer
were diagnosed according to the criteria of WHO Classification
of Tumors. Genomic DNA samples from cancer cases were
obtained from the Tissue Bank of Gansu Cancer Hospital

(diagnosed during 2015-2017). Genomic DNA samples from
controls were obtained from individuals receiving health checks
at Gansu Cancer Hospital (2016-2017). Informed consent for
blood sampling was obtained by all participants. Their clinical
characteristics are shown in Table 1 and Table S1. The study
was approved by the Ethics Committee of the Gansu Provincial
Cancer Hospital (A201307050027) and Xi’an Jiaotong University
(2016-065) and was performed in accordance with relevant
guidelines and regulations of the Ethics Committee.

Genotyping

The tri-allelic single-nucleotide polymorphism rs3091244
was genotyped by Sanger sequencing with specific primers
(forward: 5 -AGGGGGGAGGGATAGCATTAGAA-3'; reverse:
5" -CGTCCTGCTGCCAGTGATACAAG-3") (BGI, Shenzhen,
China). The bi-allelic single-nucleotide polymorphisms rs1205
and 152794521 were genotyped using the TaqMan assay
(Thermo Fisher Scientific, Rockford, IL; catalog number:
€_7479334_10/c_318207_10; lot number: p151028-003).

TABLE 1 | Characteristics of controls and cancer cases.

Control (2485)

All cancer (4971)

Gastric cancer (1557) Breast cancer (1153)

Cases P* Cases P* Cases P*
Female sex, n 1125 2162 0.1513 361 <0.0001 1144 <0.0001
(%, total) (45.27, 2485) (43.49, 4971) (23.19, 1557) (99.22, 1153)
Age, years, median 32 58 <0.0001 58 <0.0001 49 <0.0001
(IQR, total) (27-39, 2485) (49-65, 4971) (50-65, 1557) (43-56, 1153)
BMI, kg/m?, median 22.98 22.26 <0.0001 21.25 <0.0001 23.82 0.0062
(IQR, total) (20.69-25.47,1552)  (20.07-24.76, 4635) (19.33-23.73, 1439) (21.77-26.07, 1114)
CRP, mg/L, median 0.44 1.54 <0.0001 1.6 <0.0001 0.57 <0.0001
(IQR, total) (0.15-0.95, 2046) (0.40-9.08, 4778) (0.38-8.94, 1489) (0.20-1.52, 1127)
Prior radio/chemotherapy, n 1124 220 364
(%, total) (40.283, 2794) (29.69, 741) (44.55, 817)
Tumor Stage 0-2, n 1506 340 569
(%, total) (42.84, 3515) (31.60, 1076) (569.83, 951)

Control (2485) Lung cancer (1016) Esophagus cancer (688) Colorectal cancer (498)

Cases P* Cases P* Cases P*
Female sex, n 324 <0.0001 98 <0.0001 201 0.0481
(%, total) (31.89, 1016) (14.24, 688) (40.36, 498)
Age, years, median 60 <0.0001 63 <0.0001 59 <0.0001
(IQR, total) (52-67, 1016) (58-69, 688) (50-66, 498)
BMI, kg/m?, median 22.54 0.0071 21.3 <0.0001 22.4 0.0047
(IQR, total) (20.51-24.74, 964) (19.37-23.683, 641) (20.06-24.91, 435)
CRP, mg/L, median 5.95 <0.0001 2.46 <0.0001 2.08 <0.0001
(IQR, total) (1.12-24.65, 978) (0.57-12.64, 662) (0.57-10.27, 474)
Prior radio-chemotherapy, n 295 128 112
(%, total) (54.63, 540) (36.06, 355) (34.67, 323)
Tumor Stage 0-2, n 132 295 167
(%, total) (22.88, 577) (56.08, 526) (45.26, 396)

*p values were determined by Fisher's exact test (for sex) or Wilcoxon’s Rank Sums test (for age and BMI). IQR represents interquartile range. p value for CRP levels was determined
with age correction by Scheirer-Ray-Hare test.
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FIGURE 1 | Validation of the functional impact of rs3091244 on CRP expression. (A) The effects of different rs3091244 alleles on CRP promoter activities in Hep3B
(left) and HEK298 cells (right). The A- and T-alleles show higher luciferase reporter activities than the C-allele. (B) Serum levels of CRP in healthy controls with different
genotypes of rs3091244 (CC: 1250, CT: 199, CA: 500, AA/TT/AT: 97). (C) Allelic frequencies of rs3091244 in the present study versus those in Chinese, European,
and African populations obtained from the 1000 genomes project database. *p < 0.05; **p < 0.01; **p < 0.001.
rs3091244 ?:::‘g: All cancers Gastric cancer Breast cancer Lung Esophag Colorectal cancer
levels % Co/Ca OR Col/Ca OR Col/Ca OR Col/Ca OR Col/Ca OR Col/Ca OR
cc 0 1484/2720 1484/852 1484/686 1484/558 1484/361 1484/226
CA/CT 27.42  880/1543 880/509 880/381 880/301 880/212 880/123
AA/TT/AT 43.55  121/245 121/83 121/48 121/55 121/34 121/24
p-trend 0.9713 0.4168 0.2599 0.9361 0.7144 0.8326
FIGURE 2 | Risk of cancer by rs3091244 genotypes. p values (two-sided) are from a test for the trend of ORs across rs3091244 genotypes with increasing levels of
circulating CRP. Black squares indicate ORs, and error bars indicate 95 % confidence intervals (Cl). The numbers of control (Co) and cancer cases (Ca) are indicated.
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FIGURE 3 | Risk of cancer by rs1205 genotypes. P values (two-sided) are from a test for the trend of ORs across genotypes with increasing levels of circulating CRP.
Black squares indicate ORs, and error bars indicate 95 % confidence intervals (Cl). The numbers of control (Co) and cancer cases (Ca) are indicated.

Ch
rs2794521 in 2’:‘9: All cancers Gastric cancer Breast cancer Lung E: h Colorectal cancer
levels % cColCa OR Col/Ca OR Col/Ca OR ColCa OR Col/Ca OR ColCa OR
AA 0 336/731 336/172 336/166 336/141 336/124 336/117
AG 0.087  130/261 130/59 130/60 130/66 130/40 130/33
GG -5.8 19/27 19/5 19/9 19/3 19/7 19/3
p-trend 0.2011 0.2041 0.7406 0.9366 0.532 0.066

FIGURE 4 | Risk of cancer by rs2794521 genotypes. P values (two-sided) are from a test for the trend of ORs across genotypes with increasing levels of circulating
CRP. Black squares indicate ORs, and error bars indicate 95 % confidence intervals (Cl). The numbers of control (Co) and cancer cases (Ca) are indicated.

Median

Combinations  plasma CRP OR (All cancers)
levels

CC/AA/AA 0.335
CCIGA/IAG 0.271
CC/IGA/AA 0.508
CWIGA/AA 0.527
WWI/GG/AA 0.695 H—a—
CCI/IGGI/IGG 0.711 -
CWIGG/AG 0.848 .

p-trend 0.5779
FIGURE 5 | Risk of cancer by rs3091244, rs1205, and rs2794521 genotypes.
The genotype combinations of the three single-nucleotide polymorphisms are
given in the order of rs3091244/rs1205/rs2794521. W represents the A or T
allele of rs3091244. P values (two-sided) are from a test for the trend of ORs
across genotypes with increasing levels of circulating CRP. Black squares
indicate ORs, and error bars indicate 95 % confidence intervals (Cl).

Luciferase Reporter Assay

The promoter fragment of CRP (—533~+103 bp) was cloned
into the PGL4.10 (luc2) vector (Promega, Madison, WI; catalog
number: E6651). Hep3B or HEK293T cells were transfected
with 1.5 png of PGL4.10 CRP reporter vector and 0.075 g of
phRL-TK (Promega; catalog number: E6241) using the X-treme
GENE 9 DNA Transfection Reagent (Roche, Basel, Switzerland;
catalog number: 06365787001; lot number: 23644700). After
48h of transfection, luciferase activity was measured using
the Dual-Luciferase Reporter Assay System (Promega; catalog
number: E1960; lot number: 0000201344) on a Synergy HTX
Multi-Mode Microplate Reader (BioTek, Winooski, VT). Firefly

luciferase activities were normalized to that of co-transfected
Renilla luciferase.

Statistical Analysis

Hardy-Weinberg equilibrium was checked in healthy controls
using the chi-squared test. Clinical characteristics between cases
and controls were compared using Fisher’s exact test, Wilcoxon
signed rank test or Scheirer-Ray-Hare test. The activity of
different alleles in the luciferase assay was tested using analysis of
variance (ANOVA). The association of genotypes with circulating
CRP levels was tested using a Kruskal-Wallis ANOVA. The
crude odds ratio (OR) was estimated using a conditional logistic
regression model to assess associations between CRP genotypes
and cancer risk. OR trends among genotypes were calculated
using the Cochran-Armitage trend test. P values below 0.05 were
considered significant. Statistical analyses were conducted using
SAS 9.3 (SAS Institute, Cary, NC, USA) or R package 3.6.0.

RESULTS

We first examined the direct effects of rs3091244 on the
expression of human CRP using a luciferase reporter assay
(Figure 1A). The promoter activity of human CRP increased
in order with the rs3091244 C-, T- and A-alleles in both
human hepatic Hep3B and renal HEK293 cells. This order also
corresponded to levels of circulating CRP in healthy controls with
different rs3091244 genotypes (Figure 1B). Overall, our results
are in line with previous findings that rs3091244 functionally
influences CRP expression (18, 25-27).

Next, we genotyped the rs3091244 variant in 2485 healthy
controls and 4971 cancer patients (Tablel and Table S1).
rs3091244 allelic frequencies in healthy controls were in Hardy-
Weinberg equilibrium and were comparable to those in Asian
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populations, but differed from those in European populations
(Figure 1C). Although the rs3091244 T- and A- alleles were
associated with higher baseline levels of circulating CRP, they,
either alone or in combination, showed no association with the
risk of any type of cancer examined (Figure 2).

We also genotyped the most frequently examined CRP
variant, rs1205, and another CRP promoter variant, rs2794521,
in a subgroup of 489 healthy controls and 1116 cancer patients
using TagMan assays. However, these two variants (Figures 3, 4)
or their combination with rs3091244 (Figure 5) again showed no
association with cancer risk. Thus, we propose that circulating
CRP is unlikely to be casually involved in tumorigenesis in
Chinese populations.

DISCUSSION

There have been several large-scale studies investigating the
associations between genetic CRP variants and cancer risk in
European (17-21, 24), American (22) and Chinese populations
(23). One study claimed that CRP variants are not associated with
the overall cancer risk (18), while others reported the opposite
(19) and also identified risk associations with certain cancer
types (17, 19, 20, 22). Confusingly, the identified variants can be
associated with increased cancer risk but with decreased levels
of circulating CRP (17, 22). Such a negative association is also
observed for a different cancer type, i.e., breast cancer, in the
present study albeit statistically insignificant. Nevertheless, these
were difficult to reconcile with the established positive association
between cancer risk and circulating CRP levels. Moreover, the
same CRP variant rs1205 has been found to be associated with
an increased risk of colon cancer in one study (22) but with
decreased risk in another (20).

Regarding these inconsistencies, it should be noted that a
clear functional association with CRP expression has not been
demonstrated for most examined variants (17-23). The only
functional variant, rs3091244 (25-27) was only examined in
one study in the general population of Denmark (18). This
might partly be due to the tri-allelic nature of rs3091244,
which is difficult to be genotyped using the regular TagMan
assay (18). The present study used the more accurate Sanger
sequencing to genotype rs3091244 in a Chinese population, and
reached the same conclusion as the Denmark study (18). The
lack of a significant association between rs3091244 and cancer
risk suggests that circulating CRP does not play a causal role
in tumorigenesis.

The noncausal involvement of circulating CRP in cancer
was not entirely unexpected. Our recent work has revealed
that tissue-localized CRP may be predominantly produced in
situ rather than transported from the circulation (29). This
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Department of Biomedical Sciences, James H. Quillen College of Medicine, East Tennessee State University, Johnson City,
TN, United States

The aim of this study was to test the hypothesis that C-reactive protein (CRP) protects
against the development of atherosclerosis and that a conformational alteration of
wild-type CRP is necessary for CRP to do so. Atherosclerosis is an inflammatory
cardiovascular disease and CRP is a plasma protein produced by the liver in
inflammatory states. The co-localization of CRP and low-density lipoproteins (LDL) at
atherosclerotic lesions suggests a possible role of CRP in atherosclerosis. CRP binds
to phosphocholine-containing molecules but does not interact with LDL unless the
phosphocholine groups in LDL are exposed. However, CRP can bind to LDL, without
the exposure of phosphocholine groups, if the native conformation of CRP is altered.
Previously, we reported a CRP mutant, F66A/T76Y/E81A, generated by site-directed
mutagenesis, that did not bind to phosphocholine. Unexpectedly, this mutant CRP,
without any more conformational alteration, was found to bind to atherogenic LDL. We
hypothesized that this CRP mutant, unlike wild-type CRP, could be anti-atherosclerotic
and, accordingly, the effects of mutant CRP on atherosclerosis in atherosclerosis-prone
LDL receptor-deficient mice were evaluated. Administration of mutant CRP into mice
every other day for a few weeks slowed the progression of atherosclerosis. The size
of atherosclerotic lesions in the aorta of mice treated with mutant CRP for 9 weeks
was ~40% smaller than the lesions in the aorta of untreated mice. Thus, mutant CRP
conferred protection against atherosclerosis, providing a proof of concept that a local
inflammation-induced structural change in wild-type CRP is a prerequisite for CRP to
control the development of atherosclerosis.

Keywords: atherosclerosis, C-reactive protein, inflammation, low-density lipoprotein, phosphocholine

INTRODUCTION

Atherosclerosis is a chronic inflammatory disease whose development begins with the dysfunction
of the endothelium of the arteries. Endothelial dysfunction leads to infiltration of plasma low-
density lipoprotein (LDL) and monocytes in the arterial wall. LDL is subsequently deposited,
modified and engulfed by monocyte-derived macrophages. Lipid-laden macrophage foam cells are
proinflammatory which enhances the process of the formation of atherosclerotic lesions (1, 2).
The inflammatory microenvironment of atherosclerotic lesions is characterized by macrophage
activation, hypoxia, and lactate and proton generation, resulting in an acidic extracellular pH (3-7).
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C-reactive protein (CRP) is a plasma protein produced by
the liver in inflammatory states (8). CRP is also present, co-
localized with modified LDL and macrophages, at atherosclerotic
lesions in both humans and experimental animals (9, 10). CRP
is composed of five identical subunits arranged in a pentameric
symmetry. The molecular weight of each subunit is ~23 kDa and
there are 206 amino acid residues in each subunit. CRP binds to
molecules with exposed phosphocholine (PCh) groups in a Ca?*-
dependent manner. There are five PCh-binding sites in the CRP
pentamer, one site per subunit (11, 12).

Oxidized LDL (ox-LDL), enzymatically-modified LDL (E-
LDL) and acetylated LDL (ac-LDL) are different forms of
modified atherogenic LDL that are used in in vitro experiments
(1, 2, 13). In the presence of Ca*", native or recombinant wild-
type (WT) CRP interacts with E-LDL due to the exposure of
PCh groups on E-LDL, but does not interact with ox-LDL and
ac-LDL (14-16). In the absence of Ca?t, WT CRP does not
interact with any form of atherogenic LDL (16-19). The native
pentameric structure of CRP is altered in response to a variety
of experimental conditions (16-23). It has been shown that the
pentameric structure of WT CRP is subtly altered by acidic pH
and by oxidation, and conformationally altered CRP is capable
of binding to atherogenic LDL independent of the PCh-binding
site (17-19). Employing E-LDL, it has also been shown that if
CRP is bound to atherogenic LDL, it prevents the formation of
lipid-laden macrophage foam cells (24). Due to the presence of
CRP at atherosclerotic lesions and due to the binding capability
of CRP for atherogenic LDL under certain conditions, CRP has
been implicated in the development of atherosclerosis (25).

We have previously reported a CRP mutant,
F66A/T76Y/E81A, in which Phe®, Thr’®, and Glu®! (three
critical amino acid residues in the PCh-binding site) were
substituted with Ala, Tyr, and Ala, respectively, to abolish the
PCh-binding activity of CRP (26). Mutant CRP did not bind to
PCh and was used as a tool to investigate the importance of the
PCh-binding site in CRP-mediated protection of mice against
pneumococcal infection (26). Biochemical characterization of
this mutant CRP, in comparison to that of WT CRP, has been
published previously (26). The overall structure of mutant CRP
was pentameric and the mutation did not affect the stability of
the protein in vivo. Mutant CRP circulated freely in the mouse
serum and its rate of clearance in vivo was similar to that of WT
CRP (26).

Further analysis of F66A/T76Y/E81A mutant CRP, presented
here, revealed that mutant CRP had inadvertently gained the
ability to bind to any protein that was immobilized on microtiter
plates, including atherogenic forms of LDL, without the need
for any further inflammatory milieu-dependent or acidic pH-
induced structural change. We, therefore, hypothesized that
mutant CRP might show an atheroprotective effect in murine
models of atherosclerosis. We reasoned that even if there was
no acidic pH around injected mutant CRP in the available
murine models, mutant CRP would be able to recognize and bind
atherogenic LDL and exert a protective effect on the development

Abbreviations: CRP, C-reactive protein; LDL, Low-density lipoprotein; Ldlr—/—,
LDL receptor-deficient; PCh, Phosphocholine; WT, wild-type.

of atherosclerosis. Accordingly, in this study, we evaluated the
effects of mutant CRP (F66A/T76Y/E81A) on the development
of atherosclerosis employing LDL receptor-deficient (Ldlr—/~)
mice, an animal model commonly used to investigate molecules
involved in human atherosclerosis.

MATERIALS AND METHODS

Preparation of F66A/T76Y/E81A Mutant

CRP

The construction of F66A/T76Y/E81A mutant CRP ¢cDNA used
in this study has been reported previously (26). Mutant CRP
was expressed in CHO cells using the ExpiCHO Expression
System (Thermo Fisher Scientific), according to manufacturer’s
instructions. As described previously (26), mutant CRP was
purified from cell culture supernatant by Ca?'-dependent
affinity chromatography on a phosphoethanolamine-Sepharose
column, since this CRP mutant does not bind to PCh. Mutant
CRP was further purified by gel filtration on a Superosel2
column. Eluted mutant CRP was immediately dialyzed against
10mM Tris-HCI, 150 mM NaCl, pH 7.2 (TBS), containing
2mM CaCl,, stored at 4°C, and was used within a week.
The purity of CRP was confirmed by using denaturing SDS-
PAGE. For in vivo experiments, purified mutant CRP was treated
with the Detoxi-Gel Endotoxin Removing Gel (Thermo Fisher
Scientific) according to manufacturer’s instructions. The removal
of endotoxin from mutant CRP preparations was confirmed
by using the Limulus Amebocyte Lysate kit QCL-1000 (Lonza)
according to manufacturer’s instructions.

Solid Phase Ligand-Binding Assay

The solid phase ligand-binding assay was used to determine the
binding of mutant CRP to immobilized proteins, as described
earlier (17-19). Ox-LDL, E-LDL, ac-LDL, factor H (Complement
Technology) and amyloid B peptide 1-42 (Bachem, H-1368)
were used as protein ligands. Ox-LDL, E-LDL, and ac-LDL were
prepared as described previously (17-19, 24). Briefly, microtiter
wells were coated with protein ligands (10 wg/ml) diluted in
TBS and incubated overnight at 4°C. The unreacted sites in the
wells were blocked with TBS containing 0.5% gelatin. Freshly
purified mutant CRP was diluted in TBS-Ca (TBS containing
2mM CaCl,, 0.1% gelatin and 0.02% Tween 20), added to the
wells, and incubated overnight at 4°C. Bound mutant CRP was
detected by using a polyclonal rabbit anti-human CRP antibody
(Millipore Sigma, 235752). HRP-conjugated donkey anti-rabbit
IgG (GE Healthcare) was used as the secondary antibody. Color
was developed using ABTS as the substrate and the ODyg5 was
read in a plate reader.

Atherosclerosis Protection Experiments

Eight-week-old C57BL/6 male Idlr—/— mice (Jackson Lab,
002207) were used in experiments according to protocols
approved by and conducted in accordance with the guidelines
administered by the Institutional Animal Care and Usage
Committee of East Tennessee State University. Sixty mice were
fed on a high-fat western-type diet (21% fat, 0.2% cholesterol),
purchased from Envigo (TD.88137), for 10 weeks. After 1 week
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for mutant CRP-treated group; 12 mice per time point) were
A processed, stained and photographed. A representative Sudan

Male /diIr’-mice, aged 8 weeks,
fed on a high-fat diet

Alternate i.v. and i.p.
injections of mutant
CRP on alternate days

for 9 weeks
| | | Ll
| T | T "1
Week of sacrifice 1 3 5 7 9
Number of injections 4 11 18 25 32

FIGURE 1 | Assessment of atherosclerotic lesions in /dlr—/~ mice. (A) Protocol
for administration of mutant CRP and for sacrifice of mice after mutant CRP
administration. (B) Quantitation of atherosclerotic lesions in the aorta (en face).
A representative Sudan IV-stained aorta is shown. The red colored areas are
the lesions. Scale bar, 5mm. (C) Quantitation of atherosclerotic lesions in the
aortic root. A representative Oil Red O-stained aortic root section is shown.
The red colored areas are the lesions. Scale bar, 100 pm.

on high-fat diet, mice were divided into two groups of 30
mice in each group: untreated group and mutant CRP-treated
group. Mice were injected with either TBS (untreated group) or
mutant CRP (50 pg/injection) on alternate days for 9 weeks, via
alternating intravenous and intraperitoneal routes (Figure 1A).
Blood, heart and aorta were collected at five different time points
(weeks 1, 3, 5, 7, and 9), as described previously (27). Briefly,
six mice from each group, at each time point, were sacrificed,
blood was collected by cardiac puncture, and the plasma was
separated and stored frozen. After collecting blood, the heart was
perfused with 10% formalin, followed by removing fat from the
entire aorta. Heart was excised from the aorta, was cut into two
halves, and the upper half with the aortic root was mounted using
OCT medium and stored at —80°C. Following heart excision,
aorta was excised and stored in 10% formalin at 4°C. The whole
experiment was repeated once more employing another 60 mice
and a separate, freshly purified batch of mutant CRP.

Measurement of the Size of

Atherosclerotic Lesions

To measure the size of atherosclerotic lesions in the whole aorta
(en face), aorta was cut open longitudinally, stained with Sudan
IV, and digitally photographed, as described previously (27). A
total of 120 aortae (60 mice for untreated group and 60 mice

IV-stained aorta is shown in Figure 1B.

To measure the size of atherosclerotic lesions in the aortic
root, 8 um cross-sections of frozen OCT-embedded heart were
collected from the appearance of the aortic valve leaflets to
their disappearance (48-72 sections per heart). Every other
cross-section of the entire aortic root was stained with Oil
Red O for lipids, counterstained with hematoxylin, and digitally
photographed, as described previously (27). A total of 120
hearts (60 mice for untreated group and 60 mice for mutant
CRP-treated group; 12 mice per time point) were processed. A
representative Oil Red O-stained aortic root section is shown in
Figure 1C.

Digital photographs were acquired with an Olympus BX41
microscope equipped with a CCD color camera (QImaging).
The stained lesion areas were quantified in digital images using
the Image] software (28). Quantification of the lesion areas in
the photographs was performed by two observers blinded to
the experimental protocol. Non-parametric test (Mann-Whitney
test) using GraphPad Prism software was employed to calculate
the p-values.

Immunostaining of CRP

Sudan I'V-stained aorta was first processed to remove the stain, as
described earlier (29). Immunostaining of CRP was performed
using Vectastain ABC Elite kit (Vector laboratories, PK-6100)
according to manufacturer’s instructions. CRP was detected by
using a polyclonal rabbit anti-human CRP antibody (Millipore
Sigma, 235752). Biotinylated goat-anti rabbit IgG was used
as the secondary antibody. Color was developed using DAB
(Vector laboratories, InmPACT DAB, SK-4105) as the substrate,
according to manufacturer’s instructions.

Measurement of Lipoproteins in the

Plasma

The concentrations of high-density lipoprotein (HDL) and LDL
in the plasma were measured using Cholesterol Assay Kit-HDL
and LDL/VLDL (Abcam; ab65390) according to manufacturer’s
instructions. Lipoprotein levels were measured in the pooled
plasma samples collected at weeks 1, 3, 5, 7, and 9 (12 mice per
time point). Unpaired student ¢-test was employed to calculate
the p-values.

RESULTS

All experiments were performed three times, unless otherwise
mentioned, and comparable results were obtained each time.
Results of a representative experiment are shown in the figures
where the raw data (ODygs5) were used to plot the curves.

Mutant CRP Binds to Atherogenic LDL

As shown in Figure 2, mutant CRP bound to all three forms of
atherogenic LDL immobilized on microtiter wells. The binding
occurred at physiological conditions, that is, in the absence of
any protein structure-modifying agent, such as acidic pH. Since
mutant CRP does not bind to PCh (26), the binding of mutant
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FIGURE 2 | Binding of F66A/T76Y/E81A mutant CRP to immobilized proteins including atherogenic LDL at physiological pH. Microtiter wells were coated with protein
ligands as shown. After blocking the unreacted sites in the wells, mutant CRP diluted in TBS-Ca was added to the wells and incubated for 2 h at 37°C. Bound mutant
CRP was detected by using a rabbit anti-human CRP antibody and HRP-conjugated donkey anti-rabbit IgG. Color was developed and the OD was read at 405 nm. A

0246810 0246 8 10

CRP to either ox-LDL, E-LDL, or ac-LDL was independent of the
PCh groups present in atherogenic LDL. In addition to testing the
binding of mutant CRP to atherogenic LDL, we also included two
other proteins, factor H and amyloid f peptide, in the binding
assay. Mutant CRP also bound to factor H and amyloid B peptide
in a concentration-dependent manner, similar to its binding to
atherogenic LDL. These results suggest that mutant CRP did not
recognize immobilized atherogenic LDL per se, but it recognized
a pattern, as yet undefined, on immobilized proteins in general.

Mutant CRP Reduces Atherosclerotic

Lesions in the Whole Aorta

The total size of all lesion areas in the whole aorta (en face) was
measured. Figure 3 shows the combined results of two separate
experiments with 12 mice in each group, for each time point.
There was no effect of mutant CRP on the en face lesions for the
first 5 weeks. The effect of mutant CRP on the lesion size was
visible once the disease had progressed further. In comparison
to untreated mice, the lesion area in mutant CRP-treated mice
was 30.9% less after 7 weeks and 42% less after 9 weeks of
CRP administration. As shown, in mutant CRP-treated mice,
the lesion area did not increase after 5 weeks unlike in the
untreated group where the lesion area kept increasing for another
2 weeks. Similar results were seen when the data from each
of the two experiments (6 mice/group/time point/experiment)
were analyzed separately (Supplemental Figure 1). We did not
determine the specific stages of atherosclerosis at any time point.

The Effects of Mutant CRP Are Not Visible

at the Aortic Root Lesions

The total size of all lesion areas in the aortic root was measured.
Figure 4 shows the combined results of two separate experiments
using 12 mice in each group, for each time point. As shown,
the disease progressed for the entire duration of 9 weeks in
untreated mice. However, the administration of mutant CRP
did not affect the lesion size at any time point. There was no
statistically significant difference in the lesion size at any time
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FIGURE 3 | Reduction in the size of atherosclerotic lesions in the aorta of
mutant CRP-treated mice. The scatter plot shows the total atherosclerotic
lesion area in en face aorta from untreated and mutant CRP-treated mice.
Data were collected at five different time points: 1, 3, 5, 7, and 9 weeks after
mutant CRP administration (12 mice per group per time point). Each blue dot
represents one mouse from the untreated group and each green dot
represents one mouse from the mutant CRP-treated group. Horizontal black
lines indicate the median total lesion area for each group. Asterisks denote
statistically significant difference between untreated and mutant CRP-treated
groups ("p < 0.01).

point between untreated and mutant CRP-treated groups of
mice. Similar results were seen when the data from each of
the two experiments (6 mice/group/time point/experiment) were
analyzed separately (Supplemental Figure 2).

Administered Mutant CRP Is Present in the
Aorta

Immunostaining of CRP in the aorta isolated from mice treated
with mutant CRP for seven weeks was performed to confirm
the presence of administered mutant CRP at the en face
atherosclerotic lesions in mutant CRP-treated mice. As shown
(Figure 5), the lesions in the aorta of mutant CRP-treated mice
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were stained while the lesions in the aorta of untreated mice
did not stain for CRP. The polyclonal anti-human CRP antibody
used in this study does not react with purified murine CRP (data
not shown), consistent with the previously published report that
anti-human CRP antibodies do not react with murine CRP (30).

Mutant CRP Does Not Alter the
Concentration of Lipoproteins in the

Plasma
Injecting a total of 1.6mg of mutant CRP into mouse, in
32 injections over a period of 9 weeks, did not alter the
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FIGURE 4 | No reduction in the size of atherosclerotic lesions in the aortic root
of mutant CRP-treated mice. The scatter plot shows the total atherosclerotic
lesion area in aortic root sections from untreated and mutant CRP-treated
mice. Data were collected at five different time points: 1, 3, 5, 7, and 9 weeks
after mutant CRP administration (12 mice per group per time point). Each blue
dot represents one mouse from the untreated group and each green dot
represents one mouse from the mutant CRP-treated group. Horizontal black
lines indicate the median total aortic root lesion area for each group.

concentration of lipoproteins in the circulation. As shown in
Table 1, the concentrations of LDL and HDL in the plasma of
untreated and mutant CRP-treated mice were comparable. There
was no statistically significant difference in the levels of either
LDL or HDL in the plasma at any time point between untreated
and mutant CRP-treated groups of mice. Administration of
mutant CRP did not affect the body weight. Body weights of
untreated and mutant CRP-treated mice were similar at each time
point (data not shown).

DISCUSSION

In this study, we investigated the effects of mutant CRP
F66A/T76Y/E81A, capable of binding to atherogenic LDL
but incapable of binding to PCh, on the development of
atherosclerosis in male Idlr~/~ mice. Our major finding was
that the administration of mutant CRP for 7 weeks slowed the
progression of atherosclerosis. The total size of atherosclerotic
lesions in the whole aorta of mice treated with mutant CRP on

TABLE 1 | Concentration of lipoproteins in the plasma.

Week of sacrifice HDL (mg/dl) LDL (mg/dl)

Untreated CRP-treated Untreated CRP-treated

1 61 +£2 85+ 19 864 + 16 713 £ 31
3 91 £15 71 £19 838 £ 231 786 £ 246
5 78 + 4 74 £12 754 £ 118 834 £ 185
7 181 + 1 107 £ 15 932 + 86 1,086 + 23
9 80 +3 105+ 2 1,064 £ 3 1,103 + 19

Plasma HDL and LDL levels were analyzed in samples pooled from all 12 mice in each
group. Results are expressed as mean + SEM.

FIGURE 5 | Immunostaining of mutant CRP in the aorta. (A) A representative aorta from untreated mice stained for mutant CRP. (B) A representative aorta from mice
treated with mutant CRP for 7 weeks, stained for CRP. 1-4 represent an aorta through different stages of staining. (1) Sudan IV-stained aorta. Red colored areas are
the lesions. (2) Aorta post-dehydration to remove Sudan IV. White colored areas are the lesion areas. (3) Anti-human CRP antibody-stained aorta. Brown colored areas
reflect the presence of mutant CRP in the lesions. (4) Magnified aortic arch area of the anti-human CRP antibody-stained aorta. Red boxes show the lesion areas.
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alternate days for 7 weeks and beyond was significantly smaller
(~40%) than the lesions in the aorta of untreated mice.

Previously, the role of WT CRP in atherosclerosis had been
explored, employing a variety of experimental strategies, and
12 papers have been published using CRP from man, mouse
and rabbit in both murine and rabbit models of atherosclerosis
(31-42). In these studies, both, normal mice and CRP-deficient
mice have been employed. Both, normal rabbits and rabbits in
which CRP was inhibited by using anti-sense technology have
been employed. Both, passively administered CRP and transgenic
human CRP have been employed. Three different types of
atherosclerosis-prone mice, apoE~/~, Idlr~/~, and apoB!00/100
ldlr=/~, have been used in these studies. Two of the 12 papers
indicated that both human and murine CRP might be playing
an atheroprotective role: human CRP was shown to slow the
development of atherosclerosis in the apoB'%/1%0 |dly=/= mice
(36), and the lesion size in CRP-deficient mice on apoE’/ ~or
ldlr~/~ background was either equivalent or increased compared
to that in normal mice (41). In the other 10 papers, regardless
of the experimental strategy used, WT CRP from all species did
not show any effect on the development of atherosclerosis in
animals, suggesting that WT CRP is neither pro-atherogenic nor
anti-atherogenic (25, 43).

The most logical explanation for the observations of zero
or nominal effects of WT CRP (31-42) on atherosclerosis in
animal models is that the animal models of atherosclerosis do
not possess the required inflammatory microenvironment that is
needed by CRP to change its structure and be able to interact with
atherogenic LDL (10, 18, 25). WT CRP shows no effect because
pH near the lesions may not be acidic in animal models and,
therefore, the structure of administered or endogenous WT CRP
remains unchanged (10, 18, 25). WT CRP treated with acidic pH
in vitro was unsuitable for administration into blood circulation
of animals since the acidic pH-induced conformational alteration
in the pentameric structure of CRP was found to be reversible
at physiological pH (17). Therefore, we hypothesized that an in
vitro-generated mutant CRP, capable of binding to atherogenic
LDL without the requirement of any structural modification in
vivo, would be suitable to investigate the mechanism of action
of CRP on the development of the disease in animal models
(10, 16, 18, 25). Indeed, in one study, monomeric CRP, that is
also capable of binding to atherogenic LDL, was employed and
the results showed that monomeric CRP was protective against
atherosclerosis in apoE~/~ mice (34). Thus, our current findings
using mutant CRP and previous findings using monomeric CRP,
both molecules capable of binding to atherogenic LDL, indicate
that structurally altered CRP protects against atherosclerosis; it
is just that WT CRP does not exert a protective effect in most
animal models (25, 44).

The effect of mutant CRP on the size of atherosclerotic lesions
in the en face aorta was obvious since we found that administered
mutant CRP had reached the aorta. The staining of aortic
roots for the presence of administered mutant CRP provided
inconclusive results (data not shown). It is assumed that if mutant
CRP reached the aorta, it also reached the aortic root, and if
this assumption is correct, then the effect of mutant CRP was
site-specific. Site-specific effects of experimental manipulations
have been observed in other studies using Idlr~/~ mice where the

disease developed differently at various lesion-prone sites (45—
50). Since the effects of mutant CRP were still observed after week
9 in the en face aorta, it is unlikely that anti-CRP antibodies were
produced in response to intravenous administration of mutant
CRP that could have inhibited its functions.

The topology of the LDL-binding site and the number of
LDL-binding sites on mutant CRP remain undefined. Two
possible mechanisms have been proposed for the interaction
between conformationally altered CRP and atherogenic LDL.
The intrinsically disordered region present in CRP has been
shown to participate in the binding of monomeric CRP and
atherogenic LDL (51). We proposed that the loosening of
the CRP pentamer contributed to the formation of the LDL-
binding site (16-18, 25). Recently, it has been suggested that the
pentameric assembly of CRP harbors a pronounced plasticity
in inter-subunit interactions, which may form the basis for a
reversible activation of CRP in inflammation (52). However,
it is unknown whether the intrinsically disordered region was
exposed or the pentamer was loosened in mutant CRP employed
in this study. We speculate that there is only one LDL-binding site
per CRP pentamer. However, for the protection of mice against
atherosclerosis, it is possible that both sites, the PCh-binding
site and the LDL-binding site, participate. The search for a new
mutant CRP which can bind to both PCh and to atherogenic
LDL is in progress. Any possible similarity between mutant CRP
used in this study and previously reported conformationally
altered pentameric forms of CRP, pCRP*, and mCRPm (20, 21),
is unknown.

Based on the data obtained from a single regimen for
mutant CRP treatment, we conclude that one of the functions
of CRP is to confer protection against atherosclerosis. We
propose, again, that there is no need to stop the biosynthesis
of CRP, and that a drug that can lower cholesterol level but
not CRP levels could be superior to statins which reduce
both CRP and cholesterol levels (53, 54). These suggestions
are supported by the fact that, in rabbits, the inhibition of
plasma CRP did not affect the development of atherosclerosis
(42). It has also been previously postulated that the deposition
of CRP at the atherosclerotic lesions may be independent
of the CRP levels in the circulation and that CRP-mediated
lipoprotein removal likely underlies the regression of early
lesions which occurs continuously throughout life and that CRP
should be considered as an anti-atherosclerotic protein (10,
13). A long-term goal should be the discovery and design of
small-molecule compounds to aid endogenous native CRP in
capturing atherogenic LDL, as proposed earlier (14, 25). Another
goal could be to investigate the possible protective effects of
mutant CRP used in this study in animal models of other
inflammatory diseases.

Our data also provide a proof of concept
a local inflammation-induced  structural  change
native CRP is a prerequisite for CRP to control the
development of atherosclerosis. An appropriate inflammatory
microenvironment at the site of LDL deposition seems to be
critical for CRP to prevent atherosclerosis. One function of
inflammation could be to change the structure of proteins,
including CRP. Inflammation is not a silent killer, perhaps, as
has been suggested (55).

that
in
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Complement Activation by
C-Reactive Protein Is Critical for
Protection of Mice Against
Pneumococcal Infection

Sanjay K. Singh', Donald N. Ngwa' and Alok Agrawal*

Department of Biomedical Sciences, James H. Quillen College of Medicine, East Tennessee State University, Johnson City,
TN, United States

C-reactive protein (CRP), a component of the innate immune system, is an
antipneumococcal plasma protein. Human CRP has been shown to protect mice against
infection with lethal doses of Streptococcus pneumoniae by decreasing bacteremia.
in vitro, CRP binds to phosphocholine-containing substances, such as pneumococcal
C-polysaccharide, in a Ca?t-dependent manner. Phosphocholine-complexed human
CRP activates the complement system in both human and murine sera. The mechanism
of antipneumococcal action of CRP in vivo, however, has not been defined yet.
In this study, we tested a decades-old hypothesis that the complement-activating
property of phosphocholine-complexed CRP contributes to protection of mice against
pneumococcal infection. Our approach was to investigate a CRP mutant, incapable
of activating murine complement, in mouse protection experiments. We employed
site-directed mutagenesis of CRP, guided by its three-dimensional structure, and
identified a mutant H38R which, unlike wild-type CRP, did not activate complement
in murine serum. Substitution of His®® with Arg in CRP did not affect the pentameric
structure of CRP, did not affect the binding of CRP to pneumococci, and did not decrease
the stability of CRP in mouse circulation. Employing a murine model of pneumococcal
infection, we found that passively administered H38R CRP failed to protect mice against
infection. Infected mice injected with H38R CRP showed no reduction in bacteremia
and did not survive longer, as opposed to infected mice treated with wild-type CRP.
Thus, the hypothesis that complement activation by phosphocholine-complexed CRP
is an antipneumococcal effector function was supported. We can conclude now that
complement activation by phosphocholine-complexed CRP is indeed essential for
CRP-mediated protection of mice against pneumococcal infection.

Keywords: C-reactive protein, acute phase response, complement, inflammation, pneumococcal infection

INTRODUCTION

C-reactive protein (CRP) is a multifunctional component of the acute phase response and innate
host defense machinery (1, 2). CRP is composed of five identical subunits arranged as a cyclic
pentamer (3, 4). Each subunit has a phosphocholine (PCh)-binding site through which CRP binds
to PCh-containing substances such as C-polysaccharide (PnC) of the cell wall of Streptococcus
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pneumoniae, in a Ca’'-dependent manner (3-6). After
complexing with a ligand such as PnC, CRP activates the
complement system (7, 8). Human CRP activates complement
in both human and murine sera (9, 10). In human serum, CRP
binds to Clq and activates the classical pathway of complement
(7). Since human CRP does not interact with murine Clgq, it is
not known which pathway is utilized by human CRP to activate
murine complement (9).

The Clq-binding site of CRP is formed in and around a cleft
that is located on the opposite side of the PCh-binding site of the
CRP pentamer (3, 4). The amino acid residues which contribute
to the formation of the C1q-binding site of CRP are His*3, Glu®®,
Asp“z, Asn!®®, and Tyr175 from one subunit and Lys114 from the
neighboring subunit. Mutational analysis of these amino acids
revealed that His*®, Asp!!2, and Tyr!'”> were critical for binding
to Clq and activating complement in human serum (11, 12).
Asp!'!?2 and Tyr!”> appeared to be the C1q contact residues. Three
CRP mutants, H38R, D112N, and Y175A have been previously
identified as the mutants which displayed reduced binding to C1q
and did not activate complement in human serum (12).

Human CRP has been shown to protect mice against
lethal pneumococcal infection (13-16). Although a functioning
complement system is required for full CRP-mediated protection,
the exact mechanism of action of CRP in protecting mice against
pneumococcal infection is not known (17-19). Decades ago, it
was hypothesized that complement activation by CRP complexed
with PCh was responsible for CRP-mediated protection of mice
against pneumococcal infection (20). This hypothesis could not
be tested experimentally at the time due to the unavailability of
a CRP mutant which would bind to pneumococci but would not
activate complement in murine serum.

Previously, we tested the Y175A CRP mutant for activation
of murine complement. We reported that Y175A CRP did not
activate human complement but activated murine complement
(9). Other CRP mutants, H38R and D112N, that did not activate
human complement were not tested for murine complement
activation earlier. Here, we report that the CRP mutant H38R
does not activate murine complement either. The availability of
H38R CRP provided us with the needed tool to test the hypothesis
that complement activation by PCh-complexed CRP is critical for
CRP to protect mice against pneumococcal infection.

MATERIALS AND METHODS

Construction and Expression of CRP

Mutants

The construction of H38A and H38R CRP mutants has been
described earlier (12). CRP mutants were expressed in CHO cells
using the ExpiCHO Expression System (ThermoFisher Scientific)
according to manufacturer’s instructions. In brief, non-adherent
ExpiCHO-S cells (Gibco) were cultured in a shaker flask at 37°C
with 5% CO,. Cells (6 x 10° cells/ml) were then transfected
with mutant CRP ¢cDNA (1 pg) using Expifectamine reagent (3.2

Abbreviations: CRP, C-reactive protein; PCh, phosphocholine; PnC,
pneumococcal C-polysaccharide; P-PnC, poly-L-lysine-conjugated PnC; WT,

wild-type.

pl/ml). Transfected cells were cultured for 20 h at 37°C with 5%
CO;. At 20h post-transfection, ExpiCHO enhancer (6 pl/ml)
and ExpiCHO feed (240 pl/ml) were added to the transfected
cells and the culture was then transferred to 32°C with 8%
COs. The culture media containing expressed CRP mutants were
harvested 14 days post-transfection.

Purification of CRP
WT CRP was purified exactly as described previously, and the
same method was used to purify CRP mutants H38A and H38R
(21). In brief, CRP was purified by Ca**-dependent affinity
chromatography on a PCh-Sepharose column (Pierce), followed
by gel filtration on a Superosel2 column (GE Healthcare) using
the Biologic Duo Flow Protein Purification System (Bio-Rad).
Purified CRP was stored in TBS (10mM Tris-HCI, pH 7.2,
containing 150 mM NaCl) containing 2mM CaCl, at 4°C and
was used within 10 days. The purity and pentameric structure of
CRP mutants were determined by SDS-PAGE and gel filtration.
For use in mice, purified CRP was treated with the Detoxi-Gel
Endotoxin Removing Gel (ThermoFisher Scientific) according
to manufacturer’s instructions. The concentration of endotoxin
in all CRP preparations, as determined by using the Limulus
Amebocyte Lysate kit QCL-1000 (Lonza), was <2.2 endotoxin
units per 25 ug CRP.

Murine Complement Activation Assay

First, poly-L-lysine-PnC (P-PnC) was synthesized, as described
previously (22), with some modifications. Briefly, 200 pl of 1
mg/ml PnC (Statens Serum Institute, 3459) was slowly added to
10 ml of 10 mM NaOH. Then, 10 mg of cyanuric chloride (Sigma,
C95501) was added, followed by the addition of 2ml of poly-
L-lysine (200 pg/ml in H,O), to the mixture. After adjusting
the pH to 8.2 using NaOH, the mixture was incubated for 2h
at 4°C with occasional stirring. The resulting P-PnC (poly-L-
lysine ~20 pug/ml and PnC ~100 jrg/ml) was stored at 4°C; a 1:4
dilution of this preparation was used to coat microtiter wells for
the following assays.

Binding of CRP to the PCh ligand P-PnC was evaluated as
follows: Microtiter wells were coated with P-PnC in 100 pl TBS,
overnight at 4°C. The unreacted sites were blocked with TBS
containing 0.5% gelatin for 1 h at room temperature. CRP, diluted
in TBS containing 2mM CaCl,, 0.1% gelatin and 0.02 % Tween
20 (TBS-Ca), was then added in duplicate wells and incubated for
2hat 37°C. After washing the wells with TBS-Ca, bound CRP was
detected by using anti-CRP monoclonal antibody HD2.4 diluted
in TBS-Ca. HRP-conjugated goat anti-mouse IgG diluted in TBS-
Ca was used as the secondary antibody. Color was developed
using ABTS substrate and the OD was read at 405nm in a
plate reader.

Murine complement activation was assessed by measuring
the deposition of activated murine C3 on P-PnC-complexed
CRP, as follows: Microtiter wells were coated with P-PnC in
100 pl 10 mM phosphate buffer saline, pH 7.2 (PBS), overnight
at 4°C. The unreacted sites were blocked with PBS containing
1% BSA for 1h at room temperature, followed by rinsing the
wells with buffer A (PBS containing 0.1% BSA and 1mM
CaCl;). CRP diluted in buffer B (buffer A containing 0.01%
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Tween 20) was then added in duplicate wells and incubated
for 1h at 37°C. The wells were washed with buffer B and then
with buffer C (PBS containing 1% BSA, 0.15mM CaCl, and
0.5mM MgCl;). Normal mouse serum (Innovative Research
IGMSC57SER), diluted 1/30 in chilled buffer C, was added to
each well and incubated for 30 min at 37°C, followed by washing
with buffer C. Goat anti-mouse C3 antibody (Cappel), diluted
1/750 in buffer C, was added to each well. After 1h at 37°C, the
wells were washed, and developed with HRP-conjugated bovine
anti-goat IgG (Santa Cruz Biotechnology). Color was developed
using ABTS substrate and the OD was read at 405nm in a
plate reader.

Pneumococcus Binding Assay

Pneumococcus binding assay was performed exactly as described
previously (16, 23). Briefly, microtiter wells were coated with 107
CFU of pneumococci overnight at 4°C. The unreacted sites in
the wells were blocked with TBS containing 0.5% gelatin. CRP,
diluted in TBS-Ca, was then added to the wells for 2h at 37°C.
After washing the wells with TBS-Ca, bound CRP was detected by
using anti-CRP monoclonal antibody HD2.4. HRP-conjugated
goat-anti mouse IgG was used as the secondary antibody. Color
was developed using ABTS substrate and the OD was read at
405 nm in a plate reader.

Clearance of H38R CRP From Mouse

Circulation

The clearance rate of H38R CRP from the mouse blood was
determined as described previously (23). Briefly, five mice were
injected i.v. with 50 pg of H38R CRP in 100 pl TBS containing
2mM CaCl, through the tail vein. Blood samples were collected
from the tip of the tail after 12, 16, 20, and 24 h, and sera were
separated. The concentration of CRP in the sera was measured
by ELISA.

Mice

Male C57BL/6] mice, 8-10 weeks old, were purchased from
Jackson Laboratories and used in the protection experiments.
All animal studies have been reviewed and approved by the
University Committee on Animal Care.

Pneumococci

Virulent S. pneumoniae type 3, strain WU2 (obtained from Dr.
David Briles, University of Alabama, Birmingham, AL), was
cultured as described previously (23). Single use bacterial aliquot
(1 ml) of virulent stock was prepared and stored at —80°C. For
each experiment, an aliquot of frozen pneumococci was thawed
in 50 ml Todd-Hewitt broth containing 0.5% yeast extract and
incubated at 37°C with shaking at 125 rpm for 3 h and collected
from mid-log phase cultures. The culture was centrifuged at 7,500
rpm for 15 min. The bacterial pellet was washed and resuspended
in 10 ml normal saline and the volume adjusted to an absorbance
Agoo = 0.29 (3.5 x 108 CFU/ml). The concentration, purity,
and viability of pneumococci was confirmed by plating on sheep
blood agar plates.

Mouse Protection Experiments

Mouse protection experiments were performed exactly as
described previously (24). In brief, mice were injected i.v. with
25 g CRP. After 30 min, 100 pl of 3.4 x 108 CFU/ml of
pneumococci was injected. Survival of mice was recorded three
times per day for 7 days. To determine bacteremia (CFU/ml),
blood samples were collected from each surviving mouse twice
daily for the first 3 days, followed by once daily for next 2 days.
Blood was diluted and plated on blood agar plates and incubated
for 18 h at 37°C before the colonies were counted. The plotting
and statistical analyses of the data were done using the GraphPad
Prism 4 software. Statistical significance for survival among
the groups was determined by Log-rank test and differences in
bacteremia were analyzed by Mann-Whitney test.

RESULTS

All experiments were performed three times, unless otherwise
mentioned, and comparable results were obtained each time.
Results of a representative experiment are shown in the figures
where the raw data (OD,gg or A4gs) were used to plot the curves.

H38R CRP Does Not Activate Murine

Complement

Previously, for murine C3 deposition assays, we used CRP-
PnC complexes to activate complement (9). However, we
failed to generate a reliable murine C3 deposition assay using
commercially available batch of PnC at this time. Instead of
using CRP-PnC complexes, we used CRP-P-PnC complexes for
murine C3 activation. As shown (Figure 1A), H38A and H38R
CRP mutants bound to P-PnC as well as WT CRP did. In the
C3 deposition assay (Figure 1B), WT CRP activated murine C3
in a CRP concentration-dependent manner. Like WT CRP, H38A
CRP also activated murine C3 in a CRP concentration-dependent
manner. Even if the binding of WT CRP and H38A CRP to P-PnC
did not differ from each other, H38 A CRP was more efficient than
WT CRP in activating murine C3. However, H38R CRP did not
result in any C3 deposition on CRP-P-PnC, suggesting that H38R
CRP was unable to activate murine complement.

H38R CRP Is Pentameric and Binds to

Pneumococci

The elution volume of H38R CRP from the gel filtration column
was identical to that of WT CRP (Figure 2A), indicating that
the molecular weight of H38R CRP was same as WT CRP. SDS-
PAGE analysis (Figure 2B) of H38R CRP confirmed the purity
of the preparation and showed that there was no difference in
the molecular weight of the subunits of WT and H38R CRP.
Thus, H38R CRP was pentameric. Also, the Ca?*-dependent
binding of H38R CRP to pneumococci was similar to that of WT
CRP (Figure 2C). We have reported previously that the Ca**-
dependent binding of H38R CRP to PnC and PCh-conjugated
BSA was also similar to that of WT CRP (12).

H38R CRP Is Stable in vivo

We have reported previously that the rate of clearance of
WT CRP from mouse circulation was 0.67 pg/ml/h (23). To
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FIGURE 1 | Activation of murine complement by human CRP. A representative
of three experiments is shown. (A) Binding of CRP to P-PnC. Microtiter wells
were coated with P-PnC. CRP diluted in TBS-Ca was added to the wells.
Bound CRP was detected by using an anti-CRP antibody. Color was
developed and the OD was read at 405 nm. (B) Activation of murine C3 by
CRP complexed with P-PnC. Microtiter wells were coated with P-PnC. CRP
diluted in TBS-Ca was added to the wells. Normal mouse serum was then
added to the wells. Deposited C3 was detected by using goat anti-mouse C3
antibody. Color was developed and the OD was read at 405 nm.

determine the dose of H38R CRP for in vivo use, we evaluated
the rate of clearance of H38R CRP from mouse circulation
(Figure 3). The clearance rate of H38R CRP was found to be
0.20 pg/ml/h, suggesting that the clearance of H38R CRP was not
faster than that of WT CRP and that the substitution of His>® with
Arg did not reduce the stability of H38R CRP in vivo.

H38R CRP Does Not Protect Mice Against

Pneumococcal Infection

Figure 4 shows the combined results from two separate mouse
protection experiments. H38A CRP, which was not different from
WT CRP in activating murine complement, was included as a
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FIGURE 2 | Overall pentameric structure of H38R CRP. A representative of
three experiments is shown. (A) Elution profiles of CRP from the gel filtration
column are shown. CRP in TBS containing 2mM CaCl, was applied to the
column and eluted with the same buffer. Sixty fractions (0.25 ml) were
collected and protein measured (Asgo) to determine the elution volume of CRP.
(B) Denaturing SDS-PAGE of CRP. A Coomassie brilliant blue-stained gel (lane
2, WT CRP; lane 3, H38R CRP), is shown. (C) Binding of CRP to
pneumococci. Microtiter wells were coated with pneumococci. CRP diluted in
TBS-Ca was added to the wells. Bound CRP was detected by using an
anti-CRP antibody. Color was developed and the OD was read at 405 nm.

control in the experiment. The median survival time (MST, the
time taken for the death of 50% of mice) for mice injected with
bacteria alone was 56 h. The MST for mice injected with H38R
CRP was 72h. There was no statistically significant difference
between mice receiving H38R CRP and mice not receiving any
CRP. The MST for mice injected with either WT CRP or H38A
CRP could not be determined since >50% mice survived in both
groups. There was no statistically significant difference between
mice receiving either WT or H38A CRP.

Next, we determined bacteremia in each surviving mouse
(Figure 5). In mice receiving H38A CRP, bacteremia decreased,
like in WT CRP-treated mice. There was no statistically
significant difference in bacteremia in WT CRP-treated and
H38A CRP-treated mice. However, bacteremia continued to
increase in H38R CRP-treated mice, like in untreated mice, and
mice died once bacteremia was >10® CFU/ml. There was no
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FIGURE 3 | Clearance of H38R CRP from mouse circulation. Mice were

injected with 50 pg of CRP. Blood was collected at various time points, sera
separated, and the concentration of CRP measured.

statistically significant difference in bacteremia in untreated and
H38R CRP-treated mice. Combined data from survival of mice
and bacteremia suggested that H38R CRP was not protective
against pneumococcal infection and that the lethality of H38R
CRP-treated mice was due to the inability of H38R CRP to
decrease bacteremia.

DISCUSSION

Our major findings in this study were: 1. H38R CRP, which did
not activate complement in human serum as reported previously
(12), did not activate complement in murine serum either. 2.
H38R CRP incapable of activating murine complement failed to
protect mice against lethal pneumococcal infection. The inability
of H38R CRP to protect mice against pneumococcal infection
was solely due to its inability to activate the complement system
since the H38R mutation did not reduce the stability of CRP;
H38R CRP was more stable than WT CRP in vivo. Our findings
confirm that complement activation by CRP-PCh complexes
constitute the mechanism of CRP-mediated protection (decrease
in bacteremia and increase in survival time) of mice against lethal
pneumococcal infection.

Previously, we investigated the role of the PCh-binding
site of CRP in protection of mice against pneumococcal
infection employing a CRP triple mutant, F66A/T76Y/E81A,
incapable of binding to PCh and pneumococci. Different mouse
models provided different results (23, 24). Surprisingly, in
one mouse model, CRP triple mutant protected mice against
infection despite being unable to bind to PCh, suggesting
that complement activation by CRP-PCh complexes was not
required for protection (24). Later, we found out that CRP
triple mutant, like acidic pH-treated WT CRP, had inadvertently
gained the capability to bind to any protein that was immobilized

-@®- A. No CRP

4-B.WT
=~ C.H38R

100
¥ D. H38A

75 1

Survival (%)
(32
o

25 7

A

0 L] L] L] L] L] L] 1
24 48 72 96 120 144 168

Time after infection (h)

FIGURE 4 | Survival curves of mice infected with pneumococci with and
without CRP. CRP was injected first; pneumococci were injected 30 min later.
The data are combined from two separate experiments with seven mice in
each group in each experiment. The p-values for the differences in the survival
curves between groups A B, AD, B C, and C D were <0.05. The p-values for
the differences in the survival curves between groups A C and B D were >0.05.

on a polystyrene surface, including complement factor H
(unpublished observations) (25, 26). Factor H is an inhibitor
of complement activation and pneumococci recruit factor H to
escape complement-dependent killing (27). Our current finding
that complement activation by CRP-PCh complexes is absolutely
required for protection suggests that in the previously published
protection experiments involving CRP triple mutant (incapable
of binding to PCh but capable of binding to immobilized factor
H), at some point during the decrease in bacteremia, endogenous
murine CRP might have participated in protection by binding
to PCh on pneumococci and activating the murine complement
system (24).

Human CRP activates complement in both human and
murine sera (9, 10). Human CRP binds to Clq and activates
the classical pathway of complement in human serum (7). It is
not known whether the classical pathway is the only pathway
through which human CRP can activate human complement.
Human CRP does not interact with murine C1q and, therefore,
the activation of murine complement by human CRP is not
through the classical pathway (9). The pathway through which
human CRP activates murine C3 remains undefined (9, 10).
Based on the known crosstalk among CRP, lectins, ficolins,
and pneumococci, it was proposed earlier that human CRP
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FIGURE 5 | Bacteremia in mice infected with pneumococci with and without
CRP. (A) Blood was collected from each surviving mouse shown in Figure 4.
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for each group shown in (A) are plotted.
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The pentraxin is a superfamily of proteins with the same domain known as the
pentraxin domain at C-terminal. This family has two subgroups, namely; short pentraxins
(C-reactive protein and serum amyloid P component) and long pentraxins (neuronal
pentraxin 1, neuronal pentraxin 2, neuronal pentraxin receptor, pentraxin 3 and pentraxin
4). Each group shares a similar structure with the pentameric complexes arranged in
a discoid shape. Previous studies revealed the functions of different pentraxin family
members. Most of them are associated with human innate immunity. Inflammation
has commonly been associated with tumor progression, implying that the pentraxin
family might also participate in tumor progression. Therefore, we reviewed the basic
characteristics and functions of the pentraxin family and their role in tumor progression.

Keywords: C-reactive protein, serum amyloid P component, the long pentraxins, pentraxin 3, tumor

INTRODUCTION

The pentraxin family is a superfamily of protein that share the same domain and are made
from monomers arranged in pentameric structures with a discoid shape (1). The members of
the family are characterized by a 205 amino acids (AA) long conserved sequence located at C-
terminal called the pentraxin domain. Members of the pentraxin family share a similar 8 AA
(His-x-Cys-x-Ser/Thr-Trp-x-Ser, in which x represent any AA) long conserved sequence called the
pentraxin signature within the pentraxin domain (2). Based on the length of the protein sequence,
the pentraxin family can be classified into two subfamilies: the short and long pentraxins. The short
pentraxins are comprised of C-reactive protein (CRP) and serum amyloid P component (SAP),
whereas the long pentraxins are composed of neuronal pentraxin 1(NPTX1), neuronal pentraxin 2
(NPTX2), neuronal pentraxin receptor (NPTXR), pentraxin 3 (PTX3), and pentraxin 4 (PTX4)
(3). The long pentraxins are approximately twice the size of the short pentraxins with an un-
related long N-terminal sequence. This structure variability of family members could explain their
function difference.

In the past decades, studies have revealed the functions of specific members of the pentraxin
family. For example, the member of the short pentraxin family, CRP, and SAP were previously
reported as mediators in human immune system regulation (4-6). Their functions in immune
regulation include acting against pathogen invasion, removing mutant cells, and triggering
inflammation. The neuronal pentraxins are involved in the development of the central nervous
system and neurodegenerative diseases (7). PTX3 not only participates in immune system
activation but also affects tumor progression (8, 9).
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Pentraxins and Cancer

Chronic inflammations such as chronic atrophic gastritis
and cervical intraepithelial neoplasia have been recognized as
precancerous lesions (10). Therefore, inflammation is closely
associated with tumor progression, including tumorigenesis,
metastasis. Reactive oxygen/nitrogen species (ROS/RNS)
produced by immune cells and epithelial cells fight against
microbial invasion and eliminate the mutant cell. However, they
can cause cell dysfunction and promote tumorigenesis (11, 12).
Tumors induce inflammation by either producing antibodies
or rejecting immunocytes infiltration to avoid immune system
surveillance (13). Additionally, the tumor microenvironment
facilitates the growth of cancer cells, metastasis, and enhances
drug resistance (14). It is necessary to explore the mechanisms
through which inflammation and tumor microenvironment
enhances tumor progression.

Several reports have also been documented on the role
of the pentraxin family in tumor progression. Likewise,
several receptors and pathways have been proposed that
could be associated with the mechanisms employed by the
pentraxin family in mediating tumor progression. Most members
of the pentraxin family can activate the PI3K/AKT/mTOR
pathways, thereby interfering with the normal cell- cycle. The
neuronal pentraxins and PTX3 possess specific unique receptors
that mediates tumor progression (15). In this review, we
have summarized the basic characteristics and functions of
each pentraxin family member and highlighted the existing
connection between their structures and specific roles in
tumor progression.

C-REACTIVE PROTEIN

The human C-reactive protein (CRP) gene is located on the
chromosome 1q23.2 (16), and has a length of 1.8-kb. It consists
of 0.1kb at untranslated region (UTR) in the 5’ terminal and
a 1.2kb pair UTR region in the 3’ terminal, with two exons
separated by an intron. The first exon encodes 18 AA signal
peptide and the first two amino acids, whereas, the second exon
encodes the rest AA (16). The X-ray derived structures of CPR are
pentameric with five subunits arranged in a discoid shape. Each
unit contains 206 AA with two anti-parallel b-sheets appearing
as a flattened b-barrel with a jellyroll topology. The two sides of
its discoid have distinct functions. The Ca?* binds to the “A” side
and activates the classical complement pathway and phagocytosis
by interacting with C1q and Fcy receptor, respectively (17, 18).
The “B” side, CRP recognizes phosphocholine (PCh), a bacterial
cell wall component, and eliminates the pathogen (19). The CRP
also binds to soluble control protein factor H regulating the
alternative-pathway amplification and C3 convertase (18). The
secretion of CRP by hepatocytes can be stimulated by the IL6
and IL1 (20), which enhances innate immunity by triggering
inflammation and neutralizing pathogen (18, 21).

CRP and Tumor

CRP activates various signaling pathways by binding to the
Fcy receptor (22, 23), which links it with inflammation (17).
The PI3K/AKT/mTOR signaling pathway is associated with
tumor cell proliferation, metabolic reprogramming, apoptosis,

and metastasis (24). For instance, the CRP arrest cell-
cycle at the sub Gl phase by negatively regulating the
PI3K/AKT/mTOR signaling pathway in myeloid leukemia (25)
and tongue squamous cell carcinoma (26) thus promoting
tumor progression. It has been reported that interaction
between CRP and Fcy receptor I facilitate tumor cell metastasis
in breast cancer (23). Furthermore, CRP targets to the
p38/MAPK pathway causing lytic bone lesions (27) and activates
the PI3K/AKT/mTOR and the ERK/NF-kB pathway thereby
inhibiting tumor cell apoptosis via the Fcy receptor II in multiple
myeloma (22).

Previous reports showed that CRP is a clinical marker
for infection and has a regulatory role in innate immunity
(17, 28). The IL-6/JAK/STAT signaling pathway has been
reported to enhance CRP expression in glioblastoma (29),
clear cell renal cell carcinoma (30) and gastroesophageal
cancers (31). Moreover, the pathway enhances the formation of
CRP-mediated tumor microenvironment by activating tumor-
associated macrophages (30) and tumor angiogenesis (32, 33).
CRP regulates cell apoptosis and cell-cycle in clear cell renal cell
cancer (34). Notably, inhibiting CRP expression by targeting IL-
1 can prolong overall survival time for patients with multiple
myeloma (35).

Multiple studies have, therefore, confirmed that CRP could
be used as a prognosis factor (36-38). This has been reported
in different tumors including breast cancer (39), prostate
cancer (40), non-small cell lung cancer (41), hepatocellular
carcinoma (42), cervical cancer (43), head and neck squamous
cell carcinoma (44), diffuse large B-cell lymphoma (45) and
osteosarcoma (46). The specific mechanisms involved are still
lacking. Controversies have also emerged in determining the role
of CRP in pancreatic cancer (47, 48) and colorectal cancer (49—
51). Considering that CRP also affects tumor progression, more
effort in explicating its role in the tumor might be beneficial in
understanding the connection between tumor and human innate
immunity (Figure 1).

SERUM AMYLOID P COMPONENT

The serum amyloid P component (SAP) gene, identified as a close
CRP paralog, is also localized on the chromosome 1q23.2 and
shares the same gene architecture (52). The gene is approximately
1.1kb long with 0.1kb 5" UTR and 0.15kb 3" UTR. The SAP
structure is similar to CRP except that its subunits consist of
204 AA and has a slight difference at the calcium-binding site
(4, 53, 54). In the absence of calcium, SAP form decamers
composed of two pentamers facing each other (4). The two
ligands of SAP, deoxyadenosine 5'-monophosphate (1AMP), and
the 4,6-pyruvate acetal of p-D-galactose (MoBfDG), bind calcium
and amyloid fibrils, respectively (55). To distinguish structure
and gene sequence of short pentraxins, we archived data on the
3D structure for CRP and SAP from the PDB web portal (https://
www.rcsb.org/, Figures 2A,B). The prediction of their domain
was inferred from the Pfam database (http://pfam.xfam.org/,
Figure 3) and the Genecard database (https://www.genecards.
org/, Table 1).
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FIGURE 1 | The role CRP on the innate immune system and tumor progression. The Fcy receptor is expressed on the cell surface of immunocyte and multiple
myeloma cells. CRP binds to Fcy receptor to promote inflammation and tumor progression. The downstream pathways of this receptor in tumors include the
PIBK/AKT/mTOR pathway, the ERK/NF-kB pathway and the p38/MAPK pathway. CRP regulates the expression of osteolytic cytokines in myeloma cells through p38

Like CRP, SAP is also secreted by hepatocytes and mediates
innate immunity by interacting with the complement system
and the Fcy receptor (17). This decreases neutrophil adhesion,
inhibits neutrophil spreading, regulates macrophage activation
(56), and inhibits fibrocyte differentiation (57). Besides, SAP
is involved in immunological tolerance by binding to DNA
or chromatin resulting from necrosis and apoptosis cell (58).
Furthermore, SAP binds to amyloid fibrils through MofDG,
thereby causing amyloidosis disease (4-6). SAP is also associated
with tuberculosis (59) and sickle cell disease (60), but the specific
mechanisms are unknown. Despite limited reports on the role of
SAP in tumors, SAP is considered a prognosis factor in non-small

cell lung cancer (61). The highly structural homology between
SAP and CRP suggests that SAP has the potential to mediate
tumor progression through the Fcy receptor.

THE NEURONAL PENTRAXINS

Neuronal pentraxin 1 (NPTX1 or NP1) is a 47-50 kDa secreted
glycoprotein mainly expressed in neurons. The NPTX1 gene
is located on chromosome 17q25.3. Its cDNA clones sequence
is made up of a 150 bp 5UTR, a 1.3kb coding region, and
a 3.6kb 3’UTR with four introns (62). NPTX1 contains three
main domains: a putative ligand- and calcium-binding site, the
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FIGURE 2 | Structure of the pentraxin family members. Protein structure of CRP (A) and SAP (B) from the PDB website and the hypothetical structure of the full
monomer (C-terminal domain and N-terminal domain) of PTX3 (C), PTX4 (D), NPTX1 (E), NPTX2 (F), NPTXR (G) from the Swiss database.

pentraxin domain, and an Asn-linked glycosylation site (62).
Three NPTX1 domains, including the Pentraxin-related domain,
the Pentraxin_CS (Pentraxin, conserved site), and glucanase
domain superfamily (ConA-like_dom_sf) are speculated from
the Genecard database.

Neuronal pentraxin 2 (NPTX2 or NP2, also known as
apexin/p50 in guinea pig or narp in rat), is a ~47 kDa secretory
glycoprotein with 431 AA. It is expressed in various tissues
of the brain, testicle, pancreas, and skeletal muscle (1). The
human NPTX2 gene is located on chromosome 7q22.1. Its cDNA

sequence is made up of a 1.3 kb coding region and 1.2 kb 3’-UTR
with four introns (1). Domains of NPTX2 are the same as those of
NPTXI1, according to the speculation from the Genecard website.

Neuronal pentraxin receptor (NPTXR or NPR) is an ~53
kDa type-II transmembrane protein with 500 AA and is
mostly expressed in the brain. It is the only pentraxin family
member anchored to the cell membrane by a putative N-
terminal transmembrane domain. The receptor binds tightly to
its ligands, such as taipoxin, TCBP49, NPTX1, and NPTX2,
and activates different downstream signal transduction processes
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FIGURE 3 | Location of protein domain for each family member and their sequence homology. The outcome was predicted by the Pfam database. Pink box:
Pentraxin domain. Green box: Coiled coil. Yellow box: Low complex region. Red box: Transmembrane region. A homology tree based on the similarity of the protein
sequence of members of the pentraxin family is generated.

TABLE 1 | The basic characteristics of two short pentraxins, CRP and SAP.

Characteristics CRP SAP

Genomic location 1g23.2
1.8kb in length, 0.1 kb of &’

UTR, 1.2kb of 3" UTR

1923.2

1.1kb in length, 0.1 kb
of 5" UTR, 0.15kb of &
UTR

Pentraxin-related,

Gene sequence

Domain structures Pentraxin-related,
ConA-like_dom_sf, ConA-like_dom_sf,

Pentaxin_CS Pentaxin_CS

Top tissue Liver Liver
expression

Signaling pathway PI3K/Akt signaling pathway
(25), JAK/STAT signaling

pathway (35)

PI3K/Akt/ERK signaling
pathway (56)

CRR, C-reactive protein;, SAP, serum amyloid P component;, UTR, un-translated region;
The domain structures were obtained from the Genecard database.

(63). In the human genome, the NPTXR gene is located on
chromosome 22q13.1 and has the longest cDNA clones sequence
containing a 3.9kb 3’ UTR and a 1.5kb open reading frame
(63). From the Gencard database, this protein consists of two
main domains, Pentraxin-related domain and glucanase domain
superfamily (ConA-like_dom_sf). The N-terminal structure of
the neuronal pentraxins is unrelated to other known human
protein structures (64). Therefore, multiple online databases were
used to generated detailed information about the structures of

the neuronal pentraxins. The 3D structures of monomer were
referenced from the Swiss database (https://www.swissmodel.
expasy.org/, Figures 2E-G), and their domains were projected
from the Pfam (Figure 3) and the Genecard databases (Table 2).

The Function of the Neuronal Pentraxins
The neuronal pentraxins have different functions in the
development of the central nervous system (7) such as mediation
of neural differentiation (69), synaptogenesis (75) and synapse
plasticity (76, 77). Abnormal expression of the neuronal
pentraxins has been reported in some mental diseases such as
bipolar disorder (78), central precocious puberty (79), anxiety
(80), depression (80), childhood-onset mood disorders (81) and
schizophrenia (82). The neuronal pentraxins are associated with
neurodegenerative diseases, including Alzheimer’s disease (AD)
(83, 84) and Parkinson’s disease (PD) (85, 86). Researchers
concluded that NPTXR protein in cerebrospinal fluid is a
novel potential biomarker of AD progression and could have
important utility in assessing treatment success in clinical
trials (83), and NPTXI1 could significantly contribute to the
pathogenesis of PD (87). Moreover, only NPTX1 among
all the neuronal pentraxins participates in inflammation by
inducing mitochondria dysfunction (65, 67). Despite the
neuronal pentraxins contains the pentraxin domain like the
short pentraxins, few studies have classified their roles in human
innate immunity which might result from the difference in their
tertiary structure.
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TABLE 2 | The basic characteristics of the long pentraxins.

Characteristics NPTX1 NPTX2 NPTXR PTX3 PTX4
Genomic location 17925.3 79221 220131 3025.32 16p13.3
Sequence features 150 bp of 5" UTR, 1.3kb 1.3kb coding 5.5kb in length, 3.9kb 68 bp of 5" UTR, 650 bp of -
coding sequence, 3.6 kb 3’ sequence, 1.2kb of 3" UTR, 1.5kb open 3 UTR,
UTR 3-UTR reading frame
Domain structures Pentraxin-related, Pentraxin-related, Pentraxin-related, Pentraxin-related, Pentraxin-related,
Pentraxin_CS, Pentraxin_CS,ConA- ConA-like_dom_sf, Pentraxin_CS, Pentraxin_CS,ConA-
ConA-like_dom_sf like_dom_sf N-terminal ConA-like_dom_sf like_dom_sf
transmembrane
domain
Top tissue Brain Brain, liver, testis, Brain Monocytes, macrophage, Thymus, spleen, small
expression skeletal muscle, heart, fibroblasts, epithelial cells intestine, liver

pancreas

Signaling pathway HIF-1 signaling pathway
(65), IRS-1/PI3K/Akt
signaling pathway (66), JNK
and GSK3 signaling
pathways (67), Ro/E2F
pathway (68), Nodal and

BMP signaling pathway (69)

Wnt/B-catenin signaling
pathway (70),
p53/PTEN/AKY/NF-kB
signaling pathway (71)

- Akt/NF-kB signaling -
pathway (9), JNK signaling
pathway (72), IL-6/Stat3
signaling pathway (73), PI3BK
signaling pathway (74)

NPTX1, neuronal pentraxin 1; NPTX2, neuronal pentraxin 2; NPTXR, neuronal pentraxin receptor; PTX3, pentraxin 3; PTX4, pentraxin 4; UTR, un-translated region; Domain structure

were obtained from the Genecard database.

The Neuronal Pentraxins in Cancer

Several pathways were identified as potential mechanisms
through which the neuronal pentraxins promote tumor
progression. NPTX1 and NPTX2 were reported to cause
dysfunction of the PI3K/AKT/mTOR pathway thereby affecting
tumor progression in glioma (66), gastrointestinal stromal
tumors (GIST) (88) and subependymal giant cell astrocytoma
(89). Additionally, NPTX2 promotes tumor cell proliferation
and metastasis by activating the NF-kB pathway (71, 90) and
the Wnt/B-catenin pathway (70). It also induces tissue edema
via an independent pathway from the classical VEGF-relate
pathway (91). The dysfunction of the PI3K/AKT/mTOR pathway
interferes with the normal cell-cycle and causes tumorigenesis.
Similarly, NPTX1 and NPTX2 can inhibit cyclin A2 and CDK2
through the Rb/E2F signaling pathway (68), respectively,
thus inducing GO/G1 arrest in pancreatic cancer (92, 93).
Overexpression of NPTX2 has been identified as a prognosis
factor in clear cell renal cell carcinoma, and its interaction with
AMPA-selective glutamate receptor-4 affects tumor cell viability
and metastasis (94, 95).

Abnormal expression of the neuronal pentraxins has been
reported in different tumors such as cervical carcinoma (96),
primary lung cancer (97), Ewing sarcoma (98), neuroblastoma
(99), small cell lung cancer (100) and neuroblastoma (99).
Another study has reported an increase in NPTX1 expression
in pancreatic cancer after treatment with metformin and aspirin
(101). On the contrary, a low level of NPTX2 showed better
response to neoadjuvant chemoradiation (CRT) treatment in
rectal adenocarcinomas (102).

The neuronal pentraxins are crucial in the central nervous
system development when they interact with the AMPA
receptor. The AMPA receptor has been proved to be associated
with tumors (103, 104). Therefore, the AMPA receptor is a

potential linkage between the neuronal pentraxins and tumor
development as opposed to other members of the pentraxin
family. Conclusively, the above-reviewed studies did not reveal
the explicit mechanism through which the neuronal pentraxins
affect tumor progression; however, they form the basis for in-
depth studies on the existing association between the two.

PENTRAXIN 3 AND PENTRAXIN 4

Pentraxin 3 (PTX3) and pentraxin 4 (PTX4) are characterized
as long pentraxins. The PTX3 gene is located on chromosome
3925 and has three exons and two introns (105). The three
exons encode the leader peptide, an N-terminal domain, and the
pentraxin domain, respectively (106). The N-terminal domain of
PTX3 and PTX4 is not related to any known protein. However,
based on previous research, PTX3 has a putative N-terminal
domain that shows structural similarity to the mannose-binding
protein and the surfactant proteins (107). PTX3 is secreted by
different cell types that include dendritic cells, macrophages, and
fibroblasts (108).

PTX4 gene is located on chromosome 16p13.3 and consists
of three exons. However, the human PTX4 cDNA sequence and
its first exon failed to amplify because it was different from the
sequences in the various database (109). The sequence analysis of
the protein showed a highly structural homology between PTX4
and the short pentraxins (Figure 2D). This indicates that PTX4
might be playing specific roles in innate immunity or tumor
progression. To compare the PTX3 and PTX4 structures, their
3D structures were predicted from the Swiss database (https://
www.swissmodel.expasy.org/, Figures 2C,D), and their domain
predicted from the Pfam (Figure 3) and the Genecard databases
(Table 2).
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Functions of PTX3 and PTX4

From the previous study, an increase in blood PTX3
concentration serves as a monitor of inflammation initiation.
The maximal PTX3 level increased slightly earlier than the
CRP level (110), suggesting that PTX3 could be a highly
sensitive inflammation-related factor. The interaction between
PTX3 and the complement system has broad implications in
host defense against microbial infections, regulation of the
inflammatory reaction, and removal of dead cells. PTX3 is
actively involved in the complement pathways activation (111).
For example, the classical activation cascade may be initiated
when PTX3 binds to Clq via the Fcy receptor III once the
latter is bound on a microbial surface (64, 112, 113). However,
the process can be inhibited if the interaction occurs in the
fluid-phase (114).

Furthermore, the N-terminal domain of PTX3 enhances
tissue repair and remodeling functions (115). A study reported
that PTX3 inhibited interstitial fibrosis in acute renal injury
(73), indicating its role in an extracellular matrix formation.
The N-terminal domain also combines with FGF2 to mediate
angiogenic activity (116). For PTX4, there is currently no
evidence supporting its functions in innate immunity or
tumor progression.

PTX3 and Cancer

PTX3 interacts with the PI3K/AKT/mTOR signaling pathway
to induce tumor cell proliferation, apoptosis and metastasis
in lung cancer (9), head and neck squamous cell carcinoma
(74) and breast cancer (117). PTX3 also inhibits cell
proliferation and tumor metastasis by modulating the
expression of protein related to the G2/M phase cell-cycle
in cervical cancer (118). Furthermore, it arrests cell-cycle at
the GO/G1 phase by stimulating the secretion of p21 protein in
glioma (119).

Notably, we reported that PTX3 interacts with the fibroblast
growth factor-2 (FGF2)/FGF receptor (FGFR) system that
mediates the epithelial-mesenchymal transition (EMT) through
its N-terminal domain (120). Through this system, PTX3
inhibits tumor metastasis, tumor growth and tumor angiogenesis
in melanoma (8), breast cancer (121), prostate cancer (122)
and multiple myeloma (123). Besides, PTX3 binds to fibroblast
growth factor-8b receptor (FGF8b) and inhibits tumor cell
proliferation in steroid hormone-regulated tumors (124).
Compared to other pentraxin family members, the PTX3 is
highly associated with the FGFR system.

Abnormal PTX3 expression was also observed in different
tumors, including glioma (125), esophageal squamous cell
carcinoma (126), pancreatic cancer (127), gastric cancer (128),
colorectal cancer (129), leiomyosarcoma and desmoid tumors
(130). Previous studies have shown that the activation of Fcy
receptor promotes tumor progression (131, 132). Of note, Fcy
receptor expression on NK cells modulates tumor response to
immunotherapy (133), and PTX3 can exert its function in human
immunity by interacting with this receptor. However, no current
research has bridged PTX3 and tumor progression through the
Fcy receptor. Therefore, the multifaceted role of PTX3 in cancer
requires further comprehensive study.

OVERALL SURVIVAL ANALYSIS
PREDICTION

We conducted the overall survival analysis of the pentraxin
family to establish the relationship between the tumor and the
pentraxin family members using the Gepia web portal (http://
gepia.cancer-pku.cn/, Supplementary Table).

For short pentraxins, low expression of CRP showed better
survival outcomes in kidney renal papillary cell carcinoma
(KIRP) than high CRP expression (Figure 4A). There was no
significant difference in survival outcome between the high and
low expression of SAP. The expression levels of PTX4, with
similar protein sequence as short pentraxins, showed a significant
difference in survival outcome in adrenocortical carcinoma
(ACC) and head and neck squamous cell carcinoma (HNSC)
(Figures 4B,C).

We revealed that low NPTX1 expression improved the
survival outcomes in patients with adrenocortical carcinoma
(ACC), urothelial bladder carcinoma (BCLA), kidney renal
papillary cell carcinoma (KIRP), stomach adenocarcinoma
(STAD) and uveal melanoma (UVM), (Figures 4D-H). Patients
that showed high expression of NPTX2 frequently exhibited
worse survival outcomes for glioblastoma multiforme (GBM),
kidney renal papillary cell carcinoma (KIRP), lung squamous cell
carcinoma (LUSC) and uveal melanoma (UVM), (Figures 4I-L).
On the other hand, overexpression of NPTXR predicted
worse survival outcomes for colon adenocarcinoma (COAD),
mesothelioma (MESO), and pancreatic adenocarcinoma (PAAD)
and better survival outcome in uterine corpus endometrial
carcinoma (UCEC) (Figures 4M-P).

Therefore, PTX3 is considered a promoter in tumor
progression since its overexpression resulted in worse survival
outcomes in invasive breast carcinoma (BRCA), cervical
squamous cell carcinoma and endocervical adenocarcinoma
(CESC), head and neck squamous cell carcinoma (HNSC),
kidney renal clear cell carcinoma (KIRC), kidney renal papillary
cell carcinoma (KIRP), brain lower-grade glioma (LGG),
lung adenocarcinoma (LUAD), lung squamous cell carcinoma
(LUSC), mesothelioma (MESQO), stomach adenocarcinoma
(STAD), thyroid carcinoma (THCA) and uterine corpus
endometrial carcinoma (UCEC), (Figure 5).

The protein structure variability sheds light on the prognosis
prediction ability of members of the pentraxin family. The
expression of PTX3 affects multiple tumor types compared to
other members of the pentraxin family, implying a potential
association between its putative N-terminal domain and tumor
progression. PTX4 shares a similar protein structure with the
short pentraxins, and they are both poor predictors of survival
outcomes of patients suggesting that they mainly concentrate on
monitoring inflammation. However, this deduced relationship
between protein structure and their prognosis capability requires
further confirmation.

CONCLUSIONS

Emerging evidence confirms that the pentraxin family
is associated with tumor progression by affecting tumor
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TABLE 3 | Role of pentraxins in the control of various tumors.

Tumor Gene Expression References Mechanism
Glioma PTX3 Differ from low and (134) Arrest cell cycle at the GO/G1 phase to affect glioma proliferation and
high grade metastasis.

Glioma NPTX1 Increased (66) Promote tumor proliferation and metastasis via the IRS-1/PI3K/AKT
signaling pathway

Glioma NPTX2 Increased 91) Induce tumor tissue edema independent of the classical VEGF-relate
pathway

Glioblastoma CRP Increased (29) Stimulate microglial cells to secret IL-1p which could induce tumor
angiogenesis.

Glioblastoma NPTX2 Decreased (90) Increase survival ratio through reducing NF-kB activity via inhibiting AKT by
p53/PTEN-dependent pathway

Neuroblastoma NPTX2 Increased (92) NPTX2 antagonist could reduce tumor progression

Neuroblastoma NPTXR Increased (92) Give NPTXR antagonist inhibit tumor progress

Subependymal giant NPTX1 Decreased (89) After inhibiting the mTOR signaling pathway not only decrease tumor

cell astrocytoma volume but also increase the expression of NPTX1

Colorectal cancer NPTX2 Increased (70) Combine to frizzled class receptor 6(FZD6) which activate the Wnt/p-catenin
signaling pathway to promote tumor growth and metastasis

Rectal NPTX2 Decreased (102) Low level expression improve response to neoadjuvant chemoradiation

adenocarcinomas (CRT) treatment

Colorectal cancer NPTX1 Decreased (68) Inhibit cell proliferation by influence the combination of cyclin A2 and CDK2
and the Rb-E2F signaling pathway

Lung cancer PTX3 Increased ) Deglycosylased PTX3 observed suppress tumor migration via inactivating
the PIBK/AKT and the NF-«kB signaling pathway.

Non-small Cell Lung SAP Increased 61) SAP contributes to the clearance of apoptotic cells.

Cancer

Breast cancer CRP Increased (23) Binds to Fcy receptor | and to promote tumor metastasis.

Breast cancer PTX3 Decreased (124) PTX3 inhibit tumor progression via combining to receptor of fibroblast
growth factor-8b (FGF8b) and metastasis by activating the EMT process.

Clear cell renal cell NPTX2 Increased (94) Promote tumor viability and invasion via binding to AMPA-selective

cancer glutamate receptor-4

Clear cell renal cell CRP Increased (34) Up-regulate the expression of ATGIB gene to inhibit tumor cell apoptosis

cancer and the formation of tumor microenvironment.

Head and neck cancer PTX3 Increased (135) Affect tumor metastasis via the PISBK/AKT and the NF-kB signaling pathway.

Head and heck CRP Increased (44) Promote tumor cell proliferation, metastasis and angiogenesis through the

squamous cell PIBK/AKT signaling pathway.

carcinoma

Multiple myeloma CRP Increased (25) Binds to Fcy receptor Il to protect tumor and cause lytic bone lesions

Multiple myeloma PTX3 Increased (123) Promote tumor cell proliferation, metastasis and angiogenesis through the
PIBK/AKT signaling pathway.

Melanoma CRP Increased (136) Inhibit tumor angiogenesis, via FGF2/FGFR system, proliferation and
apoptosis.

Melanoma PTX3 Increased (8) Cause vitamin D deficiency.

Cervical cancer PTX3 Increased (118) Inhibit tumor metastasis via FGF2/FGFR system which impair the EMT
process

Gastroesophageal CRP Increased (31) Modulate the G2/M phase cell-cycle related protein expression to affect cell

cancer proliferation.

Hepatocellular CRP Increased (137) Promote tumor angiogenesis via influencing certain cytokines.

carcinoma

Myeloid leukemia CRP Increased (25) Its expression level is parallel with HBV activity while silence could promote
tumor progression.

Pancreatic cancer NPTX2 Decreased (92) Inhibits cell proliferation through the PISK/AKT signaling pathway.

Prostate cancer PTX3 Decreased (122) Inhibit tumor progression and migration decrease via inducing cell GO-G1

arrest and inhibiting cell apoptosis

Data from merely abnormal expression or with lack of specific relationships are not mentioned.

CRR, C-reactive protein; SAR, serum amyloid P component; NPTX1, neuronal pentraxin 1; NPTX2, neuronal pentraxin 2; NPTXR, neuronal pentraxin receptor; PTX3, pentraxin 3; PTX4,

pentraxin 4.
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FIGURE 4 | Survival analysis based on members of the pentraxin family from the Gepia website. Outcome of survival analysis predicted by the Gepia database
including CRP (A), PTX4 (B,C) and the neuronal pentraxins (D-P).

proliferation, mediating tumor cell apoptosis, inducing tumor  complex network consisting of cancer-associated fibroblasts,
metastasis, and promoting tumor tissue edema (Table3, adipose cells, immunocytes, new-born vessels, and extracellular
Figure 6). The tumor microenvironment is an extremely  matrix. The pentraxin family promotes the formation of tumor
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FIGURE 6 | Mechanisms of pentraxin family in tumor progression. At the core is the pentraxin family and its seven members. The pentraxin family mainly participates
in tumor metastasis, tumorigenesis, tumor cell apoptosis, tumor cell proliferation, and regulation of tumor microenvironment.

microenvironment by facilitating macrophage infiltration  advanced electron microscopy technologies, such as cryo-
and stimulating cytokines secretion. The pentraxin family, electron microscopy, is important for future research.

therefore, plays an essential role in tumor progression, although The PI3K/AKT/mTOR pathway is commonly associated
the exact mechanisms are still unknown and require further = with the pentraxin family in inducing tumor progression.
in-depth studies. Nevertheless, each pentraxin family member poses a specific

Protein structure of short pentraxins and their role in the receptor linked with tumor progression. Short pentraxins
immune system has highly been explored compared to the long  bind with the Fcy receptor to activate different pathways.
pentraxins. It has been reported that PTX3 and NPTXR, for  Studies have proposed that the AMPA receptor bridges the
example, have an additional N-terminal domain other than the = neuronal pentraxins and tumor by mediating intracellular
known pentraxin domain and exhibit different functions. Each ~ free concentration of calcium known to be vital for various
pentraxin family member has their specific unique functions,  downstream pathways. PTX3 modulates tumor cell adhesion and
for instance, SAP binds to amyloid fibrils and the neuronal  metastasis by interacting with the FGFR system. SAP and PTX4
pentraxins and extensively participates in the central nervous  share highly structural homology with CRP, but limited research
system development. Furthermore, the pentraxin family affects  has focused on their association with the tumor, similarly
tumor progression through their unique receptors and pathways. ~ with the neuronal pentraxins. Tumor microenvironment and
Therefore, an in-depth analysis of the protein structure of  inflammation are two crucial components that influence tumor
the pentraxins family and their underlying mechanisms using  progression through active communication with each other (138,
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139). The pentraxin family can both initiate inflammation and
promote tumor progression.
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Ibraheem M. Rajab*, Peter C. Hart and Lawrence A. Potempa*

Roosevelt University College of Pharmacy, Schaumburg, IL, United States

C-reactive protein (CRP) is a widely known, hepatically synthesized protein whose
blood levels change rapidly and pronouncedly in response to any tissue damaging
event associated with an inflammatory response. The synthesis and secretion of CRP
is stimulated by interleukin-6, an early pleiotropic cytokine released by macrophages,
endothelial, and other cells that are activated when localized normal tissue structures
are compromised by trauma or disease. Serum CRP levels can change rapidly and
robustly from 10-100-fold within 6-72 h of any tissue damaging event. Elevated blood
levels correlate with the onset and extent of both activated inflammation and the acute
phase biochemical response to the tissue insult. Because its functional bioactivity as the
prototypic acute phase reactant has eluded clear definition for decades, diagnosticians
of various conditions and diseases use CRP blood levels as a simple index for ongoing
inflammation. In many pathologies, which involves many different tissues, stages of
disease, treatments, and responses to treatments, its interpretive diagnostic value
requires a deeper understanding of the localized tissue processes and events that
contribute signals which regulate protective or pathological host defense bioactivities.
This report presents concepts that describe how local tissue activation events can lead
to a non-proteolytic, conformational rearrangement of CRP into a unique isoform with
distinctive solubility, antigenicity, binding reactivities and bioactivities from that protein
widely known and measured in serum. By describing factors that control the expression,
tissue localization, half-life and pro-inflammatory ampilification activity of this CRP isoform,
a unifying explanation for the diagnostic significance of CRP measurement in disease
is advanced.

Keywords: CRP - C-reactive protein, MCRP, inflammation, conformational isoforms, blood kinetics,
modified/monomeric (NnCRP)

INTRODUCTION

C-reactive protein (CRP) is a key protein of innate immunity. Structurally, it is a non-glycosylated,
non-covalently associated protein of five homologous globular subunits arranged in discoid
symmetry (1). Each subunit has a calcium-regulated shallow binding pocket for ligands expressing
phosphocholine (PC) moieties with all five PC binding pockets expressed on the same face of the
flattened pentameric disc. CRP’s bioactivities as an effector molecule of innate immunity involves
its role as a pattern recognition ligand for exposed PC groups as may be expressed in teichoic acid
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of Gram positive bacteria or on activated cell membranes where
phospholipid bilayers buckle in response to activation signals
such as Phospholipase A2 or lipid acyl chain oxidation (2, 3).
When bound, CRP is reported to activate endothelial cells,
platelets, leukocytes and the complement system, and influence
the overall inflammatory response that involves the earliest
acute phase host defense response to any inciting threats to
tissue homeostasis (4, 5). While CRP has been widely studied
as a key protein of the acute phase response (APR), its role
in activating and/or regulating host defense processes has
remained undefined.

While CRP blood levels change rapidly and pronouncedly
with any host defense response to tissue damaging events that
triggers inflammation, the lack of understanding of its true
function has limited the diagnostic interpretation of its blood
levels. On the other hand, assays to quantify CRP in blood have
evolved to be rapid, economical and sensitive. Due to its recently
availability and accessibility as point-of-care measurements, CRP
has replaced the Erythrocyte Sedimentation Rate as the best
diagnostic index for ongoing inflammation in an individual.
However, CRP blood levels can vary 10-to-100 fold within 6-72h
of the initial tissue insult, its levels are not only used as general
identifier of ongoing inflammation but as an index of the extent
to which the APR and inflammation are actively stimulated and
for how prolonged the inflammation persists. Extreme elevations
in blood levels of CRP that persist or recur over time are generally
perceived to be a bad omen for disease progression.

One particularly confounding disease in understanding of
diagnostic relevance of CRP is cancer. Cancer disease can be
variable in that it involves different tissues and pathological
stages, can persist for years and can be in progression or
remission. Despite these disparate conditions, many publications
include discussions of CRP blood levels without elaborating
on disease conditions when CRP blood levels were taken.
Indeed, reported CRP levels vary from high sensitivity levels
(i.e., CRP values <10 pg/ml), to conventional levels (i.e., values
above 10pg/ml), and in certain instances up to more than
200 vg/ml. A consensus understanding of what divergent CRP
levels indicate in individual cancer cases as related to both
the disease and the progression of disease has been lacking.
Exhaustive reviews in the literature (6-9) have revealed that
(1) CRP levels above 10ug/ml are indicative of an ongoing
tissue damaging inflammatory response in a patient; (2)
CRP levels progressively increasing from 10pg/ml to more
than 100 pwg/ml are indicative of progressively more active
inflammation and disease progression; (3) CRP levels above
100 pug/ml are prognostic of a poor outcome and/or a failure
to respond to therapy; (4) CRP and other inflammatory
markers are not useful tools to diagnose the presence of
cancer. Because CRP levels increase and decrease rapidly (within
days), changing without a memory response, it is important
to assess the diagnostic relevance of CRP as a function of
when measurements are made, as a function of disease stage,
and as a function of patient responses to any treatment. A
potential strategy was hypothesized by Coventry et al. (10) to
monitor the sequential CRP values in a defined time frame and
correlate the CRP levels increase with cancer disease progression;

and reciprocal decrease of the sequential CRP values during
cancer remission.

This report introduces a unifying explanation for the
quantitative and temporal appearance of CRP in blood and
its innate bioactivities as the prototypic acute phase reactant.
With the newly appreciated understanding that CRP is a
dynamic protein that can undergo in situ a non-proteolytic
conformational change into a unique, distinctive isoform, its
role in amplifying and regulating inflammation is described.
The protein found and quantified in blood is the pentameric
discoid protein (i.e., abbreviated “pCRP” for “pentameric CRP”).
When pCRP binds to an activated membrane, biochemical
forces contribute to dissociation of the pentamer which
induces a pronounced structural rearrangement exposing a
cryptic binding site on the dissociated CRP subunits for
cholesterol molecules found in lipid rafts. Dissociated CRP
subunits are described as “monomeric, modified” CRP (i.e.,
abbreviated as “mCRP”) (11-16). The mCRP isoform is
antigenically distinctive from the pCRP isoform and has
significantly reduced aqueous solubility. When mCRP enters
into lipid rafts, it triggers intracellular signaling pathways that
strongly enhance pro-inflammatory activities generally known
to be activated as part of the earliest phases of the acute
phase response (17). By carefully evaluating the distinctive
bioactivities of pCRP and mCRP, it is now established that
pCRP has weak anti-inflammatory bioactivity while mCRP
has strong pro-inflammatory bioactivity (4). By introducing
and interpreting these novel concepts of the distinctive
structural isoforms of CRP, a unified hypothesis for the
diagnostic and therapeutic role of CRP is advanced. This
report presents concepts of two structural isoforms of CRP
with distinctive bioactivities as a relevant index to assess
disease progression, and how the natural host defenses respond
to disease.

HISTORICAL REFLECTIONS ON CRP AND
ITS ROLE IN HEALTH AND DISEASE

As an evolutionarily conserved protein found in almost all lower
species (18), it is tempting to speculate on the fundamental role
that CRP may have in regulating innate defenses. Studies have
appeared noting that CRP blood levels do increase in children
with protein calorie malnutrition (19-21). This observation
suggests that even during periods where hepatic gluconeogenesis
is activated to supply metabolic fuel, the need for CRP supersedes
the need to supply metabolic energy.

Even though the CRP response is associated early during
innate immunity, its bioactivities have also been linked
to binding immunoglobulin Fc receptors [reviewed in (4)].
Thus, CRP contribute to effector mechanisms with crossover
activity between innate and adaptive immunity. However,
CRP blood levels fluctuate independently of immunoglobulin
concentrations (22) and a CRP response has been measured
in agammaglobulinemic patients (23) indicating at least part
of its biofunction occurs in the absence of antibody-mediated
effector responses.
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The extent to which blood levels of CRP increases above 10 pug/ml
has been used to differentially diagnose certain diseases (24,
25). For example, CRP levels increase more pronouncedly in
rheumatoid arthritis compared to systemic lupus (26). CRP
levels are also found higher in bacterial infections than those
caused by a virus, being helpful in directing the use of antibiotic
therapy (27). CRP levels are also elevated during acute bronchitis
compared to episodes of asthma (28). Most fundamentally, the
more severe the tissue damage and stimulated inflammatory
response, the higher the CRP levels. Higher CRP values are
reported to correlate with poorer prognoses in any disease where
CRP is measured. By focusing on the relationship of CRP blood
levels to tissue damage rather than inflammation, a consensus can
be made that CRP levels > 50-100 jg/ml are indicative of tissue
damage that is so severe as to threaten survival.

Surprisingly, even though there is a clear association of CRP
levels with the inflammatory response that occurs following
any tissue damaging event, CRP is not found to selectively
localize to injured tissue sites (29). Using intravenously injected
125T_labeled CRP in human turnover studies, CRP was found
to be a blood protein with a mean plasma half-life of 19h.
Its plasma clearance rate was similar in both normal control
and various patient groups including patients with active
autoimmune diseases, localized infections and localized cancers.
While on the surface the fact that CRP does not locally
sequester to the site of injury or disease would appear to be
counterintuitive, these results call to question its true relationship
as a mediator of host defense processes activated at sites of
injured tissues.

USE OF CRP AS A DIAGNOSTIC MARKER
IN DISEASE

The US Department of Health and Human Services guidelines
for interpreting the diagnostic significance of CRP values defines
a difference between “Conventional CRP” values and “High
Sensitivity CRP” values (30). FDA guidance is only given for
conventional CRP levels, defined as being > 10 pug/ml. While
hsCRP levels (i.e., <10pg/ml) are an area of great research
interest, the FDA warns that such values are non-specific and
should only be interpreted in combination with a full clinical
evaluation. In multicenter studies involving tens of thousands of
CRP measurements, the significance of hsCRP levels as having
predictive clinical value has been questioned (31, 32).

One explanation for differences in baseline hsCRP levels has
been attributed to genetic polymorphisms in the promoter region
of the transcribed CRP gene. The gene for CRP is located on
Chromosome 1 locus q23.2, the largest human chromosome,
having about 8% of total DNA in human cells. Chromosome
1 is reported to have 249 x 10° nucleotide base pairs and >
4,300 genes. The CRP gene is comprised of 2 exons separated
by a single intron of 278 nucleotides that includes a dinucleotide
GT repeat sequence. Exon 1 encodes for an 18 amino acid
leader sequence and the first 2 (of 206) amino acids in the
mature CRP subunit and exon 2 codes for the remaining
204 amino acids (33). While genetic polymorphism has been

associated with slight changes in circulating CRP levels (34),
there is no known significance of such polymorphism on disease
risk (35).

In focusing on specific patient ethnicities, genders and
general activities rather than disease, differing interpretations
and explanations for the diagnostic value of hsCRP have
emerged (36, 37). hsCRP levels were found to be higher in
women and black ethnicities and were found to decrease in
Hispanic men engaged in average to above average physical
activity. Of note, vigorous exercise by black and white
men appeared to lower hsCRP levels. In this report, no
interpretation is given to any CRP level < 10pg/ml (ie.,
hsCRP). Emphasis is instead placed on understanding the
relationship of conventional CRP levels as an index for and
persistence of tissue damage associated with disease and disease
progression. The widely accepted association of CRP with
inflammation is not challenged. However, since inflammation
is a natural response to tissue damage, readers are encouraged
to broaden their understanding to associate CRP levels with
the presence and extent of tissue damage. In doing so, and
by understanding that CRP is not a single, unchanging/rigid
structural entity (as outlined below), a common theme for the
bioactivities of CRP emerges, defining the understanding of
its fundamental role as a key protein of the acute phase host
defense response.

STRUCTURAL ISOFORMS OF C-REACTIVE
PROTEIN (CRP) EXHIBIT DISTINCT
ANTIGENICITY AND BIOACTIVITY

CRP is widely recognized as a key acute phase reactant found
in blood, primarily produced hepatically in response to tissue
damage that elicits an inflammatory response (38-44). CRP is
a protein of the innate (natural) immune system, providing
baseline protection as a pattern recognition molecule, and as
a regulator of host defense responses involving tissue barriers,
vascular activation, phagocytic responses, and amplification
mechanisms. As these host defenses feed into and direct certain
responses of the acquired (specific) immune system (3, 45), CRP
has been broadly studied as a molecule that can contribute to both
positive and negative immune responses to essentially all disease
etiologies. While the consequences of an impaired CRP response
are unknown, the consequences of an impaired innate immune
response include changes in natural resistance to pathogens and
the development of autoimmune diseases. While CRP has been
recognized for over 70 years as a blood protein whose levels
change correlate with ongoing active inflammatory responses,
its biological role during such processes remained undefined
and controversial with conflicting reports concluding it both
promoted and inhibited inflammation (46).

CRP is a highly soluble protein comprised of five non-
glycosylated globular subunits arranged in cyclic symmetry
(Figure 1). Its three-dimensional structural conformation has
been resolved using X-ray crystallographic analyses (47, 48), as
well as by deduction from the X-ray crystallographic analysis
of the Serum Amyloid P component (SAP), which shares 51%
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A Bottom up view of the PC binding face
B Side view with Helical face (top) and PC-binding face (bottom)

Cholesterol binding
residues

Intrasubunit

disulfide bond

Helical face

Intersubunit contact residues Phosphocholine
PC binding face

Phosphocholine

Calcium ions

FIGURE 1 | Key structural features of serum-soluble pentameric CRP. (A) illustrates the location and orientation of Phosphocholine (PC) binding sites (one per
subunit, PC groups shown in gray and involving residues L64, F66, and T76 of each subunit (there are 206 amino acids in each subunit), calcium ions (two per subunit
shown in orange, juxtaposed to each PC binding sites and involving residue E147), inter-subunit contact residues (shown in yellow and involving 40YTE42,
115PRVRKSLKK123 AND 197EVFTKP202 and which non-covalently contribute to pCRP pentameric quaternary structure), the one per subunit intrachain disulfide
bond (shown in red and covalently linking C36-C97 in each subunit) and the location and orientation of the cholesterol binding residues (shown in blue and involving
35VCLHFYTELSSTR47) in relation to the PC-binding sites and the inter-subunit contact residues (PDB code: 1B09) [residues identified in Shrive et al. (1)]. (B)
illustrates the orientation of these same residues when the discoid protein is laid flat (i.e., side view). This view illustrates that all PC binding sites are on one face of the
flattened discoid structure and shows how a single helical secondary structure (involving residues 168PDEINTIYL176) is oriented on the top of the opposite face of the
discoid protein.

amino acid sequence homology with CRP and 59% nucleotide  recognized and measured in blood is the highly soluble, non-
sequence identity (49, 50). covalently associated cyclic pentamer (described as pentameric
CRP levels in blood change markedly within hours to days  or “pCRP”). pCRP has recently been shown to have weak
of any event that involves tissue damaging pathology. While  anti-inflammatory bioactivities. When the pentamer is coerced
some variability exists in laboratory methods used to establish  to dissociate into individual subunits, however, it undergoes
baseline levels, healthy individuals are found to have blood levels ~ a non-proteolytic, substantial conformational change into a
between 1 and 3 pg/ml (25). In response to tissue trauma, blood  structurally, antigenically and biologically distinctive molecule
levels increase within 6-48h to levels generally related to the  described as modified, monomeric CRP (i.e., “mCRP”). mCRP is
extent of the tissue damage. As inflammation is a natural host  a short-lived isoform with potent pro-inflammatory, acute phase
defense response to tissue damage, CRP levels have historically ~ amplification bioactivities that are associated with the earliest
been diagnostically associated with inflammation rather than  phases of the acute, beneficial inflammatory response (4).
tissue damage. More directly, CRP levels change in response pCRP is a substrate for the formation of mCRP. At local sites
to the presence and extent of tissue damage which in turn  of tissue damage, pCRP can be induced to convert into mCRP by
activates the acute phase inflammatory response to the injury.  binding to and interacting with membrane lipids [initially using
Acute inflammation, occurring within minutes to hours of its calcium dependent binding specificity for ligands expressing
the tissue damaging event, is generally regarded as beneficial  phosphocholine (PC) ] (51). Membrane PC groups are most
to host defense response. Chronic inflammation, which can  accessible for pCRP binding after Phospholipase A2 cleaves
persist for days, weeks, months, or years, can lead to healthy an acyl chain from a phospholipid, creating the detergent-
tissue damage and disruption, weakened host defenses, and  like lipid, monoacyl (Lyso)-PC. Membrane bound pCRP is
problematic pain responses. This distinction is of relevance to  brought into juxtaposition with apolar regions of the membrane,
a discussion of CRP because CRP is now known to exist in  which contributes biochemical energies needed to dissociate
at least two isomeric structural forms with opposing activities  the pentamer. Furthermore, the structural change of each CRP
on the inflammatory response (see below). The CRP isoform  subunit that accompanies membrane interaction, exposes a
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new binding site (only expressed on the mCRP isoform) for
cholesterol found in lipid rafts (2, 17, 52) (Figure 2), membrane
microdomains that regulate cellular signaling pathways of
importance in health and disease (53).

The expression of mCRP must be tightly regulated and
controlled; its half-life must be short and localized. As pCRP
is a substrate for the formation of mCRP, the relative level of
PCRP measured in blood will depend in part on the rate at which
pCRP is converted into mCRP. During the earliest minutes of
tissue trauma, the conversion of pCRP into mCRP is efficient
and rapid. Expressed mCRP, which has potent proinflammatory
bioactivities, then upregulates and amplifies the acute phase of
the inflammatory response. Over the next minutes to hours as
the immediate threat to tissue homeostasis is controlled, the
conversion of pCRP to mCRP slows, leading to an increased
measurement of pCRP in blood. Only the pCRP antigen is
measured and interpreted as a diagnostic maker in blood. As
the mCRP antigen forms and quickly sequesters into membranes
and tissues involved in the inflammatory response, aqueous
solubility is reduced and antigenicity is masked, making it a
difficult antigen to detect in body fluids. As the pCRP isoform
has weak anti-inflammatory activities while the mCRP isoform
has strong pro-inflammatory activities, the level of pCRP that
is soluble and easily quantified in blood reflects on the extent
of a weakened inflammatory, unamplified acute phase response.
As pCRP hepatic synthesis is regulated by cytokines released by
damaged endothelial cells (38, 54), persistently elevated synthesis
and plasma levels of CRP is more likely directly related to tissue
damaging pathologies rather than the inflammation. Chronic
(unamplified) inflammation could persist in such a situation,
exacerbating tissue destructive processes and impairing wound
healing and repair to reestablish health homeostasis.

Taken together, pCRP levels that remain elevated at and
above values generally considered to be diagnostic of ongoing
inflammatory responses reflect not on the presence of generalized
inflammation, but rather the degree to which acute, amplified
(beneficial) inflammation is stimulated. Higher pCRP levels can
be an index for inefficient or inhibited processes by which pCRP
converts into mCRP. If mCRP is not formed, inflammation
cannot be amplified to its acute phase, resulting in a persistent
chronic response and pathological complications.

KINETICS OF THE CRP RESPONSE

Plasma CRP is synthesized and released by hepatocytes in
response to IL-6, IL1B, IL-17 and stress signals that accompany
vascular stimulation associated with tissue damage (54, 55).
Prior to receiving stress signals, hepatocytes will slowly release
basal levels of CRP that were pre-synthesized and stored in
intracellular vesicles. The secretory rate of CRP increases 6-
fold in response to stress signals (43), which also initiates new
protein synthesis. In healthy individuals, the normal synthesis
rate is 1.5 pg/kg-hr; in diseased states, its synthesis rate in
reported to range from 43.3 to 103.4 pg/kg-h (i.e., a 30-70-fold
increase). These values calculate such that an average person
will synthesize 2.4 mg of CRP/day, increasing up to 174 mg/day

in response to an exacerbating event (29). CRP’s fractional
catabolic rate (i.e., its rate of consumption) is reported to be
independent of its plasma concentration indicating changes in
CRP blood levels during an acute inflammatory response reflect
on an increased synthesis rate and not on an increased rate at
which it is utilized. These observations appear to confound the
understanding of CRP as the prototypic acute phase reactant
which would be expected to be involved with and consumed by
inflammatory processes.

While synthesis and hepatic release rates of CRP in response
to cytokine stimulation have been reported (29, 41, 43, 56),
measured increases in CRP blood level appear to involve a
lag of 6-12h after stimulation (40, 57, 58). Its level will
continue to increase between 6 and 72h as a result of
both increased synthesis and release from hepatocytes. The
exact kinetics of CRP appearance in blood during the first
minutes to hours of an acute phase stimulation requires
additional, focused experimentation. In reflecting on published
quantification kinetics and the immediate, 6-fold increase in
CRP secretion rate during the first moments of a stimulating
cause, and by taking into account the propensity for CRP to
dissociate into an isoform with distinctive structural, solubility
and antigenicity differences from that CRP molecule measured
in blood (4, 17, 59-63), the apparent lag phase was interpreted
to represent a physiologically relevant finding in the bioactivity
of CRP. If CRP is released from hepatocytes within minutes of
acute phase stimulation but is not detected in blood for hours,
such data are consistent with a rapid conversion of soluble,
pentameric CRP into its distinctive structural and antigenic
mCRP isoform during these early moments. Indeed, at the site of
tissue damage, as reactions of acute inflammation are activated,
dissociation of pentameric CRP into conformationally unique
mCRP would represent an important regulatory signal that
functionally contributes a potent pro-inflammatory amplification
signal to immediately and aggressively respond to the threat to
tissue integrity. As the need to maintain acute inflammation
remains, pCRP localizes and converts to mCRP to maintain
and amplify the acute phase response. When amplified, acute
inflammation subsides and the rate of pCRP conversion to
mCRP slows, pCRP is no longer consumed, which results in
increased levels appearing in blood (i.e., after a 6-12-h lag).
These concepts involving kinetic changes of hepatic secretion
of pCRP during early and late acute inflammation, and the
hypothetical impact of the timing and rate of conversion of
pCRP to mCRP are illustrated in Figure 3. This illustration
depicts the potential relationship between CRP production and
conversion into the mCRP isoform during the early phases of
acute inflammation, while accounting for the latent increase in
significantly elevated levels of pCRP in blood. Conformational
activation is a basic tenet of biochemical signaling control
(64, 65). Herein, we discuss CRP as a protein requiring
conformational changes to elicit and control key host defense
bioactivities. Furthermore, the widely held notion that CRP
is the prototypic acute phase reactant needs to be refined to
more specifically associate the mCRP isoform (rather than the
PCRP isoform measured in blood) as the true pro-inflammatory
“acute” reactant.
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FIGURE 2 | Conversion of pCRP to mCRP induces inflammatory signaling. Monoacy!l phosphatidylcholine (aka Lyso-PC or LPC) generated by phospholipase Ax
(PLAy) in the lipid bilayer, or by oxidation of lipid acyl chains by reactive oxygen species, promotes the binding and dissociation of pentameric CRP (pCRP) to
monomeric CRP (mMCRP). Formation of mCRP exposes a cholesterol binding sequence such that mMCRP enters cholesterol-rich lipid rafts, activating intracellular
signaling pathways involving NF-kB-regulated translation of proteins involved in pro-inflammatory responses.

> Activation of LeukocytesT

THE PRO- OR ANTI-INFLAMMATORY
ACTIVITY OF CRP IS DEFINED BY ITS
CONFORMATION

Over many decades, CRP has been studied as both a contributor
to and protector from the pathologies associated with disease. A
definitive activity remained elusive for many years as conflicting
reports described CRP as both pro- and anti-inflammatory
activities, and as both pro- and anti-thrombotic [reviewed in
(4)]. Because of this mechanistic uncertainty, CRP could only be
described and used as a diagnostic marker of clinical situations
involving some level of inflammation with no true understanding
of its mechanism (s) of action. Because its blood levels increase
and decrease rapidly over days it has only been of limited
use in helping devise treatment strategies or in understanding
disease pathologies.

The confusion concerning CRP’s bioactivities only recently
began to clarify when it was recognized that the serum soluble
non-covalently associated pentameric CRP structure could be
induced to dissociate into monomeric subunits. When separated,
the biochemical energies involved in the folding and packaging of

each subunit both individually and as a non-covalently associated
pentameric multiyear, rapidly and irreversibly redistribute such
that the subunits modify into a unique, non-proteolyzed isoform
which is described as modified, monomeric CRP (i.e., mCRP).
mCRP can be expressed from pCRP under physiological
conditions that occur at sites of where endothelial cells are
activated. At such sites, pCRP will bind as a function of
calcium to its primary ligand - phosphocholine (PC), which only
become more exposed when diacyl phosphatidylcholine lipids
are hydrolyzed by phospholipase enzymes, producing monoacyl
(Lyso) phosphatidyl choline (i.e., Lyso-PC) (2). PC bound
PCRP is brought into close proximity to surface membrane
charges and to apolar lipid regions which contribute the
biochemical energies needed to dissociate pCRP subunits which
then spontaneously rearrange to express mCRP structure and its
distinctive immunological and biochemical attributes (Figure 2).

By recognizing that CRP can exist as more than a
stagnant, unchanging cyclic pentameric discoid protein, but
also as a dynamic structure that can be induced to undergo
conformational activation, a reason for its appearance and
pharmacokinetic changes in blood levels, and its bioactivity
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FIGURE 3 | Temporal depiction of the hypothesized conversion of pCRP into mCRP and the appearance of pCRP in blood after activation or an acute phase
response. Schematic representation for the relative amounts of pCRP released from hepatocytes in response to cytokine signals (e.g., IL-6) and its appearance in the
blood. (A) Depicts that while pCRP is hepatically secreted within minutes of acute phase response signaling (dotted red line) measured plasma levels of CRP display a
lag (i.e., 6-12h) (blue solid line). Hepatically released CRP can be from both pre-synthesized CRP stored in vesicles, or from de novo synthesis. In the first 12 h. of an
inciting stimulus, the pCRP that is released from hepatocytes, but which is not quantified in blood is converted at the site of tissue damage into mCRP (gray shaded
area). (B) Depicts a generalized time course for the hepatic secretion of pCRP (red dotted line), the relative amount of pPCRP measured in blood (solid blue line as may
occur during acute inflammation associated with major tissue damage; dotted blue line as may occur with low grade, chronic inflammation with lesser tissue damage).
Plasma concentration of pCRP in healthy individuals (i.e., baseline CRP levels of < 10 ng/ml) is shown as a solid orange line. The shaded yellow area depicts a time
period in which pCRP is secreted but rapidly consumed so that it is not quantified in plasma. The consumption of pPCRP into mCRP would involve membrane binding
to activated cells (e.g., endothelial cells, platelets, leukocytes) and entry into lipid rafts where mCRP activates signaling pathways to stimulate immediate, amplified
pro-inflammatory responses to the threat.

during an inflammatory acute phase response begins to unfold. ~ “swell,” having an apparent molecular weight of 125-140 kD (i.e.,
The concept of conformational activation of proteins is a widely ~ a larger Stoke’s radius). In early studies establishing isolation
accepted for many biochemical systems including allosteric ~ protocols for CRP from blood, many chromatographic steps used
signaling (66), enzyme catalysis (67) and ion-gated channel  0.05M citrate buffers (71). CRP’s larger apparent size led the
activities (68). CRP, as a tightly packed non-covalently associated ~ authors to conclude that at least some CRP could exist as a
pentameric protein with identical non-glycosylated globular  hexameric protein.

subunits, would be a strong candidate for such an activation Calcium has long been known to regulate CRP binding
mechanism as it will express five stimulatory proteins from one  reactivity for PC; the calcium binding sites of each CRP
serum-delivered substrate that forms on activated endothelial  subunit frame its PC binding pocket (see Figure 1). These data
tissues. The tight packing of pCRP involves the binding of  show calcium can also affect pCRP packing and proteolytic
two calcium ions per subunit (1). Calcium has direct effect on  susceptibility, and suggest CRP has a capacity to change its three-
CRP packing as summarized in Figure 4, which shows how  dimensional protein structural packing (i.e., its conformation).
the apparent size of pCRP (i.e., its Stoke’s radius) changes as a  Swanson et al. (72) reported that calcium could affect CRP
function of the amount of calcium included in CRP solutions.  structure in a way to regulate binding of CRP-specific
In 2mM calcium chloride, a physiological concentration of  monoclonal antibodies. Furthermore, the physiological relevance
calcium in blood, pCRP migrates with an apparent molecular  of structural changes in CRP was demonstrated in electron
weight of 115 kDa - in close agreement with its calculated  microscopy and adsorption studies of pCRP onto Lyso-PC
molecular weight based on its primary protein sequence. As  containing monolayers. Binding pCRP to the PC-containing lipid
calcium is increased to 5 and 10 mM, however, pCRP appears = monolayers required calcium and led to a two-stage alteration in
as a smaller (more compacted) protein (smaller Stoke’s radius).  the pentameric CRP structure. Initially, membrane bound pCRP
In the tightly packed configuration, pCRP has an electron  changed conformation into a hybrid molecule called membrane-
microscopy average diameter of 10.42 & 0.08 nm (69) and is  associated-mCRP (or mCRP,). With lengthened incubation
resistant to proteolysis (70). When calcium is chelated using  times, the second alteration occurred, completely converting
citrate or EDTA in chromatographic buffers, pCRP appears to  the protein into its mCRP isoform (17, 73). Additional studies
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FIGURE 4 | Effect of calcium on the apparent molecular weight of pentameric CRP. Sephadex 200 dextran gel filtration chromatography resin was equilibrated in
25mM Tris-HCI, 0.15 M NaCl buffer (pH 7.4) (TBS) containing 2, 5, or 10 mM Calcium chloride (TBS-Ca), 10mM EDTA (TBS-EDTA), or 10mM Citrate (TBS-citrate).
Purified pCRP (1 mg) was pre-equilibrated in each column buffer and was chromatographed. Control proteins including IgG (Mw 160,000), Transferrin (Mw 79,500),
BSA (Mw 66,500), Chymotrypsin (Mw 24,000) and Lysozyme (Mw 14, 300) were similarly pre-equilibrated and chromatographed. The elution profile for CRP was also
assessed using 5mM CaCl, containing 1 mM Phosphocholine hapten (PC) as a specific ligand known to bind each subunit of pCRP as a function of calcium. All
standard proteins chromatographed with the same elution volume in each of the buffers studied. The correlation coefficient (R?) of the Mw Vs elution volume standard
curve was 0.9766. The apparent Mw of pCRP in 2mM CaCl, was 115,093 (2mM CaCl2 is a physiological concentration of calcium; this Mw agrees closely with the
calculated Mw of pCRP based on its amino acid sequence). The apparent Mw of pCRP reduced to 96,828 in 5mM CaCl, and 86,160 in 10 mM CaCl,. When either
calcium chelator was used, the apparent Mw of pCRP increased to 133, 122. When PC hapten was bound to pCRP in 5mM CaCl, (5 PC sites/pCRP), the pCRP did
not appear to contract but assumed a Stoke’s radius similar to that observed in when calcium was chelated. These data indicate pCRP will compact or expand from
its calculated Mw (115,235) (https://www.ncbi.nim.nih.gov/protein/NP_001315986.1?report=fasta&from=19, accessed on March 30™, 2020) as a function of calcium
and/or or chelation, and as a function of ligand binding.

have reported on calcium-dependent pCRP binding to Lyso-
PC activated platelets and neutrophils, producing a structurally
altered CRP hybrid molecule described as pCRP* (5, 12). In
each instance, potent pro-inflammatory bioactivities of CRP
are expressed correlate with the structural changes of pCRP
into mCRP.

The mCRP isoform has significantly different solubility and
antigenicity compared to the pCRP isoform. mCRP enters
and associates with membrane lipids, into cholesterol rich
lipid rafts (52, 73) and is not freely soluble in aqueous
phase, only being found in body fluids associated with
micro-vesicles that are sloughed off activated endothelial cells
as part of the activated inflammatory response (74, 75).

Monoclonal antibody reagents were developed to clearly define
and differentiate the pCRP antigen from the mCRP antigen
(61, 62). Furthermore, by carefully identifying conditions which
contribute to the conversion of pCRP into mCRP, and by
using reagents that certifiably distinctive as predominantly pCRP
and mCRP, key physiological distinctions between each isoform
were identified.

While the pCRP antigen is mainly found in blood, it can
occasionally be found weakly associated with vascular surfaces
and easily eluted with washing. The mCRP antigen, in contrast, is
found as a naturally occurring molecule within a wide variety of
normal tissues, in particular at the intima, media and adventitia
of healthy blood vessels and in fibrous tissues of the skin (76-78).
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While the pCRP antigen is resistant to proteolysis, the mCRP
antigen can be proteolyzed by a variety of neutrophil-derived
peptidases (79-81). Peptides derived from the proteolysis of
mCRP have been shown to inhibit activation of platelets and
neutrophils (82), downregulating the potent pro-inflammatory
activities of the intact mCRP protein. Hence, there is a direct
feedback mechanism elicited by neutrophil-derived enzymatic
proteolysis that can quickly reverse the pro-inflammatory
bioactivity of mCRP.

For decades, CRP has been appreciated solely as a diagnostic
marker for ongoing inflammation. With the now recognized
appreciation that CRP is a dynamic protein that can undergo
a pronounced structural and functional change, and by
understanding the conditions that contribute to such change
in situ, insights can now also be made into the therapeutic
relevance of CRP in health and disease. Notably, pCRP will
change into mCRP by interacting with activated membranes
(83) using a process that involves an intermediate form of CRP
described as mCRPy, (17) or pCRP* (63). The intermediate
structure represents initial stages of subunit dissociation in which
the still pentameric protein begins expressing antigenic and
functional attributes now known to be characteristic of mCRP.
As the pentamer fully dissociates into its monomeric form
(i.e., mCRP), it inserts into cholesterol rich membranes (lipid
rafts) and supplies an activation signal for pro-inflammatory
pathways associated with the acute phase inflammatory response.
Activated membranes are known to slough microvesicles (aka
microparticles), which have been reported to contain mCRP
(63, 74, 75, 84, 85). To date, while a reliable, direct, quantitative
blood-based assay for mCRP remains elusive, when developed,
it will provide a new perspective on the role CRP has as a
regulator of inflammation, not only as a diagnostic marker but
as a therapeutic parameter in deciding disease conditions and
treatment options.

By influencing or controlling the conversion of pCRP to
mCRP, it may be possible to therapeutically control the rate and
extent of anti- and pro-inflammatory responses. Indeed, Caprio
et al. (2), have discussed using inhibitors of Phospholipase A,
(PLA;) to mitigate the production of lyso-PC which is a critical
step in binding pCRP and bringing it into juxtaposition to the
apolar membrane zone (83). Pepys et al. (86) designed a small
molecule bi-valent compound having phosphocholine groups on
opposite ends of a linking group. As PC is the primary ligand
for CRP, and since the PC binding sites are all the same face of
the pentameric structure (see Figure 1), this bis-PC compound
would link to two pentamers face to face, essentially forming
a CRP decamer. By occupying 10 PC sites, and by complexing
2 CRP pentamers, CRP would be unable to bind membrane
associated PC and interact with apolar membrane regions that
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C-reactive protein (CRP) binds to several species of bacterial pathogens including
Streptococcus pneumoniae. Experiments in mice have revealed that one of the
functions of CRP is to protect against pneumococcal infection by binding to
pneumococci and activating the complement system. For protection, however, CRP
must be injected into mice within a few hours of administering pneumococci, that is,
CRP is protective against early-stage infection but not against late-stage infection. It
is assumed that CRP cannot protect if pneumococci got time to recruit complement
inhibitor factor H on their surface to become complement attack-resistant. Since the
conformation of CRP is altered under inflammatory conditions and altered CRP binds
to immobilized factor H also, we hypothesized that in order to protect against late-
stage infection, CRP needed to change its structure and that was not happening
in mice. Accordingly, we engineered CRP molecules (E-CRP) which bind to factor
H on pneumococci but do not bind to factor H on any host cell in the blood. We
found that E-CRP, in cooperation with wild-type CRP, was protective regardless of
the timing of administering E-CRP into mice. We conclude that CRP acts via two
different conformations to execute its anti-pneumococcal function and a model for the
mechanism of action of CRP is proposed. These results suggest that pre-modified CRP,
such as E-CRP, is therapeutically beneficial to decrease bacteremia in pneumococcal
infection. Our findings may also have implications for infections with antibiotic-resistant
pneumococcal strains and for infections with other bacterial species that use host
proteins to evade complement-mediated killing.

Keywords: C-reactive protein, complement, factor H, pneumococcal infection, Streptococcus pneumoniae

INTRODUCTION

C-reactive protein (CRP), whose blood level increases in inflammatory states in humans, binds
to several species of bacterial pathogens, including Streptococcus pneumoniae (1-9). CRP is also a
component of the acute phase response and a critical host defense molecule of the innate immune
system against pneumococcal infection (10, 11). CRP binds to pneumococci by recognizing the
phosphocholine (PCh) molecules present on the pneumococcal cell wall C-polysaccharide (PnC)
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Engineered CRP to Treat Pneumococcal Infection

(12). CRP is made of five identical subunits arranged as a cyclic
pentamer (13). Each subunit has a PCh-binding site consisting
of Phe®, Thr’® and Glu®' (13-18). Through the PCh-binding
site, CRP can also interact with phosphoethanolamine (PEt) (17,
18). The binding of CRP to PCh and PEt requires two Ca>* ions
(13). Once complexed with a PCh-bearing ligand, human CRP
activates the complement system in both human and murine sera
(3, 19-21). The amino acid residues Tyr*’ and Glu*? investigated
in the current study are part of the intersubunit contact region of
the CRP pentamer (13-15).

In murine models of pneumococcal infection, human CRP
has been shown to be protective against lethality; however,
the molecular mechanism of anti-pneumococcal action of CRP
remains undefined (18, 21-31). Interestingly, CRP is protective
against pneumococcal infection only when injected 6 h before
to 2 h after administering pneumococci into mice, that is, CRP
is protective against early-stage infection but not against late-
stage infection (24). This 36-year old observation provided us
with an experimental strategy to define the mechanism of anti-
pneumococcal functions of CRP in mice. CRP is protective
against early-stage infection because of the ability of CRP-
pneumococci complexes to activate the complement system
(20, 31). The reason why CRP is not protective against late-
stage pneumococcal infection is not known. It is assumed that
after a few hours of initial infection, pneumococci recruit the
complement inhibitory protein factor H on their surface to
become complement attack-resistant (32-36).

It has been shown that the pentameric conformation of CRP
is altered in a variety of experimental conditions mimicking
an inflammatory milieu and, in its alternate pentameric
conformation, CRP binds to immobilized complement inhibitor
factor H also (37-47). We hypothesize that in order to protect
mice against late-stage infection, a structural change in CRP is
needed, followed by the interaction between structurally altered
CRP and recruited factor H on the pneumococcal surface,
and that was not happening in mice. We further hypothesize
that an exogenously constructed, irreversible and stable CRP
mutant capable of binding to factor H should be able to protect
mice against late-stage infection; such a CRP molecule when
administered into mice would bind to factor H on pneumococci
in vivo and mask the complement inhibitory activity of factor
H (48). Wild-type (WT) CRP should then be able to protect
mice against otherwise complement-resistant pneumococci by
activating the complement system if a CRP molecule which can
cover factor H on pneumococci is present along with WT CRP.

In this study, to test our hypotheses, we engineered CRP (E-
CRP) by site-directed mutagenesis and produced two types of
E-CRP: One, E42Q/F66A/T76Y/E81A, that binds to immobilized
factor H but does not bind to PCh (E-CRP-1) and another,
Y40F/E42Q, that binds to both immobilized factor H and to
PCh (E-CRP-2). We found that both E-CRP-1 and E-CRP-
2 were protective against both early-stage and late-stage

Abbreviations: CRP, C-reactive protein; E-CRP-1, CRP mutant E42Q/F66A/
T76Y/E81A; E-CRP-2, CRP mutant Y40F/E42Q; PCh, phosphocholine; PEt,
phosphoethanolamine; PnC, pneumococcal C-polysaccharide; Pn-broth,
pneumococci cultured in broth; Pn-mice, pneumococci isolated from infected
mice; WT, wild-type.

infection in a murine model of pneumococcal infection. These
findings indicate that CRP functions in two different structural
conformations to fully protect against pneumococcal infection.

MATERIALS AND METHODS
Construction of Mutant CRP cDNAs

The template for construction of the CRP quadruple mutant
E42Q/F66A/T76Y/E81A (E-CRP-1) was a cDNA for the CRP
triple mutant F66A/T76Y/E81A cDNA (substitution of Phe®
with Ala, Thr’® with Tyr, and Glu®! with Ala). Mutagenic
oligonucleotides, 5-C CAC TTC TAC ACG CAA CTG TCC
TCG ACC-3' and 5-GGT CGA GGA CAG TTG CGT GTA
GAA GTG G-3/, to substitute Glu*? with Gln (codons shown
in bold and italicized letters), were designed according to
the sequence of the template ¢cDNA and obtained from
Integrated DNA Technologies. Mutagenesis was conducted using
the QuickChange site-directed mutagenesis kit (Stratagene).
Mutations were verified by nucleotide sequencing, utilizing the
services of the Molecular Biology Core Facility of the university
(Supplementary Figure 1). The construction of cDNAs for CRP
mutants E42Q, F66A/T76Y/E81A and Y40F/E42Q (E-CRP-2) has
been reported earlier (15-18).

Expression and Purification of CRP

CRP mutants were expressed in CHO cells using the ExpiCHO
Expression System (Thermo Fisher Scientific) as described
previously (31). Purification of E-CRP-1 from culture
supernatants involved Ca?*-dependent affinity chromatography
on a PEt-conjugated Sepharose column, followed by ion-
exchange chromatography on a MonoQ column, and gel
filtration on a Superosel2 column, as reported previously for
the CRP triple mutant F66A/T76Y/E81A (18). PEt-conjugated
Sepharose was prepared as described previously (18). Briefly,
CHO cell culture media was diluted (1:1) in 0.1 M borate
buffer saline, pH 8.3, containing 3 mM CaCl,, and passed
through the PEt-sepharose column. After collecting the flow-
through and washing the column with the same buffer, bound
E-CRP-1 was eluted with 0.1 M borate buffer saline, pH 8.3,
containing 5 mM EDTA. E-CRP-1 was then subjected to
ion-exchange chromatography and bound E-CRP-1 was eluted
with an NaCl gradient. E-CRP-1 containing fractions were
pooled, concentrated, and further purified by gel filtration.
The gel filtration column was equilibrated and eluted with TBS
(10 mM Tris-HCI, 150 mM NaCl, pH 7.2) containing 5 mM
EDTA. Eluted E-CRP-1 was immediately dialyzed against TBS
containing 2 mM CaCl,, stored at 4°C, and was used within a
week. WT CRP and all other CRP mutants including E-CRP-2
were purified as described previously (49). The purity of CRP
preparations was confirmed by denaturing 4-20% SDS-PAGE
under reducing conditions.

For in vivo experiments, purified CRP was treated with
Detoxi-Gel Endotoxin Removing Gel (Thermo Fisher Scientific)
according to manufacturer’s instructions. The concentration of
endotoxin in CRP preparations was determined by using the
Limulus Amebocyte Lysate kit QCL-1000 (Lonza).
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Determination of Pentameric Structure
of CRP

The pentameric structure of E-CRP was confirmed by employing
gel filtration and denaturing SDS-PAGE. The gel filtration
column was equilibrated with TBS containing 5 mM EDTA.
E-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 Ll each) were collected and absorbance at 280 nm
measured to locate the elution volume of E-CRP. Gel filtration of
WT CRP was carried out on the same column to determine the
elution volume of pentameric CRP.

Pneumococci (Pn-Broth)

Streptococcus pneumoniae type 3, strain WU2, were made
virulent by sequential i.v. passages in mice, and were stored in
1 ml aliquots at —80°C in Todd-Hewitt broth containing 0.5%
yeast extract and 10% glycerol, as described previously (30).
For each experiment, a separate 1 ml aliquot of pneumococci
was thawed. Pneumococci were then grown in 50 ml Todd-
Hewitt broth containing 0.5% yeast extract and incubated at 37°C
with shaking at 125 rpm for 3 h (mid-log phase culture). The
culture was centrifuged at 7,500 rpm for 15 min. The bacterial
pellet was washed and resuspended in 10 ml normal saline and
adjusted the volume until Agpp was 0.29 to give a concentration
of 3.5 x 10% cfu/ml (Agyo = 1.00 = 1.2 x 10° cfu/ml). This
preparation of pneumococci cultured in broth was called as Pn-
broth. The concentration, purity, and viability of pneumococci
were confirmed by plating on sheep blood agar plates.

PCh-Binding, PEt-Binding, and
Pneumococcus-Binding Assays

Binding activity of CRP for PCh was evaluated by using
pneumococcal C-polysaccharide (PnC, from Statens Serum
Institut) as the ligand, as described previously (29). Briefly,
microtiter wells were coated with PnC in 100 pl TBS, overnight
at 4°C. The unreacted sites were blocked with TBS containing
0.5% gelatin for 1 h at room temperature. CRP, diluted in TBS
containing 2 mM CacCl,, 0.1% gelatin and 0.02% Tween 20 (TBS-
Ca), was then added in duplicate wells and incubated for 2 h
at 37°C. After washing the wells with TBS-Ca, bound CRP was
detected by using anti-CRP monoclonal antibody HD2.4 diluted
in TBS-Ca. HRP-conjugated goat anti-mouse IgG diluted in TBS-
Ca was used as the secondary antibody. Color was developed
using ABTS substrate and the OD was read at 405 nm in a
plate reader. Binding activity of CRP for PEt was evaluated
by using biotinylated-PEt as the ligand, exactly as described
previously (18).

Binding activity of CRP for whole pneumococci (broth-grown
or isolated from infected mice) was evaluated as described
previously (18). Briefly, microtiter wells were coated with 107 cfu
of pneumococci overnight at 4°C. The unreacted sites in the wells
were blocked with TBS containing 0.5% gelatin. CRP, diluted
in TBS-Ca, was then added to the wells for 2 h at 37°C. After
washing the wells with TBS-Ca, bound CRP was detected by using
rabbit polyclonal anti-human CRP antibody. HRP-conjugated
donkey anti-rabbit IgG was used as the secondary antibody. Color

was developed using ABTS substrate and the OD was read at
405 nm in a plate reader. Binding activity of CRP for whole
pneumococci isolated from infected mice was evaluated both in
the presence and absence of Ca?*.

Isolation of Pneumococci (Pn-Mice)

From Infected Mice

Mice were injected i.v. with 3.5 x 107 cfu of Pn-broth. After
40 h, blood was collected by cardiac puncture, in tubes containing
10% EDTA (1% v/v of blood). Blood was diluted with an equal
volume of normal saline and centrifuged at 2,200 rpm for 2 min.
The supernatant was recovered. The bacterial pellet was washed
four times with normal saline, centrifuged at 2,200 rpm for
2 min after each wash, and continued to recover the supernatant.
All recovered supernatants were then pooled and centrifuged at
11,000 rpm for 5 min. This time the supernatant was discarded,
and the pellet was resuspended in normal saline for immediate
use or resuspended in Todd-Hewitt broth containing 0.5% yeast
extract and 10% glycerol for storage at —80°C. This preparation
of pneumococci isolated from infected mice was called as Pn-
mice. The concentration, purity, and viability of pneumococci
were confirmed by plating on sheep blood agar plates.

Detection of Factor H on the Surface of
Pn-Mice

Microtiter wells were coated with Pn-mice in TBS (107 cfu)
overnight at 4°C. The unreacted sites in the wells were
blocked with TBS containing 0.5% gelatin for 45 min at room
temperature. Murine factor H present on the surface of Pn-
mice was detected by using sheep polyclonal anti-mouse factor
H antibody (R&D, AF4999) diluted in TBS-Ca. HRP-conjugated
rabbit anti-sheep IgG (Thermo Fisher Scientific), in TBS-Ca, was
used as the secondary antibody. Color was developed and the
ODyg5 read in a microtiter plate reader.

Factor H-Binding Assay

The binding activity of CRP for factor H was evaluated by
using both human factor H (Complement Technology) and
murine factor H (R&D), as described previously (46). Briefly,
microtiter wells were coated with 2 pg/ml of factor H in
TBS, overnight at 4°C. The unreacted sites in the wells were
blocked with TBS containing 0.5% gelatin for 45 min at room
temperature. CRP diluted in TBS-Ca (TBS containing 2 mM
CaCly, 0.1% gelatin and 0.02% Tween 20) was added in duplicate
wells. After incubating the plates for 2 h at 37°C, the wells
were washed with TBS-Ca. Polyclonal rabbit anti-human CRP
antibody (1 pg/ml) (EMD Millipore Corp, 235752), diluted in
TBS-Ca, was used to detect bound CRP. HRP-conjugated donkey
anti-rabbit IgG (GE Healthcare), diluted in TBS-Ca, was used as
the secondary antibody. Color was developed and the OD4g5 read
in a microtiter plate reader.

Clearance of E-CRP From Mouse

Circulation
The clearance rate of E-CRP from the mouse blood was
determined as described previously (18). Briefly, mice were
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injected i.v. with 100 g of CRP in 100 pl TBS containing 2 mM
CaCl, through the tail vein. Four to five mice were used for each
CRP species. After 8 h, blood was collected from the tip of the tail
vein at four different time points up to 24 h. The concentration of
CRP in the serum was measured by ELISA. The concentration of
CRP in the serum at the first bleed was plotted as the 100% value.

Repurification of E-CRP From

E-CRP-Spiked Mouse Serum

Purified E-CRP (400 pg) was added to 2 ml C57BL/6 mouse
serum (Innovative Research) and the final volume was made
to 10 ml by adding 0.1 M borate buffered saline, pH 8.3,
containing 3 mM CaCl,. The mixture was incubated for 30 min
at 37°C. E-CRP was repurified by Ca?T-dependent affinity
chromatography on PEt-Sepharose beads whose capacity to bind
E-CRP was >400 pg. After collecting the flow-through and
washing the column with the same buffer, bound E-CRP was
eluted with 0.1 M borate buffered saline, pH 8.3, containing 5 mM
EDTA. To control the experiment, mouse serum alone (2 ml),
without spiking with E-CRP, was used. The EDTA eluates were
subjected to SDS-PAGE. The concentration of CRP in the EDTA
eluates was measured by ELISA to calculate percent recovery.

Mice

Male C57BL/6] mice (Jackson Laboratories) 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

Separate mouse protection experiments were performed using
two different preparations of purified WT CRP, E-CRP-1 and
E-CRP-2. The endotoxin content in 25 g all CRP preparations
was <1.5 endotoxin units. Mice were first injected iv. with
3.5 x 107 cfu (based on Agy) of pneumococci in 100 wl
normal saline. The actual number of pneumococci injected,
based on the plating results obtained on the next day, was
3.53 £ 0.21 x 107 cfu. In the first set of experiments, mice were
injected i.v. with either WT CRP, E-CRP-1 or E-CRP-2, 30 min
after the administration of pneumococci. In the second set of
experiments, mice were injected i.v. with either WT CRP, E-CRP-
1, combination of WT CRP and E-CRP-1 (WT CRP first and, an
hour later, E-CRP-1) or E-CRP-2, 12 h after the administration of
pneumococci. In the third set of experiments, mice were injected
i.v. with either WT CRP or E-CRP-1, four times (6, 12, 24 and
48 h) after the administration of pneumococci. CRP (25 pg) was
injected in 100 |1 TBS containing 2 mM CaCl,. The dose of 25 pug
of CRP with 3.5 x 107 cfu bacteria was chosen because, under
these conditions, the protection of mice with WT CRP injected
30 min apart from the administration of pneumococci was same
as reported previously (30). Survival of mice was recorded three
times per day for 7 days. To determine bacteremia (cfu/ml) 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 10° cfu/ml because mice died when the bacteremia
exceeded 108 cfu/ml.

Statistical Analysis

All experiments were performed three times unless otherwise
mentioned and comparable results were obtained each time.
Results of a representative experiment are shown in the figures
where the raw data (A9 or ODygs) were used to plot the curves.
Survival curves were generated using the GraphPad Prism 4
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. The scatter plots
of the bacteremia data and the median bacteremia value for each
group were generated using the GraphPad Prism 4 software.
Bacteremia values of 0-100 were plotted as 100 and bacteremia
values of >10® were plotted as 10°. To determine p-values for
the differences in bacteremia among various groups at each time
point, scatter plots were compared using the software’s Mann-
Whitney test. The software’s Mann-Whitney test included all
the dots in the scatter plots and not the median values for
each time point.

RESULTS

E-CRP-1 and E-CRP-2 Have the Desired
Ligand-Binding Properties

The elution profiles of WT CRP, E-CRP-1 and E-CRP-2 from
the gel filtration column were almost overlapping. Like WT
CRP, both E-CRP-1 and E-CRP-2 eluted at 11 ml (Figure 1A).
SDS-PAGE of purified proteins showed a single band and the
molecular weight of the subunits of both E-CRP-1 and E-CRP-2
was same as WT CRP (Figure 1B). Thus, E-CRP-1 and E-CRP-2
were pentameric.

The PCh-binding ability of E-CRP-1 and E-CRP-2 was
assessed by using two different PCh-containing ligands: PnC
(Figure 2A) and Pn-broth (Figure 2B). Both, WT CRP and
E-CRP-2 bound to both PCh-ligands in a CRP concentration-
dependent manner. The binding of E-CRP-2 to PCh-ligands
was comparable to that of WT CRP. However, as shown, for
equivalent binding (ODygs) of WT CRP and E-CRP-1 to either
PnC or Pn-broth, ~100-times more of E-CRP-1 was required
compared to WT CRP, indicating that the PCh-binding ability of
E-CRP-1 was ~99% less than that of WT CRP. Thus, E-CRP-1
and E-CRP-2 had the desired PCh-binding activity.

Since E-CRP-1 lost its PCh-binding property, the PCh-affinity
chromatography method could not be used to purify E-CRP-
1. Therefore, the PEt-binding activity of E-CRP-1 was tested
(Figure 2C). E-CRP-1 bound to PEt more efficiently than
WT CRP. The avid binding of E-CRP-1 to PEt facilitated the
purification of E-CRP-1 by affinity chromatography using a PEt-
Sepharose column.

In factor H-binding assays, unlike WT CRP, both E-CRP-
1 and E-CRP-2 bound readily to purified human and murine
factor H immobilized on microtiter wells (Figure 3A). Thus, both
E-CRP-1 and E-CRP-2 had the desired factor H-binding activity.
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FIGURE 1 | E-CRP-1 and E-CRP-2 are pentameric. (A) Elution profiles of E-CRP-1 (left panel) and E-CRP-2 (right panel) from the gel filtration column.
(B) SDS-PAGE of WT CRP (lanes 2, 5), E-CRP-1 (lane 3) and E-CRP-2 (lane 6). A representative of three experiments is shown for each panel.
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FIGURE 2 | Binding of CRP to PCh. (A) Binding of WT CRP, E-CRP-1 and E-CRP-2 to PnC immobilized on microtiter wells. (B) Binding of WT CRP, E-CRP-1 and
E-CRP-2 to broth-cultured pneumococci (Pn-broth) immobilized on microtiter wells.
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(C) Binding of WT CRP and E-CRP-1 to a PEt-ligand immobilized on microtiter

Surprisingly, triple mutant CRP, which was not investigated
before for factor H binding (18), also bound to factor H (50).
If it was known earlier that triple mutant CRP, without the
addition of E42Q mutation, would bind to factor H, there would
have been no need to generate quadruple mutant CRP. However,
since the expression of quadruple mutant CRP was better than
triple mutant CRP, we proceeded with quadruple mutant CRP
(E-CRP-1) to test the hypothesis.

Next, we tested whether E-CRP-1 and E-CRP-2 bind to
factor H on pneumococci which have recruited factor H on
their surface. For this purpose, Pn-mice were isolated from
infected mice. We first tested the presence of murine factor H
on pneumococci. As shown (Figure 3B), factor H was present
on Pn-mice but not on Pn-broth. Next, we determined binding
of E-CRP-1 and E-CRP-2 to factor H-coated Pn-mice. As shown
(Figure 3C), WT CRP bound to both Pn-broth and Pn-mice
but only in the presence of Ca?T, suggesting that the binding
of WT CRP to Pn-mice was through PCh. In contrast, E-CRP-
1 and E-CRP-2 bound to Pn-mice in the absence of Ca?™ also,
suggesting that E-CRP-1 and E-CRP-2 bound to a molecule
other than PCh, and that molecule could be factor H recruited

by pneumococci in vivo. However, interestingly, both E-CRP-1
and E-CRP-2 also bound to Pn-broth in EDTA, suggesting that
E-CRP-1 and E-CRP-2 were capable of recognizing and binding
to a pneumococcus own surface protein. Thus, E-CRP-1 and
E-CRP-2, but not WT CRP, interacted with pneumococci in a
Ca’*-independent and therefore PCh-independent manner.

Combined data indicated that both E-CRP-1 and E-CRP-2
were pentameric, their overall structure was similar to WT CRP,
and both E-CRP-1 and E-CRP-2 had the desired ligand-binding
properties to test our hypothesis.

Both E-CRP-1 and E-CRP-2 Are Suitable

for in vivo Use

We determined the T/, of CRP from mouse circulation. Based
on the data obtained from four to five mice (Figure 4A), the
average T/, of WT CRP, E-CRP-1 and E-CRP-2 were 4.9, 8.0 and
7.5 h, respectively. Thus, the clearance of E-CRP-1 and E-CRP-
2 was not markedly faster than that of WT CRP. In another
approach to confirm that E-CRP-1 and E-CRP-2 were free in the
mouse serum, we performed an experiment where E-CRP could
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FIGURE 3 | Binding of CRP to factor H. (A) Binding of WT CRP, E-CRP-1, E-CRP-2 and other CRP mutants to purified human factor H (left panel) and murine factor
H (right panel) immobilized on microtiter wells. (B) Presence of murine factor H on pneumococci isolated from the blood of infected mice (Pn-mice). (C) Binding of
WT CRP, E-CRP-1 and E-CRP-2 to Pn-broth and Pn-mice in the presence and absence of Ca2™*. A representative of three experiments is shown for each panel.
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FIGURE 4 | E-CRP-1 and E-CRP-2 are suitable for in vivo use. (A) Clearance of WT CRP (left panel), E-CRP-1 (middle panel) and E-CRP-2 (right panel) from mouse
circulation. (B) Repurification of E-CRP-1 and E-CRP-2 from purified E-CRP-1-spiked and E-CRP-2-spiked mouse sera, respectively. SDS-PAGE of repurified
E-CRP-1 and E-CRP-2 is shown. Lane 1, purified E-CRP-1; Lane 2, EDTA eluate from the PEt-affinity chromatography column through which mouse serum
containing E-CRP-1 was passed in the presence of Ca2™*; Lane 3, EDTA eluate from the PEt-column through which mouse serum alone was passed. Lane 6, EDTA
eluate from the PCh-affinity chromatography through which mouse serum alone was passed; Lane 7, EDTA eluate from the PCh-column through which mouse
serum containing E-CRP-2 was passed in the presence of Ca?™; Lane 8, purified E-CRP-2.

no additional protein bands were found when compared with the
non-specific bands seen with the serum alone control (compare
lanes 2 and 3). Similar results were seen with E-CRP-2 (right
panel). Thus, both E-CRP-1 and E-CRP-2 stayed free in the

be repurified from E-CRP-spiked mouse serum (Figure 4B). As
shown (left panel), E-CRP-1 present in the mouse serum bound
to PEt in a Ca?*-dependent manner and could be eluted with
EDTA (lane 2). The recovery of E-CRP-1 was 96%. Besides CRP,
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mouse serum, were not sequestered by any other serum protein,
and the mutations did not confer instability to E-CRP-1 and
E-CRP-2 in vivo.

To test the possibility that E-CRP-1 and E-CRP-2 may be
sequestered by cells in the mouse blood, E-CRP-spiked mouse
blood was centrifuged at 8000 rpm for 5 min and the serum
recovered. The amount of E-CRP in the recovered serum, as
determined by ELISA, was the same as the amount of E-CRP
mixed with the blood. These data showed that both E-CRP-1 and
E-CRP-2 were suitable for use in mouse models of infection to
test the hypothesis.

Role of Endogenous Murine CRP in the
Animal Model

As shown in Figure 5, mice were protected, without
administering human CRP, when up to 107 cfu of pneumococci
were injected into mice, suggesting that endogenous murine
WT CRP was sufficient to protect mice from lethality when
bacteremia was relatively lower. Endogenous murine CRP was
not enough to protect mice from lethality when >107 cfu of
pneumococci were injected into mice. These data also suggest
that if mice are administered with, for example, 3.5 x 107 cfu
bacteria in the protection experiments, endogenous murine CRP
can participate in protecting mice from lethality once bacteremia
is lowered to <107 cfu of pneumococci in the animal model
employed in this study.

E-CRP-1 Protects Mice Against

Late-Stage Infection

All the data presented in this section show the combined results
of two separate protection experiments using six to eight mice
in each group in each experiment. Some protection experiments
shown in Figures 6-8 were performed together.

Figure 6A shows the results of experiments in which WT
CRP and E-CRP-1 were injected into mice within 30 min of
administering pneumococci. The median survival time (MST,
the time taken for the death of 50% of mice) for mice injected
with bacteria alone (group A) was 60 h. The MST for mice

1001
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FIGURE 5 | The animal model of pneumococcal infection. Survival curves of
mice infected with different doses of pneumococci. The data are combined
from two separate experiments with six to eight mice for each dose of
pneumococci in each experiment.

injected with bacteria and either WT CRP (group B) or E-CRP-
1 (group C) could not be calculated because >50% of mice
survived. WT CRP and E-CRP-1 were not significantly different
in protecting mice from lethality. Increase in survival was due
to decrease in bacteremia (Figures 6B,C). By 44 h, in group
A, median bacteremia increased dramatically, and mice died
once bacteremia reached 10° cfu/ml; however, in groups B
and C, median bacteremia reached only ~10° cfu/ml and then
decreased dramatically afterward. There was >99% reduction
in bacteremia in both WT CRP-treated and E-CRP-1-treated
mice. Since E-CRP-1 does not bind to PCh, and hence cannot
activate the complement system, these results indicated that the
increased resistance to infection in E-CRP-1-treated mice was
due to combined actions of E-CRP-1 and endogenous mouse WT
CRP. Most likely, E-CRP-1 bound to a protein ligand present
on the pneumococcal surface and, once bacteremia was already
lower, endogenous mouse WT CRP bound to PCh to activate the
complement system to reduce bacteremia further. Since the dose
of injected E-CRP-1 was same as that of WT CRP, it is unlikely
that the protection depended upon the residual PCh-binding
activity of E-CRP-1.

Next, we injected E-CRP-1 into mice 12 h after administering
pneumococci, a time point for CRP injection when WT CRP does
not confer protection (Figure 7A). A gap of 12 h is clinically
significant because all strategies for a sepsis drug have so far
failed in human clinical trials (51, 52). We included WT CRP,
30 min regimen, in all experiments to ensure that the animal
model was comparable from experiment to experiment. The MST
for mice injected with either bacteria alone (group A) or with
bacteria and WT CRP (group B) was 60 h. In contrast, the MST
for mice injected with bacteria and E-CRP-1 (group C) was 90 h
and the MST for mice injected with bacteria and both WT CRP
and E-CRP-1 (group D) was 108 h. In the WT CRP-treated
group, all mice died by 66 h. However, in the E-CRP-1-treated
groups, it took 4 days until 60-70% mice died, and 30-40% mice
survived up to 7 days. As reported previously (24, 29), WT CRP
was not protective. These data again suggested that endogenous
mouse WT CRP participated and that is why E-CRP-1 alone
was not different from the combination of E-CRP-1 and WT
CRP in protecting mice from lethality. In mice receiving E-CRP-
1 (groups C and D), median bacteremia was reduced by ~99%
as early as 44 h and lower bacteremia was maintained for up to
92 h (Figures 7B,C).

Next, we injected CRP into mice four times, at 6, 12, 24 and
48 h, after administering pneumococci, to determine whether
multiple injections of E-CRP-1 were better than a single injection
at 12 h (Figure 8A). The MST for mice injected with either
bacteria alone (group A) or with bacteria and four doses of WT
CRP (group C) was 60 h. Like a single dose of WT CRP at
12 h, multiple doses of WT CRP were also not protective. In
contrast, the MST for mice injected with bacteria and multiple
doses of E-CRP-1 (group D) was 108 h. In E-CRP-1-treated mice,
median bacteremia was reduced by ~99% as early as 36 h and the
reduction lasted for up to 72 h. There was ~48 h gain over WT
CRP for bacteremia to reach the deadly levels (Figures 8B,C).

The protective ability of E-CRP-1 when injected at
30 min, 12 h or at multiple time points were compared
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FIGURE 6 | Like WT CRP, E-CRP-1 is also protective against early-stage infection. The data are combined from two separate experiments with six to eight mice in
each group in each experiment. (A) Survival curves. Pneumococci and CRP were injected 30 min apart. The p-values for the differences in the survival curves
between groups A B, A C, and B C were <0.001, <0.001 and 0.43, respectively. (B) Bacteremia. Blood was collected from each surviving mouse shown in A. The
median bacteremia values are plotted. For 36-116 h, the p-values for the differences between groups A B and A C were <0.001. The p-value for the difference
between groups B C was >0.05 at all time points. (C) Scatter plots of the bacteremia data shown in B. The horizontal line in each group of mice represents median
bacteremia.

(Supplementary Figure 2). The injection of E-CRP-1 at 12 h
was found to be as effective as it was when administered
within 30 min. Based on the statistical analyses of the survival
curves and of the scatter plots for bacteremia (Figures 6-8),
no significant difference was found between 30 min and
12 h regimens in either the survival of or bacteremia in both
groups of mice (Supplementary Figures 2A,B). Likewise,
four injections of E-CRP-1 and one injection of E-CRP-1
were equally effective in reducing bacteremia; there was no
significant difference in either the survival of or bacteremia
in these two groups of mice (Supplementary Figures 2C,D).
In this study, mice were injected with E-CRP-1 four times
within 48 h of administering pneumococci. It is possible
that a different regimen for four injections of E-CRP-1 that
improves its availability over the course of the infection, such
as four injections spread over 4 days, would have shown
results different from that used in this study and, therefore,
be more protective than a single injection of E-CRP-I.
Overall, the data indicate that E-CRP-1, unlike WT CRP, is
protective against infection regardless of the time point of
injecting E-CRP-1.

E-CRP-2 Also Protects Mice Against

Late-Stage Infection

The results of protection experiments with E-CRP-2 are shown in
Figure 9. The MST for mice injected with bacteria alone (group
A) was 54 h. The MST for mice injected with E-CRP-2, 12 h
after administering pneumococci (group C), was extended to
132 h. The MST for mice injected with E-CRP-2, 30 min after
administering pneumococci (group B), could not be calculated
because >50% of mice survived, as expected (Figure 9A). There
was >99% reduction in bacteremia even when E-CRP-2 was
given to mice 12 h after administering pneumococci and the
lower bacteremia stayed as such for >96 h (Figures 9B,C). Since
E-CRP-2 binds to PCh, like WT CRP does, we do not know the
involvement of mouse endogenous WT CRP in this case.

DISCUSSION

In this study, two CRP mutants, E-CRP-1 and E-CRP-2, were
employed to investigate the mechanisms of anti-pneumococcal
function of CRP in a mouse model of pneumococcal infection.
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FIGURE 7 | Unlike WT CRP, E-CRP-1 is protective against late-stage infection. The data are combined from two separate experiments with six to eight mice in each
group in each experiment. (A) Survival curves. Pneumococci were injected first; CRP was injected 12 h later. The p-values for the differences in the survival curves
between groups AB, AC, AD, BC, BD and C D were 0.28, <0.01, <0.001, <0.001, <0.001 and 0.31, respectively. (B) Bacteremia. Blood was collected from
each surviving mouse shown in A. The median bacteremia values are plotted. The p-values for the differences between groups A B and C D were >0.05 at all time
points. For 44-92 h, the p-values for the differences between groups B C and B D were <0.01. (C) Scatter plots of the bacteremia data shown in B. The horizontal
line in each group of mice represents median bacteremia.

E-CRP-1 binds to factor H but does not bind to PCh and
E-CRP-2 binds to both factor H and PCh. Our major findings
were: 1. CRP with mutations in either the intersubunit contact
region or in the overlapping PCh-binding and Ca?*-binding
sites binds to immobilized factor H. 2. Unlike WT CRP,
both E-CRP-1 and E-CRP-2 were protective against late-stage
infection. 3. Injecting WT CRP along with E-CRP-1 into
mice did not enhance the protective ability of E-CRP-1. 4.
Multiple injections of E-CRP-1 were not different from a
single injection in protecting mice against infection. 5. Unlike
WT CRP, both E-CRP-1 and E-CRP-2 bound to broth-grown
pneumococci in the absence of Ca?*. Overall, these findings
indicate that a conformationally altered form of CRP capable of
binding to factor H is necessary for protection against late-stage
pneumococcal infection.

We previously reported a
F66A/T76Y/E81A, which does

of CRP,
to PCh and

triple mutant
not bind

a single mutant of CRP, E42Q, which binds to factor
H (18, 46). A quadruple mutant of CRP (E-CRP-1),
E42Q/F66A/T76Y/E81A, was constructed in which the
F66A/T76Y/E81A mutations were introduced to abolish
the PCh-binding and the E42Q mutation was added to confer
the factor H-binding ability to mutated CRP. The ability to
bind to PCh was abolished so that the observed effects could
be attributed solely to the factor H-binding ability of E-CRP-1.
While screening a library of CRP mutants for binding to factor
H, we found that Y40F/E42Q CRP (E-CRP-2) bound to factor
H more avidly than E42Q CRP did. That is why, E-CRP-2 was
employed in this study, instead of E42Q CRP, as the molecule
which binds to both PCh and factor H. The mechanism of
interaction between various CRP mutants and immobilized
factor H is currently being investigated in a separate project.

The data indicate that endogenous murine WT CRP also
participated, along with E-CRP-1, in protecting mice against

Frontiers in Immunology | www.frontiersin.org

October 2020 | Volume 11 | Article 586669


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Ngwa et al.

Engineered CRP to Treat Pneumococcal Infection

A
--A: No CRP
-®-B: WT CRP, 30 min
-0-C: WT CRP, 4 doses
-0-D: E-CRP-1, 4 doses
100
= 751
s
S 50
2
=
0 251
0 24 48 72 96 120144168
Time (h)
c Group A Group B
No CRP WT CRP, 30 min
A1o9 J . e
€ 108 e -
SRS I
L 108 o . L
© . .
= 105" o
5104 P : N
5 o -
,g, 102 = o .
B 102 fom = o o - - - -

-0-A: No CRP
--B: WT CRP, 30 min

-8-C: WT CRP, 4 doses
-®-D: E-CRP-1, 4 doses

10°
108
107
106
10°
104
103
102
101

0

Median bacteremia (cfu/ml)

24 48 72 96 120
Time (h)

Group C
WT CRP, 4 doses

Group D
E-CRP-1, 4 doses

o eee oo wm wm
e

FIGURE 8 | One injection of E-CRP-1 was sufficient to protect against late-stage infection. The data are combined from two separate experiments with six to eight

12 36 60 92

20 44 68 11612 36 60 92
Time (h)

20 44 68 116

bacteremia.

mice in each group in each experiment. (A) Survival curves. CRP was injected four times: 6, 12, 24 and 48 h after injecting pneumococci. The p-values for the
differences in the survival curves between groups A B, AD, B C and C D were <0.001. (B) Bacteremia. Blood was collected from each surviving mouse shown in A.
The median bacteremia values are plotted. The p-value for the difference between groups A C was >0.05 at all-time points. For 36-116 h, the p-value for the
difference between groups B C was <0.001. For 44-116 h, the p-values for the differences between groups B D and C D were <0.05. For 44-116 h, the p-value for
the difference between groups A D was <0.01. (C) Scatter plots of the bacteremia data shown in B. The horizontal line in each group of mice represents median

infection in our animal model. Both E-CRP-1 (cannot bind
to PCh and hence unable to activate the complement system)
and E-CRP-2 (can bind to PCh and hence able to activate
the complement system) protected mice against late-stage
infection. Since complement activation by CRP-complexes is
necessary for protection (31), endogenous murine CRP must
have participated along with E-CRP-1 in protecting mice against
infection. Involvement of endogenous murine CRP in protection
is also supported by the finding that the addition of human
WT CRP to E-CRP-1 did not change the protective ability of
E-CRP-1. The finding that the outcome of multiple injections
of E-CRP-1 within 48 h of administering pneumococci was
not different from a single injection at 12 h suggested that the
effects of E-CRP-1 lasted for at least 48 h. Overall, the data
indicate that CRP functions in two different conformations:
in the WT conformation to bind to PCh and activate the

complement system and in the altered conformation to bind
to factor H to remove the inhibitory effect of factor H on
complement activation. Experiments employing CRP-deficient
mice are in progress to confirm the participation of endogenous
murine CRP in E-CRP-1-mediated protection against late-
stage infection.

As expected, E-CRP-1 acquired the ability of E42Q CRP
to bind to factor H. Unexpectedly, CRP triple mutant,
F66A/T76Y/E81A, which was not investigated before for factor
H-binding (18), also bound to factor H, without the E42Q
mutation (50). These results were not available till we generated
and tested E-CRP-1 for binding to factor H. Since the expression
of E-CRP-1 ¢cDNA was higher than the expression of the triple
mutant cDNA, we used E-CRP-1 in this study. Previously,
we reported that CRP triple mutant, which does not bind to
PCh, protected mice against infection and we interepreted the
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FIGURE 9 | Like E-CRP-1, E-CRP-2 is also protective against late-stage infection. The data are combined from two separate experiments with six to eight mice in
each group in each experiment. (A) Survival curves. CRP was injected first; pneumococci were injected either 30 min or 12 h later. The p-values for the differences in
the survival curves between groups A C and A B were <0.001 and between groups B C was 0.01. (B) Bacteremia in each surviving mouse shown in A. The median
values of bacteremia are plotted. For 36-116 h, the p-values for the differences between groups A B and A C were <0.001. The p-values for the differences
between groups B C was >0.05 till 60 h and <0.05 after 60 h. (C) Scatter plots of the bacteremia data shown in B. The horizontal line in each group of mice
represents median bacteremia.

data to suggest that CRP protects mice against pneumococcal
infection without binding to pneumococci. Recent findings
that triple mutant CRP can also bind to factor H (50)
and that complement activation is critical for protection (31)
indicate that in previously published experiments employing
CRP triple mutant (18, 30), endogenous murine CRP had also
participated, along with triple mutant CRP, in protecting mice
against infection.

A model for the mechanism of action of E-CRP-1 and
E-CRP-2 in protecting mice against infection is proposed
(Figure 10). During early-stage infection, at a time when
pneumococci have not recruited factor H yet on their surface to
become complement-resistant, WT CRP is sufficient to decrease
bacteremia. WT CRP (human or murine or both) would bind
to PCh on pneumococci, activate the complement system, and
reduce bacteremia. During late-stage infection, pneumococci
recruit factor H and become resistant to WT CRP-activated
complement-mediated killing. E-CRP-1 or E-CRP-2 would
then bind to factor H on pneumococci, enabling complement
activation by WT CRP/E-CRP-2-PCh complexes to proceed,
resulting in the decrease in bacteremia. Thus, during late-stage

infection, two different structural conformations of CRP are
required for protection.

Based on the model for E-CRP-1 and E-CRP-2, we propose
a possible mechanism of action of endogenous CRP in humans
in pneumococcal infection. Pneumococci are usually harbored
in the nasopharynx but can spread to lungs and bloodstream.
From the blood, after evading the attack by the complement
system, pneumococci can spread to multiple other organs causing
septicemia (53-55). Pneumococci release toxic substances
including H, O, creating a localized inflammatory environment
(56, 57). H,O, has been found to modify the pentameric
conformation of CRP, and H,O;-treated CRP binds to factor
H (47). The presence of conformationally altered pentameric
CRP has been shown to be one of the features of inflamed
sites (40, 42, 58). The binding of conformationally altered
CRP to factor H on complement-resistant pneumococci would
result in converting pneumococci back to being complement-
sensitive. WT CRP can then bind to PCh on pneumococci
and activate the complement system to attack pneumococci.
In this regard, CRP is similar to serum amyloid A (SAA)
which is another acute phase protein in humans (59). SAA
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has recently been shown to exhibit pH-dependent antibacterial
action against Staphylococcus aureus. Both CRP and SAA are
produced not only by hepatocytes but also by a variety of
cells in extrahepatic tissues (59-63). The expression of SAA is
increased in abscesses of S. aureus cutaneous infected mice, and
SAA then binds to bacterial cell surface and disrupts the cell
membrane in acidic conditions (59). Similarly, it is possible that
extrahepatically synthesized CRP may be responsible for the
availability of conformationally altered CRP generated at sites
of inflammation.

The finding that E-CRP-1 and E-CRP-2 bound to broth-
grown pneumococci in the absence of Ca?* suggests the
involvement of a pneumococcal surface protein in the interaction
between E-CRP-1/E-CRP-2 and pneumococci. Thus, the binding
of E-CRP-1/E-CRP-2 to factor H may not be the only
mechanism for protection against infection; as E-CRP-1/E-CRP-
2 can interact directly with the surface virulence factors to
eliminate their virulence. Since E-CRP-1 and E-CRP-2 bind to
a variety of proteins immobilized on microtiter wells (data not
shown), and not just to factor H, and because pneumococci
also recruit other serum proteins to their surface, such as
complement Clq, ficolins and complement inhibitor C4BP,
our findings may be applicable to infections with a wide
range of pneumococcal strains (64-71). The advantage of our
strategy is that it is dependent on the recruited proteins
and not on the serotype of pneumococci. We speculate that
E-CRP could be therapeutically beneficial for infections with
antibiotic-resistant pneumococcal strains, such as, strain 106
resistant to clindamycin, strain 109 resistant to clarithromycin,
strain 999 resistant to penicillin, and others (72, 73). E-CRP
could also be protective against infections with other bacterial
species that use factor H to evade complement-mediated killing.

For example, Bordetella pertussis, Borrelia burgdorferi, Borrelia
hermsii, Haemophilus influenzae, Neisseria gonorrhoeae, Neisseria
meningitis, Pseudomonas aeruginosa, and Streptococcus suis, are
all known to recruit factor H (74-79). It is possible that CRP
plays a general antibacterial role, as exemplified in studies that
show CRP protecting mice against infection with Salmonella
typhimurium also (80).

We conclude that CRP functions in two different structural
conformations. Our data provide a proof of concept that the
structure of CRP is subtly modified in vivo to execute full anti-
pneumococcal activities. We hypothesize that in individuals in
whom the conformation of CRP remains unchanged, perhaps
due to inappropriate inflammatory conditions around CRP,
CRP is not fully functional during infection. If this hypothesis
is correct, then our findings provide a new strategy to treat
pneumococcal infection by injecting exogenously prepared pre-
modified CRP, such as E-CRP-1 and E-CRP-2. Pre-modified
CRP could also be therapeutically beneficial for infections
with antibiotic-resistant pneumococcal strains and for infections
with other bacterial species that use host proteins to evade
complement-mediated killing.
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C-Reactive Protein and Cancer—
Diagnostic and Therapeutic Insights

Peter C. Hart”, Ioraheem M. Rajab, May Alebraheem and Lawrence A. Potempa*

Roosevelt University, College of Science, Health and Pharmacy, Schaumburg, IL, United States

Cancer disease describes any pathology involving uncontrolled cell growth. As cells
duplicate, they can remain localized in defined tissues, forming tumor masses and altering
their microenvironmental niche, or they can disseminate throughout the body in a
metastatic process affecting multiple tissues and organs. As tumors grow and
metastasize, they affect normal tissue integrity and homeostasis which signals the body
to trigger the acute phase inflammatory response. C-reactive protein (CRP) is a
predominant protein of the acute phase response; its blood levels have long been used
as a minimally invasive index of any ongoing inflammatory response, including that
occurring in cancer. lts diagnostic significance in assessing disease progression or
remission, however, remains undefined. By considering the recent understanding that
CRP exists in multiple isoforms with distinct biological activities, a unified model is
advanced that describes the relevance of CRP as a mediator of host defense
responses in cancer. CRP in its monomeric, modified isoform (MCRP) modulates
inflammatory responses by inserting into activated cell membranes and stimulating
platelet and leukocyte responses associated with acute phase responses to tumor
growth. It also binds components of the extracellular matrix in involved tissues.
Conversely, CRP in its pentameric isoform (pCRP), which is the form quantified in
diagnostic measurements of CRP, is notably less bioactive with weak anti-inflammatory
bioactivity. Its accumulation in blood is associated with a continuous, low-level
inflammatory response and is indicative of unresolved and advancing disease, as
occurs in cancer. Herein, a novel interpretation of the diagnostic utility of CRP is
presented accounting for the unique properties of the CRP isoforms in the context of
the developing pro-metastatic tumor microenvironment.

Keywords: C-reactive protein, monomeric C-reactive protein, inflammation, tumor microenvironment, acute
phase response

INTRODUCTION

Cancer is a pervasive disease affecting many people across the globe. Worldwide, the prevalence of
people living within 5 years of receiving a cancer diagnosis is estimated to be 43.8 million. In 2018,
18.1 million new cancer cases were diagnosed worldwide, and 9.6 million deaths were reported. The
most reported new cases involve the lung and breast, with colorectal cancer third, prostate cancer
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fourth, and stomach cancer fifth (1, 2). Each reported cancer is
associated with variable overall life expectancies, years of life lost,
and 5-year survival rate (3-6).

The term cancer describes a physiological condition in which
body cells grow and replicate in an uncontrolled and unregulated
fashion. While cancer is often categorized by the tissue in which
the predominant uncontrolled growth originates, the disease is
fundamentally defined by a loss of basic cellular processes that
regulate proliferation. When cells proliferate, their mass and the
mass of ancillary tissues in which the growth occurs increases,
leading to localized areas of disrupted tissues which can
overwhelm the natural protective immune responses that are
designed to identify and destroy aberrantly growing cells, and to
repair damaged tissues. Hence, in evaluating cancerous disease,
consideration must be given not only aberrant cells, but the
tissues, vasculature, and immune responses in which the
malignant growth occurs. If cancerous growth is relatively
slow and localized, treatment options include surgical resection
and radiotherapy. If cancerous growths become unregulated and
rapid, involved tissues are compromised and weakened, and
tumor cells can break free to metastasize to other tissues.
Treatments options for disseminated cancers become limited
and prognosis for long term survival decreases. Strategies for
treating cancers must therefore include an assessment of how
tissue structures involved in cancerous growths may be
compromised and how natural barriers might be strengthened
to counteract the growth of tumor masses and to better
coordinate the immune responses against tumor development.

Both innate and adaptive immune responses exist to recognize
and remove diseased cells, primarily involving innate system
humoral factors and natural killer cells. Innate responses involve
neutrophils, M1 macrophages, natural killer cells, interferons,
cytokines, and the acute phase response (7). Adaptive responses
involve antibodies developed to specifically recognize malignant
cells, and direct cytotoxic T-lymphocytes to specifically recognize
intracellular abnormalities associated with uncontrolled cellular
duplication that often display tumor specific antigens, leading to
cell-mediated tumor cell apoptosis (8). However, a number of
cancers present with “cold” tumors, showing limited or no
infiltration of activated T cells within the tumor compartment
(9). Many cancers are known to produce suppression factors that
target effective immune system surveillance, thus giving cancer
cells an advantage in the balance between continued proliferation
and leukocyte-mediated apoptosis. The exciting development of
biotherapeutic reagents known as checkpoint inhibitors, which
function by neutralizing the immunosuppressive factors [i.e. by
directly binding to Program Death Ligand-1 (PDL-1) or its
receptor (PD-1)], shifts the balance back to natural immune
function, slowing or stopping tumor cell growth in treated
individuals (10). This is likely due to the prevention of PD-1-
dependent T cell exhaustion; therefore, blockade increases the
presence of cytotoxic T cells in the microenvironment capable of
tumor cell lysis through perforin and granenzyme secretions (11).
While promoting the cytotoxic capacity of the local immune
response can slow or prevent tumor growth in some cases (12),
it is notable that certain distributions of leukocytes can also favor a

state of chronic inflammation that conversely would promote
genomic instability, survival, and proliferation of tumor cells that
can confer tumor development and progression [reviewed in (13)].
Thus, the dualistic nature of the immune system in cancer suggests
that tight regulation of immune and inflammatory responses is
necessary to prevent tumor growth and metastasis.

This report focuses on innate immunity and the acute phase
response (APR) to cancerous growth. More specifically, it
provides a new perspective on the diagnostic and therapeutic
value of the prototypic acute phase reactant, C-reactive protein
(CRP), and cancer. The concepts presented herein represent a
unifying understanding of the value of CRP as a key protein of
the natural inflammatory response and how both beneficial and
pathological inflammation contribute to cancerous disease as
well as the pathologies that involve any tissue damaged by
trauma or disease.

USE OF CRP AS A DIAGNOSTIC MARKER
IN CANCER

The US Food and Drug Administration (FDA) guidance for
assessing the relevance of CRP as a diagnostic marker in any
disease involving a host defense inflammatory response,
describes CRP as a single protein that can be reliably measured
from blood using various qualitative, semi-quantitative and
quantitative measurements (14). Two concentration thresholds
were established: 1.) conventional CRP levels (defined as CRP
levels > 10 ug/ml), and 2.) high sensitivity CRP levels (i.e. hsCRP;
defined as CRP levels < 10 pg/ml). FDA guidance does not
associate either CRP or hsCRP levels with specific diseases or
risks for disease, cautioning that any interpretation of CRP levels
must include the context of a specific clinical evaluation.
However, high levels of CRP were found to be strongly
associated with advanced disease severity in numerous cancer
types (elaborated below). Hence, CRP measurements have
potential utility as a diagnostic tool in assessing disease status
and progression, including in cancer.

A comprehensive review of the literature on the diagnostic
significance and therapeutic value of CRP blood levels in cancer
proved to be problematic. Reported CRP levels varied from <1 ug/
ml to more than 175 pug/ml [(15); see Table 1 and Figure 1] and
were most often reported with reference to the tissues affected with
cancerous growths (e.g. lung, breast, gastrointestinal, esophageal,
head and neck, sexual and reproductive organs, renal, pancreas,
and blood). One complication to interpreting the value of CRP
measurements in any such disease condition is that its relative
blood level can change rapidly and in direct relationship to the
stage and extent of progressive disease and/or associated
complication (e.g. infections) that may accompany the disease
progression. Another limitation is that many of these studies did
not fully characterize the relationship between CRP and the
discrete variables that define cancer staging (e.g., tumor size in
TNM staging of breast cancer, etc.); however, the associations
drawn between CRP with prognosis and disease severity are
consistent among cancers and indicate the potential utility of
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TABLE 1 | Overview of CRP values reported in various cancers distinguishing Conventional CRP levels (> 10 pg/ml) from High Sensitivity (\sCRP) levels (< 10 pug/ml).

Tissue affected by cancer Notes and generalized conclusions CRP levels reported* References**
Conventional hsCRP
CRP(> 10 pg/ml) (1-10 png/ml)
Lung e Higher conventional levels correlate with tumor size and 4-20 (1) <3 (1) (1) Alifano et al. (16)
Non-Small Cell staging (2) >20 (1) 5.4 +9(3) (2) Aref and Refaat (17)
e Higher levels (before or after surgery) are indicators of 13.4+£8.6 (2 6.4 +7.9(3) (3) Bittoni et al. (18)
poor prognosis (1) 114.2 + 60.1 (2) <1 (4) (4) Chaturvedi et al. (19)
e Smoking and hsCRP levels did not correlate with 84 + 88 (5) >5.6 (4) (5) Hara et al. (20)
increased risk for lung adenocarcinoma (9) >10 (7) <5 (5,6, 16) (6) Hara et al. (21)
e Smoking and lung function with hsCRP can predict 7.1-100 (8) >5 (5,6) (7) Jin et al. (22)
bronchial dysplasia than can progress to cancer (14) >10 (9) 0-0.7 (11) (8) Jing et al. (23)
e Conventional CRP above 40 ug/ml is predictive of 1-30 (10) 0.7-1.76 (11) (9) Koch et al. (24)
metastasis (17) 4.14-87.9 (11) 1.77-413 (11) (10) Liao et al. (25)
e CRP levels do correlate with level of inflammation which is 143 max (12) 3(12) (11) Muller et al. (26)
more pronounced in cancer than COPD (18) >101-122.6 (15) 1-56 (13) (12) Pastorino et al. (27)
>40 (17) >0.5 (14) (13) Shinohara et al. (28)
22.49 + 2.31 (18) 8.37 +0.91 (18)  (14) Sin et al. (29)
20.42 +1.95 (18) (15) Szturmowicz
10.27 + 212 (19) et al. (30)

Breast

Colon and Rectum

Esophagus

Gastrointestinal Tract

e Elevated conventional CRP levels are associated with
reduced overall and disease-free survival and increased risk
of death (21)

e hsCRP levels are not predictive in post-menopausal
breast cancer incidence or in apparently healthy women (25)

e Higher hsCRP associates with higher risk for colon but
not rectal cancer (33)

e Conventional CRP levels associate with colorectal cancer
mortality (36)

e CRP gene rs1205 polymorphism was not associated with
the risk of colorectal cancer (35)

e FElevated serum CRP was associated with poor overall
survival (44-47)

e FElevated conventional CRP is associated with progressive
disease and advanced stage disease and correlates with
worse survival (49)

e Higher conventional CRP levels correlate with advanced
stage metastatic cancer (50)

e Post-operative levels are useful to monitor infections (51)

66.35 (20)
71.20 (20)
96.30 (20)

>16.4 (21)
12+ 8 (22)
42 £ 12 (22)
>10 (23,24)
0.1-39.5 (26)
0.1-73 (26)
0.6-33.6 (29)
>10 (30)

>10 (36,38)
30 (37)
0-196 (37)
0.01-22.8 (41)

17 (48)
0.08-231.7 (49)
>10 (50,52)
177 (51)

1.5-10 (24,25)
4.93 + 6.65 (26)
5.26 = 8.59 (26)

1.0+ 1.3(27)

15+1.7 (27)

>5 (28)
5.1 + 5.3 (29)
>3 (31)
2.6 (32)

1.1-5.6 (33)
1-4.7 (33)
2.69 (34)
1.97 (34)
<2.1(36)

2.2-5.0 (36)

5.1-10 (36)

3(39)
4.1 £3.2 (39)
1-10 (39,42,43)
1.07-4.36 (40)
2.86-5.20 (40)
0.6 (41)
<10 (44)
5-10 (45)

3 (46)
2-10 (47)
<3 (49)
1.6 (49)

6) Tomita et al. (31)
7) Torrecilla et al. (32)
8) Vaguliené et al. (33)
9) Wei et al. (34)
20) Zhao et al. (35)
21) Allin et al. (36)
22) Asegaonkar et al. (37)
23) Gathirua-Mwangi
et al. (38)
24) Guo et al. (39)
25) Nelson et al. (40)
26) Rodriguez-Gil
tal. (41)
27) Sabiston et al. (42)
28) Sicking et al. (43)
29) Thomson et al. (44)
30) Villasefior et al. (45)
31) Wang et al. (46)
32) Zhang et al. (47)
33) Aleksandrova et al.
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34) Erlinger et al. (49)
35) Fang and Ye (50)
36) Goyal et al. (51)

37) Holm et al. (52)

38) Ishizuka et al. (53)
39) Lumachi et al. (54)
40) Nimptsch et al. (55)
41) Shibutani et al. (56)
42) Toiyama et al. (57)
43) Zhou et al. (58)

44) Badakhshi et al. (59)
45) Huang et al. (60)
46) Katano et al. (61)
47) Zheng et al. (62)
8) Baba et al. (63)

)

)

)

)

N

49) Chang et al. (64)
50) Shimura et al. (65)
51) Shishido et al. (66)

(
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(
(
(52) Yu et al. (67)

(Continued)
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TABLE 1 | Continued

Tissue affected by cancer Notes and generalized conclusions CRP levels reported* References**
Conventional hsCRP
CRP(> 10 pg/ml) (1-10 png/mi)
Head and Neck ® Pre-operative levels are prognostic of oral cancer (55) <20 (57) 2-8 (53) (563) Fang et al. (68)
e Elevated levels associate with worse prognosis (53) <10 (54) (54) He et al. (69)
e CRP may contribute to tongue squamous cell carcinoma >5 (55) (55) Tai et al. (70)
(56) (56) Du et al. (71)
e CRP levels associate with perceived pain and (57) Oliveira et al. (72)
inflammatory process (57)
Liver e CRP levels correlate with hepatocellular carcinoma 10-50 (58) <10 (58) (58) Carr et al. (73)
aggressiveness (58) >50 (58) (59) Kinoshita et al. (74)
e FElevated CRP correlates with poor prognosis and is useful > 10 (59)
in staging (59)
Reproductive Organs e FElevated CRP associates with increased risk and survival 36 + 48 (60) <10 (61,68,69) (60) Hefler et al. (75)
e Ovary e Higher Levels are measured in platinum-resistant ovarian 60 + 66 (60) 124 +294 (65) (61)Lietal (76)
¢ Prostate tumors (68) 28 + 38 (60) <4 (66) (62) Lundin et al. (77)
e CRP/Albumin ratios are prognostic (69) >10 (61; 62) >8.6 (67) (63) Graff et al. (78)
* Pre-diagnostic hsCRP levels are not predictive of risk (65) <12 (63) (64) Liu et al. (79)
* CRP levels are not as predictive in clinically localized 0.02-29.9 (64) (65) Platz et al. (80)
prostate cancer compared to advanced disease (66) (66) Schnoeller et al. (81)
e High levels associate with metastasis and worse survival (67) Thurner et al. (82)
(64) (68) Xu et al. (83)
(69) Liu et al. (84)
Pancreas e Elevated levels associate with poor outcomes (70) 3-50 (70) >4.5 (71) (70) Chen et al. (85)
¢ Neutrophil-lymphocyte ratios with CRP levels have 0.1-219 (71) 3-10 (72) (71) Inoue et al. (86)
prognostic value (71) (72) Stevens et al. (87)
Kidney and Urinary tract * CRP levels can predict mortality (73), treatment outcome 24.3 £ 50.1 (73) <5 (74) (73) Hsiao et al. (88)
and tumor recurrence in solid tumor renal cell carcinoma and 1.5-15 (77) <3 (75) (74) Omae et al. (89)
digestive tumors [Shotriya et al. (15)] <9 (76) (75) Teishima et al. (90)
® Preoperative values are predictive of survival and end (76) Aziz et al. (91)
stage disease requiring hemodialysis (74) (77) Dai et al. (92)
e FElevated preoperative levels correlate with aggressive (78) Guo et al. (93)
tumor biology (76)
e FElevated CRP/Alb ratio correlate with poor survival after or
partial nephrectomy (78)
Blood e Higher CRP levels are a poor prognostic indicator in large <15 (79) <10 (80) (79) Troppan et al. (94)
B-cell lymphoma (79) (80) Fang et al. (95)
e Measuring CRP has value in melanoma (80)
Sarcomas * Increased preoperative CRP is prognostic of poorer 43 (85) (81) Fang et al. (96)
outcomes in bone cancer (82) and Soft tissue sarcoma (84) 0.1-342 (84) (82) Li et al. (97)
>8 (81, 82) (83) Nakamura et al. (98);
0.1-34.2 (83) Nakamura et al. (99)
(84) Wang et al. (100)
(85) Yanagisawa et al.
(101)
Adult Solid Tumors: Renal * CRP as a predictor of prognosis, treatment outcome or >10, >35, >50, <1 ->9.8 (86) (86) Shrotriya et al. (15)
Cell Solid Carcinoma & tumor recurrence (86) >150 (86)

Digestive Solid Tumors

*Conventional CRP levels (= 10ug/ml) are summarized separately from high sensitivity levels (hsCRP: < 10ug/mi) to help differentiate FDA defined diagnostic relevance from putative
microinflammatory responses suggested by reported levels of hsCRP.
**The parenthetical number assigned to each reference is used to indicate where the CRP and hsCRP values, notes and general conclusions are derived within this table.

CRP as a prognostic index. Reports of CRP level in relationship to
blood albumin level (i.e. the CRP/albumin ratio) as a novel
prognostic index for survival for cervical cancer have appeared
(64). In addition, the prognostic value of CRP in relationship to
the neutrophil/lymphocyte ratio has also been proposed. Since
CRP levels change rapidly during disease, some studies describe a
“maximal CRP level” as a relevant diagnostic index. However,
such values must be evaluated with reference to how prolonged
cancer disease extends, the treatments used during disease, and the
levels measured both before and after any surgical intervention.

Nonetheless, these maximal CRP values have been discussed as
one criterion for assessing the extent of disease and the prognosis
for recovery (27, 102).

Another complicating factor in interpreting the diagnostic
and therapeutic value of CRP in cancer disease is the current
focus on the value and significance of “high sensitivity CRP”
levels (i.e. hsCRP). Baseline levels of CRP in purportedly healthy
individuals are generally described as being <1-2 pg/ml. Some
studies reviewed and included in reports summarized in Table 1
describe and differently interpret cohort groups with hsCRP
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FIGURE 1 | Graphic representation of data summarized in Table 1. The CRP values were extracted from published references as detailed in Table 1. In this
presentation, data were tabulated in Microsoft Excel based on cancer type, then the Excel functions were used in calculations: Minimum describes the lowest
reported level, Maximum describes the highest reported level; and Mean describes the average of the reported values. One limitation of the reported data
summarized here is the lack of specific clinical conditions ongoing when (or how frequent) CRP values were collected and measured.

levels between 1-3 and >3 pg/ml. While FDA offers no guidance
on the diagnostic significance of such values in any disease,
including cancer, it is important to note that numerous reports
have appeared that associate baseline hsCRP levels more
generally with populations of individuals grouped by gender,
age, ethnicity, degree of fitness, and obesity. Indeed, with
sensitive assays for CRP measurement now readily available,
including point-of-care measurements where CRP values can be
generated from a finger stick drop of blood in minutes,
thousands of reports have appeared reporting that slightly
elevated hsCRP levels are reflective of increased risk for
developing and exacerbating cancerous growth (see Table 1 for
a list of references that discuss hsCRP in the defined cancers).

Table 1 offers one literature overview summarizing reported
CRP blood levels as a function of cancer type, conventional CRP
levels reported (i.e. CRP levels > 10 pg/ml), high sensitivity CRP
levels reported [hsCRP levels reported (< 10 pg/ml)] and stage of
cancer disease and/or complications. A graphic presentation of
reported CRP maximum, minimum and mean (average) values
as a function of cancer type is presented in Figure 1. A simplified
interpretation of all the data included in Table 1 is presented in
Table 2.

CRP—A MARKER OF TISSUE DAMAGE
FIRST AND INFLAMMATION SECOND

Systemic CRP exists as a pentameric structure (pCRP) made up
of five subunits, each containing calcium dependent bindings
sites that interact with exposed phosphocholine ligand (PC)
which can be expressed on activated plasma membrane (103).
Exposure of PC groups requires phospholipid remodeling such

as occurs with Phospholipase A2 activity or oxidation of acyl
chains (104). When pCRP binds to membrane anchored PC,
juxtaposed apolar bonding energies contribute to the
dissociation of the pentameric isoform into the modified,
monomeric isoform (i.e. mCRP) which undergoes structural
rearrangement to express a cholesterol binding site as is found
in lipid rafts (Figure 2) (107, 110).

Since the appearance and concentration of pCRP in blood is
not specific for cancer types, tissue locations, or stages of disease,
and since its appearance correlates with an ongoing
inflammatory response, what is the common denominator that
triggers this protein to appear? One reflective focus involves
evaluating how CRP may affect the fibrinolytic-like responses
that are recognized as hallmarks of cancer growth. Indeed, cancer
has been described as “a wound that never heals” (111, 112); any
discussion of cancer growth and regulation must, therefore,
include an understanding of the structure and function of the
extracellular matrix and connective tissues within which the
cancers are found. As tumors grow, endothelial cells become
activated to allow platelets, neutrophils, and blood proteins (e.g.
CRP) to enter tissues as part of normal protective inflammatory
response. The goal of this early response is to help control the
extent of disease growth and return the tissues to healthy
homeostasis. Possible pathways by which CRP may participate
in this host defense response include its binding reactivity with
1.) PC ligands which become accessible on stimulated
endothelial cell membranes (113, 114), 2.) fibronectin (115-
117), 3.) laminin (118), and 4.) collagen (107). CRP is also
known to activate and regulate complement activity and bind
immune complexes (119). Many reports also detail the
interactions of CRP with endothelial cells (119), platelets (120),
neutrophils (121), monocytes/macrophages (117, 122), epithelial
cells (123), and fibroblasts (124).
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TABLE 2 | Most consistent interpretations of the diagnostic significance of CRP
in cancer.

1. Plasma CRP is not selective for any cancer type or tissue involving cancer.

2. Elevated CRP levels (> 10 ug/ml) are associated with active, advanced
cancer disease.

3. Elevated CRP levels (> 10 pg/ml) can be diagnostic of complicating
pathologies (e.g. infections).

4. Significantly, elevated CRP levels (above 50-100 pug/ml) are associated with
advanced disease, metastasis, and poor response prognosis.

5. The significance of hsCRP levels in cancer is not yet known and have no
proven value.

6. Higher conventional CRP levels may be predictive of resistance to certain
chemotherapeutic treatment (e.g. platinum resistance in ovarian cancer).

7. Elevated CRP is noted in and associated with aggressive hepatocellular
carcinoma.

8. Any interpretation of the diagnostic significance of CRP requires
consideration of when CRP levels are measured in relation to disease activity
(i.e. quiescence or rapid growth phase) and in relation to therapeutic
treatments and the response to such treatments.

For many decades, the exact role for CRP in the host defense
APR remained undefined and controversial as different groups
studying similar systems came to opposite conclusions. More
recently, as CRP has been shown to exist in more than just a
serum soluble cyclic pentamer disc configuration, it is now
apparent that the effects of CRP on cell behavior and the tissue
microenvironment are clearly dependent on its structural
conformation. The highly soluble circulating pentameric CRP
(pCRP) binds to PC on the cell surface (e.g., endothelial cells
activated by inflammatory signals), which initiates the
dissociation of pCRP into its distinct modified, monomeric

isoform (mCRP) which has notably reduced aqueous solubility.
mCRP will self-aggregate and deposit in tissues or will internalize
into plasma membranes and bind cholesterol. Cells activated
by mCRP are known to stimulate intracellular signaling
pathways, including activating the NFxB transcription factor
which propagates intracellular effects known as hallmarks of
inflammation (125). Careful comparison studies have now
established that mCRP (rather than pCRP) can interact with
integral extracellular matrix (ECM) proteins (e.g., fibronectin,
collagen) (98). With the awareness and understanding of both
the pCRP and mCRP isoforms (including an understanding of
how mCRP can be derived from pCRP), and the different roles
each has on both cellular and tissue based components involved
in acute inflammatory responses occurring in cancer, a
consistent role for CRP as a diagnostic marker becomes
apparent. A summary of the interactions of CRP with cell
types and components of the extracellular environment is
summarized in Figure 3.

The mCRP isoform can be formed from the pCRP isoform
when membranes are activated and cellular responses are
stimulated as occurs when tissue are damaged by any means
(e.g. trauma, disease, cancerous growth). Once mCRP is formed,
it will not reform pCRP; mCRP is readily degraded by proteolytic
enzymes and peptides formed by its degradation feedback inhibit
many of the acute phase responses stimulated by intact mCRP
(126-129). In the earliest minutes of the APR, the rate of
conversion of pCRP to mCRP is rapid. Over time, however
(hours to days) the rate of conversion of pCRP to mCRP
diminishes over time, resulting in quantifiable increases of

A: Pentameric CRP helical face

B: Pentameric CRP side view -

PC ligand

Ca™

FIGURE 2 | Structural features of serum-soluble pentameric CRP. (A) illustrates the location and orientation peptide sequences in CRP reported to have cell-binding
activity (shown in yellow and involving o7 TKPLKAFTVCLHzg) (105), anti-cancer activity (shown in blue and involving 176LGGPFSPNVLgs) (106), cholesterol binding
activity (shown in red and involving 35sVCLHFYTELSSTR,7), and which also controls CRP binding to apolipoprotein B, C1q, fibronectin, and collagen (107), in
relationship to the phosphocholine (PC) binding face (PC groups shown in gray and involving residues L, Fss, and T-) and bound calcium ions (two per subunit,
juxtaposed to each PC binding sites and involves residue E;47) (PDB code: 1B09; PC and calcium residues as defined by Thompson et al. (108) and Shrive et al.
(109), respectively). (B) illustrates the orientation of these same residues when the discoid protein is laid flat (i.e. side view). (C) shows the orientation of same
sequences on the isolated pCRP subunit (note: the exact orientation of these residues on the conformationally changed mCRP subunit has not been determined).
The PC ligand binds in a shallow binding pocket controlled by calcium ions, with all PC sites on one face of the flattened discoid structure. The cholesterol binding
sequences are near the PC binding sites so that when pCRP binds membrane associated PC, the cholesterol binding sequence is brought into proximity with intra-
membraneous cholesterol (in lipid rafts) contributing to the conversion of pCRP into mCRP. The cell binding and anti-cancer peptides are oriented on the opposite
face of the discoid protein where they can interact with effector leukocytes and activated inflammatory responses.
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FIGURE 3 | Schematic representation of the predominant interactions of pCRP and mCRP isoforms. Pentameric CRP (pCRP) released from hepatocytes due to
inflammation circulates through the systemic vasculature and serves as the pool of quantifiable CRP that is used in diagnostic testing. pCRP, however, once
dissociated to monomeric CRP (MCRP) at lipid rafts of cells involved in inflammatory responses instead is highly biologically active. mCRP in turn interacts with a

pCRP in blood [recently reviewed in (130)]. If any injury persists
and inflammatory mediators (such as IL-6 and IL-1P) that signal
hepatocytes to continue to synthesize acute phase proteins,
quantifiable increases in plasma levels of pCRP will result.
Increased levels of pCRP, therefore, suggest less pCRP is
converted into mCRP. Since mCRP is a potent amplifier of the
acute inflammatory response (110, 120, 131-133), any condition
that limits its expression will cause a reduction in natural host
defense responses. In the case of advancing tumor growth, this
would lead to chronic inflammatory signaling that potentiates
the “wound that never heals”. As affected tissues are still
producing signals that direct the synthesis and release of
pCRP, higher blood levels of pCRP are reflective of the
persistence and severity of tissue damage associated with
cancer growth and progression.

In line with this, CRP levels in blood do indeed correlate with
the degree of inflammatory tissue involvement. In soft tissue
sarcomas, CRP levels were associated with the degree of tumor
infiltration determined by magnetic resonance imaging (MRI) as
well as disease-specific survival (99). Similarly, tissue pathologies
associated with COVID-19 disease complications identified by
computerized tomography (CT) technology were also significantly
associated with CRP levels and, importantly, CRP had high
sensitivity and specificity to predict severity of the disease (134).

Using this tissue-based perspective as a common denominator,
readers are encouraged to interpret CRP diagnostic levels in any
clinical situation by first focusing on alterations in tissue structures

number of different cell types at the sites of inflammation, including endothelial cells, epithelial cells, fibroblasts and immune cells (platelets, neutrophils, macrophages)
as well as components of the extracellular matrix (ECM) such as fibronectin, laminin and collagen.

and second by assessing how it affects or regulates the inflammation
that ensues. A brief overview of the extracellular matrix structures
and ways that CRP may interact with such structures during
inflammatory responses to cancer disease is included below.

THE EXTRACELLULAR TISSUE
MICROENVIRONMENT, ACUTE PHASE
RESPONSE, AND INFLAMMATION

In all animals, including humans, the first line of defense against
disease is the structural connective tissue that not only presents a
barrier to pathogens and toxins, but also contributes an appropriate
macromolecular matrix for coordinated biochemical and
immunological host defense reactions. Connective tissues include
fibrous proteins, various cells, amorphous ground substance (e.g.
proteoglycans and glycosaminoglycans), plasma constituents, ions,
and water. Connective tissue can be loose or dense, regular or
irregular, fibrous or elastic depending on the types of proteins and
polysaccharides that are secreted locally or accumulate in the
specific space filled by the connective tissue. The organization
and interactions of the components, not only within the
framework space but also at boundaries and surfaces, define the
physical properties and function of each connective tissue. In tissues
as wide ranging as skin and bone, connective tissues form an
architectural framework (i.e. the extracellular matrix or ECM) that

Frontiers in Immunology | www.frontiersin.org

75

November 2020 | Volume 11 | Article 595835


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Hart et al.

C-Reactive Protein and Cancer

serves not only as an inert space-filling scaffold, but as a physical
structure that plays a dynamic role in organizing and regulating the
physiological responses that occur within each tissue. While
providing mechanical structure through the deposition of
numerous molecules (e.g., collagens, laminins), the ECM also acts
as an intermediary space in which growth factors, cytokines,
metabolites, and other secreted factors can communicate between
cells within tissue compartments (135-137).

When connective tissue is injured either by incision, accident,
xenobiotic stress or disease, the APR is activated to stimulate innate
host defenses to the injury and the wound healing process so to
efficiently and effectively repair the injured tissue (138). These
processes must work in concert with hematological and
immunological mechanisms that are triggered to defend the body
from anything that might threaten the homeostasis affecting not
only localized tissues, but of the entire organism as well. The APR
reaction involves the initial production of signals locally (e.g., IL-6,
IL-1PB) at the site of injury, which, once secreted into the
extracellular milieu, can have extensive physiological effects on
cells within the local tissue or act systemically to promote
production of acute phase proteins, such as hepatic CRP (138).
This frequent early event during wound repair is characterized by
such inflammatory responses that in turn facilitate the rapid
recruitment and activation of immune cells, such as neutrophils
and other leukocytes. Neutrophils migrate into the wound and
scavenge for debris and foreign matter that must be removed. In
uncomplicated repair, the movement of neutrophils into a wound is
transient and resolved prior to the in-growth of vascular tissue (i.e.
granulation tissue). If foreign materials are present, the neutrophil
response may persist and thus complicate the wound healing
process by having the conflicting processes of removal
(scavenging) and repair occurring simultaneously. In such an
event, the wound healing process is compromised and can lead to
a greater amount of scar tissue and regenerated tissue that has only
a percentage of the original tissue’s functional activity (139, 140).

Depending on the extent of separation of the edges of the
wound, healing can begin from the sides inward, or from the base
upward. During the first few days of wound repair, epithelial cells
and fibroblasts migrate across the wound surface into the
regenerating tissue where they proliferate and differentiate. Such
cells are specialized for the synthesis and secretion of the ECM
substances and are fundamental to the architectural repair of the
tissue framework. Fibroblasts are known to be very versatile cells
that can reversibly transform into highly differentiated cells
required for the connective tissue within which they are found.
Differentiated cells secrete the types of collagen and ground
substances needed for the repair and regeneration of that tissue.

INFLAMMATION CAN INDUCE
CANCEROUS GROWTH

Physiological inflammation that occurs during wound healing
involves many of the processes associated with de novo tumor
development as well as mechanisms that endow cancers to
metastasize (141-143). The exact directionality of whether

inflammation causes carcinogenic processes, or that tumor
cells induce local inflammatory responses to facilitate their
rapid growth and dissemination is unclear. Indeed, it is likely
that there are reciprocal interactions between the host and tumor
mediated through inflammatory processes that promote tumor
initiation and progression. Overall, the current literature suggests
that a lack of resolution to inflammation leads to chronic
inflammatory signaling that is intimately linked to promoting
the development and progression of cancer.

Tissues involved with cancerous growth have long been
known to involve inflammation (111, 141). Mechanistic studies
have demonstrated that components of inflammation, such as
reactive oxygen species (ROS) and growth factors, can promote
both the initiation of neoplastic cells and their proliferation (142,
144). While ROS and proteolytic enzymes produced by
neutrophils and macrophages are key contributors to a
favorable immune response to the stressed tissue, both
superoxide anion and hydrogen peroxide have been shown to
induce DNA damage that can contribute to mutagenesis,
potentially giving rise to neoplastic cells (145). Unresolved
(chronic) inflammation, therefore, would not only prolong
immune infiltration at the site of injury, but could promote
secondary genetic mutations that could exacerbate malignant
conversion of otherwise benign neoplastic cells.

Chronic inflammation could also contribute to pro-
tumorigenic processes by increased secretions of growth factors
(e.g., PDGF, TGFp) that promote rapid cell proliferation, as well
as cytokines that stimulate cell motility (146). Such inflammatory
signals have been observed to induce tumor cell epithelial-to-
mesenchymal transition (EMT), a process in which epithelial
cancer cells dedifferentiate and adopt a fibroblast-like phenotype
to promote rapid growth and enhance pro-metastatic signaling
(147, 148), in multiple cancer types. Importantly, this
mesenchymal phenotype promotes the production of
metalloproteinases to breakdown collagen IV and other ECM
proteins to facilitate tumor cell invasion through basement
membrane (149) and trans-endothelial migration as cancer
cells disseminate into tissues (150, 151). EMT is also known to
be associated with upregulated secretion of cytokines and
chemokines that allow cancer cells to reprogram surrounding
stromal cells to provide a conducive environment for growth and
metastasis (152). These data suggest that continuous (chronic)
inflammatory responses in any tissue could promote the
development of de novo malignancies and enhancement of the
capacity for tumor cells to metastasize (153). Moreover,
inflammatory signaling from the developing tumor could also
act systemically to promote acute phase protein production (e.g.,
hepatic CRP) and provide a positive feedback loop to potentiate
this pro-metastatic inflammatory environment (Figure 4).

CANCER CAN INDUCE AN
INFLAMMATORY RESPONSE

Tumors that establish and grow in a tissue environment will
induce an inflammatory response that will involve secretion of
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FIGURE 4 | Inflammatory responses of CRP in the extracellular matrix and tumor microenvironment. 1) Platelet recruitment to damaged tissue and fibrin
accumulation represent acute phase inflammatory responses that, if injury remains unresolved, will contribute to excessive chronic immunoreactivity. 2) Continuous
oxidative stress (reactive oxygen species; ROS) and cytokine production by activated macrophages and neutrophils promote tumorigenicity in epithelial cells, which
can promote epithelial-to-mesenchymal transition (EMT) as a result. 3) Deposition of the extracellular matrix (ECM) components, including fibronectin, collagen,
laminin, and fibrin, in the tumor microenvironment (TME) by fibroblasts and activated immune cells modulate tumor cell proliferation and invasion. 4) Bidirectional
crosstalk in the TME promotes further proliferation of tumor and stromal cells, as well as deposition and remodeling of ECM to promote tumor growth and motility.
5) Excessive cytokine release (e.g., IL-6) from the TME increases systemic circulating levels that promote hepatocyte pCRP production. pCRP secretion and
subsequent MCRP-dependent inflammatory signaling (e.g., in involved endothelial cells and neutrophils), as well as its direct action on the ECM, contribute to tumor

chemokines that promote immune recruitment (154). Tumor
cells will also exploit signaling pathways of localized cells that,
under non-cancerous situations would promote fibrosis and
tissue repair, in order to foster rapid growth and metastatic
potential of the growing tumor mass (149, 155, 156). Under
normal physiologic conditions, tissue repair occurs in several
phases in response to mechanical injury, infection, or irritation
from xenobiotics (156-158). Epithelial or endothelial injury
stimulates platelet aggregation and subsequent recruitment of
neutrophils and mononuclear cells to the site of injury is then
followed by the activation and differentiation of monocytes to
polarized macrophages, which secrete growth factors and
cytokines to facilitate wound healing through stimulating
migration and activation of fibroblasts (159). Activated
fibroblasts (myofibroblasts) in turn deposit collagen and
remodel the extracellular matrix (160), and in concert with
immune cells, promote fibrosis and the resulting formation of
granulation tissue to resolve tissue damage.

The tumor microenvironment (TME) has been shown to
promote tumor cell proliferation, migration, invasion and
intravasation (141, 161, 162) through metabolite and cytokine

secretion (163) and production of chemokines involved in
immune recruitment (154, 164). Further, the TME favors
differentiation of naive monocytes to M2 macrophages which
mediate fibrotic-like responses that facilitate tumor progression
(165). Tumor-associated macrophages, in concert with activated
fibroblasts and other stromal cell types in the TME, secrete
laminin, and collagen to promote tumor cell motility as well as
fibronectin, a key modulator of integrin-dependent adhesion and
invasion (166-168). As observed in multiple cancers, activated
stromal cells in the TME notably induce tumor cell EMT to
promote not only proliferation, but also key metastatic processes,
such as adhesion, migration, invasion, and colonization (163,
169, 170). Thus, the interplay between tissue structure/function
and activated inflammatory responses may contribute to both
protection from and exacerbation of disease.

Tumor cells that have undergone EMT secrete a number of
growth factors observed during physiologic wound healing,
including PDGF (171, 172), TGFB1 (173), and fibrinogen
(174), which are associated with immune cell granulation and
enhanced tumor growth. Moreover, mesenchymal-like tumor
cells and stromal cells common to the TME have been shown to

Frontiers in Immunology | www.frontiersin.org

n

November 2020 | Volume 11 | Article 595835


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Hart et al.

C-Reactive Protein and Cancer

also secrete cytokines involved in the synthesis of CRP [IL-1B
(175)] as well as its secretion [IL-6 (176)], indicating a potential
for systemic reaction to the progressing tumor. Locally, this
crosstalk by these inflammatory mediators between tumor cells
and their microenvironment promotes processes involved in
metastasis in vitro (163, 169, 177), and markedly enhance the
success of tumor growth and metastatic implantation in vivo
(178, 179). Taken together, these studies indicate that
progressing tumors enhance their development and metastasis
in part through processes involved in wound healing and pro-
inflammatory signaling, suggesting that cancer cell induced
inflammation promotes tumor progression and thus
disease severity.

The structural support for the regenerating tissue (e.g.
basement membranes, non-damaged adjacent tissue) and the
connections to the supporting structure tissues are important
factors in the effective repair of wounded tissue. Cells growing
into the matrix both influence and are influenced by the
macromolecules found in the tissue. This influence is mediated
within a cell through the intracellular cytoskeleton, composed
primarily of actin, intermediate filament, and microtubule
proteins. The cytoskeleton helps orient and organize cells
within the tissue matrix for optimized function. Connections
between the intracellular spaces and the extracellular matrix
provide for dynamic and active interactions. Such connections
must be reestablished as part of the wound healing process as
cells migrate into a wound to regenerate functional, healthy
tissues (136, 180-185).

PROPOSED SIGNIFICANCE OF CRP AS A
BIOMARKER AND AS A BIOLOGICAL
RESPONSE MODIFIER IN CANCER
DISEASE

The clinical studies assessing CRP levels in cancer reviewed
above, in light of preclinical data regarding the molecular
activity of CRP and its distinctive isoforms in the
inflammatory microenvironment, may provide invaluable
insight into the contribution of CRP to disease progression of
cancers. Moreover, the unique biological activity of mCRP or
PCRP could help elaborate the clinical interpretations of CRP
levels in patients suffering from cancer, thereby presenting CRP
as a potential non-invasive technique to assess the severity of
tumor development or progression. In the TME the potential
exists for CRP to resolve an inflammatory environment through
stimulating retention of monocytes by direct binding to
fibronectin (117), which could aid in resolution of a
pro-inflammatory (pro-tumorigenic) signaling milieu.
Similarly, its ability to limit neutrophil chemotaxis through
inhibition of IL-8-dependent migration (121) may also prevent
an exacerbation of an inflammatory TME conducive for tumor
growth. Conversely, a number of studies suggest the possibility
for CRP to positively stimulate leukocyte production of cytokines
such as IL-8 and MCP-1 [reviewed in (119)]. Depending on the

broader context of stromal cells within the TME, this could
indicate that CRP is either 1) enhancing cytotoxic T lymphocyte
recruitment and subsequent tumor cell lysis, or 2) prolonging
immune recruitment which could potentially lead to a sustained
pro-inflammatory, and thus pro-tumorigenic,
microenvironment. Therefore, while CRP may facilitate
leukocyte retention and subsequent tumor cell lysis early in
tumor development, an unresolved neoplastic growth may
result in persistent signaling that potentiates both hepatic CRP
production and excessive local inflammation, similar to what is
observed in other pathologies that fail to resolve following injury
and in line with the putative role of CRP in inflammation. While
there is tremendous overlap in the matrix characteristics and
signaling processes observed in both inflamed tissues and
developing tumors, more direct measurement of the
physiologic activity of CRP in the TME is both warranted and
necessary. Assessing the capacity for CRP to regulate immune
cell phenotypes, as well as its ability to modulate behavior of
other stromal cells and tumor cells in the TME, can only be
accomplished using in vivo studies or sophisticated 3D
organotypic models (e.g., organoid cultures) to recapitulate the
specific TME. Through these methods it may be possible to fully
dissect the impact of CRP on the interactions between tumor and
stromal compartments in order to assess its role in tumor
development and metastasis.

The emerging relevance of the functional states of CRP
isoforms suggest a complex relationship between its response
in early inflammation related to de novo tumorigenesis and more
advanced disease. The activity of mCRP in acute phase response
illustrates its tremendous overlap in requisite components and
signaling mechanisms of an actively developing tumor milieu.
Further, given the observations that systemic levels of both IL-6
and IL-1P are elevated in multiple advanced cancers (186, 187), it
is conceivable that the evolving tumor and its microenvironment
may contribute to an exacerbation of CRP de novo synthesis and
continuous secretion, potentially in excess of a slowing rate of
conversion to mCRP that results in a demonstrable (and
quantifiably significant) increase in systemic pCRP levels
(Figure 5). This rise in pCRP, and indeed what has been
measured in traditional clinical assessments, is thus more likely
representative of continued tissue damage resulting from
persistent development of neoplasms in situ. However, whether
the rate of conversion of pCRP to mCRP during tumorigenesis or
metastatic progression is like that observed in other
inflammatory diseases remains unknown and requires
exhaustive investigation. These potential relationships merit
further preclinical assessment of the activity of mCRP in the
growing tumor microenvironment and early metastatic niches of
cancers in vivo to inform the exact nature of this inflammatory
mediator and the significance of pCRP plasma levels throughout
disease progression. Moreover, the recent advances in
quantifying mCRP through enzyme-linked assays present a
potential way forward for not only identifying the significance
of mCRP as a diagnostic marker during disease progression per
se (188), but could also be adapted to evaluate the molecular role
of mCRP in cell-cell communication in the TME. Importantly,
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FIGURE 5 | Schematic relationship between pCRP and mCRP as a function of inflammation in cancer.

TABLE 3 | Proposed diagnostic significance of CRP as a marker of inflammation associated with tissue damage.

1. CRP blood levels (which only measure the soluble pentameric isoform) should be interpreted as a diagnostic index of tissue health and homeostasis rather than
inflammation.

2. Baseline levels of CRP in health, in controlled disease or in disease remission will be < 10 pg/ml. Levels closer to 1-3 ug/ml are better indicators of good health
and control of disease.

3. As tissues become involved with rapidly growing cancers, hepatic production and release of pCRP increase proportionate to the level by which tissues are
affected/damaged by the growing tumors.

4. Even though stores of CRP are immediately released, there is a lag in quantifying pCRP in blood as it undergoes conformational rearrangement and enters

membrane lipid rafts and activates potent pro-inflammatory signaling pathways.

Conformationally-altered CRP is rapidly consumed (proteolyzed); peptides released regulate biofeedback to down-regulate the acute inflammatory response.

When the rate of conformational rearrangement slows, pCRP levels measured in blood increase.

If tissues remain damaged by unresolved disease, blood levels of pCRP will remain elevated.

Elevated pCRP blood levels indicate that a weakened inflammatory response persists which may be insufficient to remove cancerous cells and restore tissue

homeostasis.

9. pCRP levels above 10 ug/ml climbing above 50-100 pug/ml are an index of the degree of ongoing tissue damage.

10. pCRP levels may also indicate complicating pathologies (e.g. infections).

11. pCRP values above 100 ug/ml indicate extensive ongoing tissue damage and are consistent with poor prognosis for treatment response and survival.

12. pCRP levels should be drawn at various times (weekly to monthly) to initially diagnose the presence and severity of primary disease, to assess response to
treatment (over time), and to evaluate disease recurrence and prognosis.

13. pCRP levels taken before and after surgical intervention may help diagnose the response to surgery and the reestablishment of tissue homeostasis.

14. The significance of hsCRP levels (i.e. CRP levels < 10 ug/ml) is currently unknown.
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further development of such assays that can reliably distinguish
between mCRP, pCRP, or possibly membrane-bound CRP will
be essential in addressing the limitation of the reviewed clinical
studies in that they only measure conventional or hsCRP (Table
1), which does not allow for a deeper appreciation of the
contextual biological activity of CRP. While the predominant
utility of CRP as a biomarker has traditionally been as a non-
invasive diagnostic, it may also be useful to measure CRP by
immunohistochemical methods or in tumor explant lysates,
especially in the evaluation of CRP under controlled conditions
in in vivo xenograft experiments. In combination with molecular
techniques to directly identify interactions of mCRP with tumor
and stromal cells, as well as other components of the TME (e.g.,
ECM proteins), these methods provide approaches that may
elucidate the exact impact of mCRP on tumor cell proliferation,
migration, invasion, and chemoresistance.

Taking this diversity in the physiologic activity of CRP
isoforms into account in the context of cancer may give
further insight into the relationship between inflammation and
cancer and, moreover, improve the clinical evaluation of cancer
progression using this biomarker in patient assessment.
Regardless, there are already several clinically important
interpretations from the current preclinical and clinical data
that may help refine assessment of CRP as a diagnostic tool in
cancer, which are presented in Table 3. Importantly, the data
suggest that pCRP levels exceeding 50-100pg/ml indicates
pervasive tissue damage and is associated with poor survival.
In general, this may relate to the correlation of high CRP levels
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C-reactive protein (CRP), a humoral component of the innate immune system with important
functions in host-defense, is extensively used as a sensitive biomarker of systemic
inflammation. During inflammation, hepatocyte-derived CRP rises dramatically in the blood
due to increased interleukin-6 (IL-6) levels. Reliable detection of CRP in saliva, instead of
blood, would offer advantages regarding sampling procedure and availability but using saliva
as a diagnostic body fluid comes with challenges. The aims of this study were to evaluate
associations between salivary CRP, total protein levels in saliva and serum CRP. Furthermore,
we examined associations with plasma IL-6, body mass index (BMI), tobacco smoking and
age. Salivary CRP was investigated by ELISA in 107 middle-aged participants from the
general population. We employed spectrophotometric determination of total protein levels.
Correlation analyses were used for associations of salivary CRP with serum CRP
(turbidimetry), plasma IL-6 (Luminex®), BMI and smoking habits. Salivary median CRP was
68% higher (p=0.009), and total protein levels were 167% higher (p<0.0001), in morning
compared to evening saliva. The correlation coefficients between serum and salivary CRP
were low to moderate, but stronger for evening than morning saliva. Plasma IL-6 correlated
significantly with serum CRP (rs=0.41, p<0.01), but not with morning or evening salivary CRP.
Non-smokers showed 103% higher salivary CRP levels (p=0.015), whereas serum CRP was
independent of smoking status. As opposed to CRP in serum, salivary CRP was not
associated with BMI. Salivary CRP was 90% higher among the age interval 60-69 years
compared to subjects aged 45-59 (p=0.02) while serum CRP levels did not differ between the
age groups. In conclusion, CRP in saliva did not straightforwardly reflect serum
concentrations. This raises questions regarding adequate reflection of biological events.
The pronounced diurnal salivary CRP pattern accentuates the importance of standardizing
the time-point of sampling.

Keywords: saliva, C-reactive protein, pentraxins, inflammation, interleukin 6, biomarker
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INTRODUCTION

The classical acute phase reactant C-reactive protein (CRP),
originally described by Tillett & Francis in 1930, belongs to the
pentraxin family and consists of five identical 23-kDa globular
subunits (1, 2). CRP plays multiple important roles in innate
immunity and host-defense. It binds to specific ligands like
phosphorylcholine and activates the classical complement
pathway through complement protein (C) 1q binding (3, 4).

Similarly to immunoglobulin G (IgG), CRP also has a binding
site for Fc-y receptors of phagocytic cells. However, in contrast to
antibodies, ligand binding is less specific and does not require
affinity maturation. Furthermore, the capacity of CRP to
recognize nuclear components on the surface of apoptotic cells,
and thereby to facilitate their clearance, could potentially act as a
protector against autoimmunity (5). The pentameric structure of
CRP is dependent upon the presence of calcium, although it can
also be disrupted irreversibly into monomers under denaturing
conditions, such as an acidic local microenvironment.
Monomeric/modified CRP can be deposited in tissues, but the
biological relevance of this remains unclear and warrants further
investigation (5-8).

As a marker of acute inflammation, CRP has a short half-life of
about 19 h in the circulation and declines rapidly after resolution of
the acute phase response and it is widely used clinically to monitor
infections, particularly those caused by bacteria, and inflammatory
diseases, both acute infections and chronic conditions (5). In
systemic lupus erythematosus, however, the circulating levels of
CRP are generally low, despite inflammatory activity. Although
some investigators have reported extrahepatic CRP production,
human CRP is mainly synthesized by primary hepatocytes after
stimulation through its main inducer interleukin (IL) 6, but
impeded by interferon-o. (9, 10). CRP has been thoroughly
studied as a biomarker of future cardiovascular events (11, 12).
Whether or not CRP plays a causal role in the development of
atherosclerosis is debated (13).

The interest of mucosal immunity in general and the use of
human salivary CRP as a diagnostic body fluid is increasing (14).
Saliva contains a unique mixture of proteins, nucleic acids,
electrolytes and hormones derived from systemic as well as local
sources (15). Advantages of using saliva as a diagnostic tool are that
the collection is non-invasive, relatively easy and rapid, safe, stress-
and pain-free and cheap because sampling is possible without
professionals (15-17). Yet there are also challenges in handling
saliva. Biomarkers are often less concentrated in saliva than in
serum, and therefore harder to detect by traditional analytic
approaches, and their concentrations can be influenced by
circadian cycles or especially sampling/processing methods (15).
In addition, saliva collection can be performed either by a “passive”
approach, meaning that the saliva is gathered in the mouth and then
transferred into a sampling tube, or by an “active” mechanically
stimulated approach. The latter stimulation of salivary flow is
achieved by chewing on a solid object. It is also possible to use
cotton swabs, which absorb the saliva, and then release saliva by
centrifugation. Unstimulated saliva originates mainly from the
submandibular gland whereas parotid saliva production increases
intensively with stimulation (18). All of these sources of variation

must be considered to evaluate the usefulness of saliva as a
diagnostic fluid. Regarding CRP, an essential question is if
salivary levels reflect the same biological events as the serum
levels do. Different studies investigated the association between
salivary and serum concentrations with inconsistent results (19-
22). Some indications of a diurnal rhythm of salivary CRP with
elevated levels in the morning have been reported (20, 23).

In the present study, we asked whether CRP levels vary
similarly to the total protein levels in saliva, and if any
substantial diurnal variation occurs. The general aim was thus
to evaluate associations between salivary CRP, total protein levels
in saliva and serum CRP in collected samples from middle-aged
individuals of the general population. In addition, we examined
associations between salivary CRP and body mass index (BMI),
tobacco smoking and age.

MATERIALS AND METHODS

Participants

In the present study, samples were obtained from 107 participants
(61 men, 46 women; median age of 57, range 45-69 years) randomly
selected from the Life conditions, Stress and Health Study (LSH)
cohort at Link6ping University, aimed at investigating the pathways
that link psychosocial factors to cardiovascular diseases (24). The
LSH cohort is almost ten times larger (#=1007) and includes
individuals who were randomly chosen from the general
population in the Region of Ostergétland, Sweden. Participants in
the LSH cohort provided saliva and blood samples and answered
questionnaires regarding their socioeconomic, psychological and
health status. Exclusion criteria were self-reported severe disease
that hindered the possibility to participate, e.g. terminal cancer,
severe dementia and psychiatric disorders. Participants with
symptoms of infection were instructed to return for sampling
after recovery (24).

Collection of Saliva

The saliva was sampled at home at three time-points over three
consecutive days (d;, d,, d;) using Salivette® cotton swabs
(Sarstedt AG & Co., Niimbrecht, Germany). For saliva
collection, the swab was placed in the mouth and only chewed
on if the salivation was low and participants felt discomfort or
mouth dryness. The participants were instructed to take samples
immediately after awakening (t;), 30 min after awakening (t,),
and just before going to bed (t;) following their normal sleeping
habits. The reported time for #; was 6:30 (mean and median),
range 04:23 to 11:00, for d;, d, and d; (standard deviation
57 min). For >75% of the study participants, samples were
collected between 5:30 and 7:30. The reported time for t; was
22:15 (mean and median), range 19:00 to 0:35 (standard
deviation 65 min). For >75% of the study participants, samples
were collected between 21:15 and 23:15. Participants were also
told to avoid physical exercise, food intake and smoking 1 h prior
to sampling. After collection, the samples were stored in a
refrigerator until centrifugation. Thereafter, samples were
frozen at -70°C until analysis (25). To standardize for any
potential differences in viscosity of the saliva, the samples used
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herein were centrifuged at 1500¢ for 15 min after thawing, and
aliquots were taken from the supernatants for upcoming analyses.

Serum C-Reactive Protein and Plasma IL-6
All blood samples were obtained at primary health care centers
between 6.30 and 9.00 AM (typically between 7:30 and 8:00 AM)
in a fasting state of the first day of the week following the saliva-
sampling period (nota bene salivary CRP was measured in the
samples from d3). Aliquots of sera were stored at —70°C until
analysis (24, 25). CRP levels were detected in serum utilizing a
highly sensitive latex-enhanced turbidimetric immunoassay
(Roche Diagnostics GmbH, Vienna, Austria) with a lower
detection limit of 0.03 mg/L, the coefficient of variance (CV)
was 1.7% and the detection rate of 100% (26).

Levels of IL-6 were determined in ethylenediaminetetraacetic
acid (EDTA)-plasma with an ultra-sensitive bead kit technology
(Invitrogen Co., Carlsbad, CA, USA) on a Luminex® 100TM
system (Austin, TX, USA). The lower detection limits were set at
1.68 pg/ml for IL-6. The proportion of samples with levels above
this limit was 40% for IL-6. The CV was 7.0% for IL-6.

Body Mass Index and Tobacco Smoking
The participants’ BMI were calculated based on weight in
kilograms divided by the square of their height in meters
(median BMI 23.3, range 18.7-39.5). The division of tobacco
smokers (17.3%) and non-smokers (82.7%) was based on self-
reported data from the questionnaires. Participants smoking >1
cigarette per day were considered as “current smoker”. All
participants reporting ‘never smoked’ or “quit smoking” were
categorized as “non-smokers”.

Salivary C-Reactive Protein Assay

CRP in saliva was measured in morning (¢;) and evening (t;)
samples of the third sampling day (d;) using Salimetrics’ salivary
CRP ELISA kit (State College, PA, USA) according to the
manufacturer’s instruction. The optical density was read on a
Sunrise' ™ microplate reader (Tecan, Mannedorf, Switzerland) at
450 nm (reference wavelength 630 nm) and measurement data
were processed using MagellanTM software V.7.1 (Tecan). All
samples were analyzed in duplicates as a pilot study in samples
from healthy donors that had been spiked with CRP isolated
from human plasma (Sigma-Aldrich Co., St. Louis, MO, USA)
showed this to be sufficiently reliable when we tested for intra-
assay precision. Further, the impact of thawing-freezing cycles of
the samples was investigated and CRP levels were observed to be
largely stable for at least four times of thawing. For the
measurements, the saliva samples were diluted 1:10 in dilution
buffer (supplied with the kit). If CRP levels above the higher
detection limit (=3 ng/ml) occurred, higher dilution factors were
assessed. The within assay CV was 5.4% and the between assay
CV 11.4%.

Total Protein Measurements

Total protein was quantified in morning (#;) and evening (t3) saliva of
two sampling days (d; and d5), giving four values for each participant.
Concentrations were obtained by measuring the absorbance at
280 nm with a Nanodrop® ND-1000 spectrophotometer (Thermo

Fisher Scientific, Wilmington, DE, USA) using the Nanodrop® ND-
1000 software V.3.8.1. A general reference setting was utilized based
on the assumption that a 0.1% (1 mg/ml) protein solution produces
an absorbance of 1.0 AU (Absorbance Unit) at 280 nm. Amino acids
with aromatic rings are the primary reason for the absorbance peak at
280 nm. All samples were analyzed undiluted in
duplicates (CV=1.2%).

Statistics

Analyses were performed using SPSS®v.20 (IBM Co., Armonk, N,
USA) and figures made in GraphPad Prism 5.03 (GraphPad
Software, La Jolla, CA, USA) or in R statistical software, version
3.5.1 (Vienna, Austria). P-values <0.05 were considered statistically
significant. IL-6 and salivary CRP levels below the lower detection
limit were given half the limit’s value. To investigate the influence of
sex and age on CRP, Mann-Whitney U ranking analysis was
employed. Regarding age, participants <60 years of age (n=65)
were compared to those 260 years (n=42). Correlations between
salivary morning/evening CRP, total protein levels, serum CRP,
BMI and plasma IL-6 were investigated by Spearman (r;). Bland-
Altman graphs were used to illustrate and analyze the level of
agreement between CRP in saliva and serum. Diurnal variations of
CRP, total protein and CRP-percentages of total protein,
respectively, were investigated by Wilcoxon. To evaluate if the
differences between morning and evening values were the same for
high and low CRP levels and ratios, the participants were grouped
into two classes by morning salivary CRP (<1.3 ng/ml; >1.3 ng/ml).
To examine if high CRP levels (>median) coincide with high levels
of BMI and IL-6 and if smokers had elevated CRP levels, we used
Mann-Whitney U test. For this analysis, the daily mean salivary CRP
concentration was employed. To evaluate the performance of salivary
CRP to identify (biomarker-defined) “systemic inflammation”, the
90™ percentile of serum CRP values among the 107 participants was
used to define a cut-off. Sensitivity (proportion of samples correctly
identified with systemic inflammation), specificity (proportion of
samples correctly identified without systemic inflammation) and
accuracy (proportion of correctly classified samples) were calculated,
including 95% confidence intervals (CI) using the Wilson
score method.

RESULTS

C-Reactive Protein Concentrations in
Saliva and Serum

Salivary morning CRP levels ranged from 0.97 to 1674.20 ng/ml
with median and interquartile range (IQR) 2.44 (0.50-10.80) ng/ml.
Salivary evening CRP ranged <0.97-223.9, median (IQR) 1.45
(1.05-2.72) ng/ml (Table 1). The detectability rate for 1:10
diluted saliva samples was 77%. Twelve outliers of morning and
eight of evening CRP samples were identified exceeding four times
the respective IQR. Five participants where outliers regarding both
morning, evening and serum CRP. The high levels of CRP in saliva
were not due to visible blood contamination in these individuals. To
avoid confounding contributions from blood in saliva, visibly blood
contaminated samples were excluded from further statistical
analyses, although their CRP values were within the normal range
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(0.5-9.42 ng/ml). Serum CRP concentrations ranged from 0.03 to
30.43 mg/L with median IQR 0.90 (0.34-2.43 mg/L) (Table 1). No
statistically significant differences were seen between men and
women for any of the measures; salivary morning, evening or
serum CRP concentrations. Participants aged 60-69 years had
significantly higher salivary CRP levels than those aged 45-59
years (p=0.02, n=102; IQR=3.28 ng/ml (1.33-13.49) and 1.73 ng/
ml (0.79-5.46), Figure 1A), but no significant difference in serum
CRP was observed (Figure 1B) and neither between men
and women.

Diurnal Variation of Salivary C-Reactive
Protein and Total Protein

Total protein levels ranged from 1.46 to 37.76 mg/ml with a
mean [standard deviation (SD)] of 6.92 (5.17) mg/ml. Levels at
all four sampling occasions (d;: morning and evening, ds:
morning and evening) correlated significantly (r,=0.37-0.78;
p<0.01). Strongest correlations were found for the two
morning (r,:=0.61, p<0.001) and the two evening measurements
(r=0.78, p<0.001) (Table 2). A significant decrease of the total
protein levels toward the evening was observed for both days of
sampling (d;: p<0.001, n=87; d5: p<0.001, n=101) (Figures 1C,
D). IQRs were 6.20 (4.20-9.55) mg/ml (morning) and 2.97
(2.42-3.89) mg/ml (evening) for d; and 8.10 (5.42-12.25) mg/
ml (morning) and 3.10 (2.53-9.55) mg/ml (evening) for d;. An
additional test performed on morning and evening samples from
5 individuals (laboratory personnel) confirmed these findings
(data not shown).The correlation between salivary morning and
evening CRP levels was strong (r,=0.64, p<0.001) and, as
illustrated in Figure 2, the Bland-Altman graph revealed a fair
level of agreement (p=0.48). Higher CRP levels in mornings
compared to evenings were found (p=0.009, n=100) (Figures 3A,
C), but this difference disappeared after adjustment for total
protein (p=0.59, n=100) (Figures 3B, D).

To specifically investigate the diurnal patterns, the morning
samples were stratified into two groups: low (<1.3 ng/ml) and
high (>1.3 ng/ml) CRP levels. In the CRP™€" subgroup, morning
levels were significantly higher regardless when absolute CRP or
CRP/total protein percentage were compared with the
corresponding evening samples (both p<0.01, n=63). IQRs
were 7.67 (2.62-28.19) ng/ml (morning) and 1.90 (1.34-4.27)
ng/ml (evening) or 8.89x107 (3.56x10°-19.80x10°) %
(morning) and 6.95x107 (4.49x10°~10.64x10) % (evening). On
the contrary, the CRP'®" subgroup showed significantly lower
absolute CRP levels and CRP percentages in the morning, than in
the evening (p<0.01, n=37) (Figures 3E, F). The IQRs were 0.50

(0.50-0.74) ng/ml (morning) and 1.05 (0.50-1.37) ng/ml (evening)
or 0.68x10° (0.57x10°-1.50x107) % (morning) and 3.07x107
(1.60x107°-4.74x107°) % (evening).

To further evaluate the impact of time in relation to saliva
collection, a post hoc analysis was performed. We assessed any
potential correlation between actual time-point of sampling and
CRP in morning as well as evening saliva. None of these analyses
reached statistical significance.

Associations Between Salivary C-Reactive
Protein With Serum C-Reactive Protein
Based on mean values of morning and evening saliva divided by
serum CRP, the achieved saliva-to-serum concentration ratio
reached 1:1084. We found low correlation between salivary
evening CRP and serum CRP (r=0.27, p<0.01), but the level of
agreement was poor (p=0.0045). As opposed to evening salivary
CRP, morning CRP levels were not significantly correlated with
serum CRP and the level of agreement was mediocre (Figure 4A).
In the 60-69 year age interval, the level of agreement was best and
both morning (p=0.26) and evening (p=0.94) salivary CRP could
be used interchangeably with serum CRP (Figures 4B-F).

We further explored the strength of correlation below and
above a clinically relevant serum CRP cut-off at >3 mg/L (11).
Salivary evening CRP showed stronger correlation with serum
CRP for high serum values (r=0.54, p<0.05) than for low
(r=0.28, p<0.01), whereas this classification did not affect
correlations between salivary morning CRP and serum CRP
(Table 3). When high salivary CRP values (>10 ng/ml) were
excluded, the correlation between salivary morning CRP and
serum CRP reached statistical significance (r=0.24, p<0.05).

Associations Between Salivary/Serum
C-Reactive Protein and Plasma IL-6
Detectable IL-6 values ranged from 1.77 to 22.93 pg/ml and
median IQR for all samples was 0.56 (0.56-2.85). As excepted,
participants with high serum CRP (>median) had significantly
higher IL-6 levels (p=0.03) than those with lower serum CRP
concentrations (Smedian). For all available samples (n=97), IL-6
levels correlated with serum CRP (r,=0.41, p<0.01); however,
when samples with IL-6 below detection limit were excluded the
significance did not remain (Table 4). Using median split of daily
mean salivary CRP values, we found no difference in IL-6 levels
(p=0.30, n=98). These results remained essentially constant when
testing separately for morning and evening saliva values (data
not shown). In concordance, neither morning nor evening
salivary CRP did correlate significantly with IL-6 levels (Table 4).

TABLE 1 | Descriptive statistics for C-reactive protein (CRP) levels in saliva and serum (levels below the detection limit were given the value 0.5 ng/mL; morning, n=27,

and evening, n=19).

Salivary CRP; morning [ng/ml]

Salivary CRP; evening [ng/ml] Serum CRP [mg/L]

Range <0.97-1674.2
Mean (SD) 57.6 (222.75)
Median (IQR) 2.44 (0.50-10.80)
n 102

<0.97-223.9 0.03-30.4
6.0 (24.07) 2.4 (4.69)
1.45 (1.05-2.72) 0.90 (0.34-2.43)
100 99

SD, standard deviation; IQR, interquartile range (25" to 75" percentiles).
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FIGURE 1 | C-reactive protein (CRP) in (A) saliva samples (n=102, shown are mean values of measurements in morning and evening saliva), and (B) sera (1=96).
Participants were grouped into two age classes (45-59 years and 60-69 years, respectively) and compared using Mann-Whitney U test. Box plots reflect the
interquartile range (IQR) with the median shown as a line and the 595" percentiles as bars (* p<0.05). Spectrophotometric measurement of salivary total protein
levels in morning and evening samples of the first (d4) and third day (ds) of sampling. (C) Differences in morning and evening levels of the same day were identified by
Wilcoxon tests. Box plots reflect the IQR with the median shown as a line and the 5"-95'" percentiles as bars (** p<0.01). (D) The four related total protein levels
shown for each participant.

TABLE 2 | Spearman (rs) correlations between total protein measures originated from morning and evening saliva collected at day 1 (d4) and day 3 (ds) of the sampling
period.

Salivary total protein; evening (d4) Salivary total protein; morning (ds) Salivary total protein; evening (d3)
Salivary total protein; re = 0.45** re =0.61* re = 0.39**
morning (d+) n=93 n=94 n=94
Salivary total protein; re = 0.38"* re =0.78"*
evening (d4) n =93 n=93
Salivary total protein; rs = 0.37*
morning (da) n=101
0 < 0.01.
***p < 0.001.

Associations Between C-Reactive Protein, Specificity and Sensitivity of Salivary

Body Mass Index and Tobacco Smoking C-Reactive Protein to Identify Elevated

We found no significant difference in BMI levels between  Serum C-Reactive Protein

participants with low salivary and high salivary CRP (p=0.59, By using the 90" percentile of serum CRP values among the 107
n=99). Higher BMI levels were found among participants with  participants, a cut-off of 5.0 mg/L was achieved and used to
high serum CRP (>median), whereas those with low serum CRP  define “systemic inflammation” based on laboratory findings. As
concentrations (smedian) had lower BMI levels (p=0.01, n=96).  demonstrated in Table 5, the specificity of both morning and
CRP in serum correlated with BMI (r=0.43, p<0.01), whereas  evening saliva to detect individuals with biomarker-defined
morning and evening salivary CRP values showed no significant  systemic inflammation was decent. However, the sensitivity
correlations with BMI (Table 4). Regarding tobacco smoking, was poor, particularly regarding morning saliva.

non-smokers had significantly higher daily mean salivary CRP

levels than smokers did (p=0.015, n=98; IQR=2.30 (1.11-7.74)

and 1.13 (0.5-3.71) ng/ml, respectively). As compared to  DISCUSSION

smokers, non-smokers showed borderline significant higher

CRP using morning (p=0.08) and evening (p=0.05) saliva. In  In the present study, we analyzed CRP and total protein in saliva
contrast, serum CRP levels were found to be independent of  from middle-aged individuals of the general population. A
smoking (p=0.27). striking finding was the noticeable diurnal variation in salivary
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participants. The level of agreement suggested interchangeability (p=0.48).

FIGURE 2 | A Bland-Altman graph illustrating the level of agreement between salivary morning and evening C-reactive protein (CRP) levels based on analysis of 100

CRP and total protein with higher levels in mornings compared
to evenings. Another observation was the considerable range of
CRP in saliva and dilution factors had to be applied for some
samples. These high levels of CRP were not be explained by
visible blood contaminations, but might be due to acute local or
systemic inflammatory processes. The observed similarity of
CRP levels in saliva of men and women is in accordance with
previous observations in serum (27) and saliva (23). Further,
associations between aging and elevated CRP levels in serum
have been reported in several studies (28) whereas such

connection was not found in saliva (19, 21). In contrast,
however, we found a dependency of age also in saliva as the
60-69 year old participants had significantly higher salivary CRP
levels as compared to the 45-59 year old group.

The finding of diurnal variation in salivary CRP is in line with
earlier studies, which suggested a similar pattern and,
importantly, used comparable sampling times at awaking and
bedtime (20, 23). It has been reported that serum levels of CRP
are also affected by diurnal variations with a peak at 3pm and
slightly higher levels in the morning than in the evening (27). In
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FIGURE 3 | C-reactive protein (CRP) levels in morning and evening saliva samples. Displayed are absolute CRP levels (A) and CRP levels relative to the total protein
concentrations (B). Related morning and evening absolute CRP concentrations (C) and percentages (D) are shown for each participant. Morning CRP levels were
classified as low (<1.3 ng/ml) and high (>1.3 ng/ml) concentrations, respectively, and each group was compared to the related evening values. Given are the results
for absolute CRP (E) and CRP percentages of total protein (F). Differences in morning and evening levels of the same day were identified by Wilcoxon tests. Box
plots reflect the IQR with the median shown as a line and the 5"-95™ percentiles as bars. Significant differences are highlighted by ** p<0.01 (n.s., not significant).
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contrast, some smaller studies indicate that serum levels do not
vary during the day (29, 30). We found a similar diurnal pattern
for the salivary total protein concentrations, with a clear decrease
toward the evening. Again, this is concordant to another study
with similar sampling time points (23) whereas studies with later
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salivary CRP for ages 45-59 (morning)
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FIGURE 4 | Bland-Altman graphs showing the level of agreement between serum C-reactive protein (CRP) and CRP in morning saliva for all participants (A), those
aged 45-59 (B) and those aged 60-69 years (C). Bland-Altman graphs reflecting the level of agreement between serum CRP and CRP in evening saliva for all
participants (D), those aged 45-59 (E) and those aged 60-69 years (F). Data are based on analysis of 99 morning and 97 evening samples. Interchangeability was
only suggested among participants aged 60-69 years for morning (p=0.26) as well as evening (p=0.94) saliva.

morning sampling hours and fewer participants reported stable,
or even rising, total protein concentrations over the day (31, 32).

Adjustment for total protein concentrations affected the
diurnal pattern of salivary CRP. As both variables decreased
toward the evening, the ratio was not significantly different over
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TABLE 3 | Correlations between serum C-reactive protein (CRP), salivary CRP, and salivary CRP/total protein ratio calculated by Spearman’s (r).

Salivary CRP; morning

Salivary CRP; morning (% of total protein)

Salivary CRP; evening  Salivary CRP; evening (% of total protein)

rs =0.27" rs = 0.20*
n=97 n=97
rs =0.28™ rs = 0.20*
n="79 n="79
rs = 0.54* rs =0.36
n=18 n=18

Serum CRP re=0.19 rs =0.20
n=99 n=99
Serum CRP re=0.19 re =0.20
(<3 mg/mL) n =380 n =280
Serum CRP re=0.25 re=0.14
(>3 mg/mL) n=19 n=19
Values are shown for all samples as well as for the low and high serum CRP levels (<3 mg/ml, >3 mg/L).
*p < 0.05.
*p < 0.01.

TABLE 4 | Spearman (rs) correlations between serum C-reactive protein (CRP), salivary CRP, BMI and plasma IL-6.

Serum CRP

BMI rs = 0.43*
n=96

IL-6 re = 0.41"
n=97

IL-6" r¢=0.10
n=35

Salivary CRP; morning

Salivary CRP; evening

rs = 0.06 rs =0.15
n =99 n=97

rs = -0.04 rs = 0.06
n =98 n=96

rs =0.23 rs =0.22
n=35 n=235

Subjects with undetectable IL-6 levels were given half the detection limit’s value. Additionally, correlations were calculated only for participants with detectable IL-6.

#IL-6 above detection limit.
“p < 0.071.

TABLE 5 | Performance of salivary morning and evening C-reactive protein (CRP) to identify “systemic inflammation”, defined by the 90" percentile of serum CRP values.

Sensitivity Specificity Accuracy
Salivary CRP; morning 0.10 (0.11-0.31) 0.89 (0.85-0.91) 0.82 (0.77-0.85)
(n=105)
Salivary CRP; evening 0.22 (0.18-0.43) 0.91 (0.87-0.93) 0.85 (0.81-0.88)
(n=103)

Sensitivity, specificity and accuracy, including 95% confidence intervals (in parentheses) are given.

the day when all samples were considered. However, the cut-off
at 1.3 ng/ml of morning CRP, the ratio was decreasing toward
the evening and contrariwise rising below this cut-off. As the low
salivary CRP levels could be considered as baseline levels present
in all healthy subjects, the differences in the low CRP subgroup
could probably be regarded as a normal fluctuation. The low
CRP subgroup contained mainly subjects with levels below the
detection limit in the morning where a decrease toward the
evening was not observed. It seems unlikely that the fall within
the high CRP subgroup is only generated by higher dilution of
saliva in the evening as there was still a decrease after correction
for total protein. Furthermore, contrasting daily patterns for
other salivary proteins such as o-amylase have been reported
(33). Interestingly, the same authors showed that o-amylase also
decreased strongly in the first 30 min after awaking and then
started to rise over the day with the highest values in the evening.

To settle a standardized protocol of saliva sampling, the
collection method is of utmost importance. Mechanical
stimulation achieves higher flow rates than the passive drooling
(34) and can be more comfortable for the donor. It seems that
CRP and total protein levels do not differ between these two
different collection methods or the use of salivettes (34, 35). It

should be noticed that the sampling method used in this study is
somewhat in between passive collection and mechanical
stimulation as the sampling was performed using cotton swabs.
Only in cases of too low flow rate, the participants were chewing
on the swab and thus stimulating salivation. Taken together it
seems beneficial to use salivettes, but not entirely necessary. Our
results accentuate the need to standardize a sampling protocol and
especially the sampling time point.

The CRP saliva-to-serum concentration ratio of the present
study is in fairly agreement with that of a previous study, 1:1,084
versus 1:1,663 (19). Positive correlation between salivary and
serum CRP have initially been reported in animal studies, such
as in pigs (36). Since then several studies in healthy and diseased
individuals investigated this association in humans with diverging
results. One group reported no significant correlation between
CRP in serum and saliva in healthy donors, although there was a
trend toward it among a subgroup with high CRP levels (22).
Opposed to them, other studies indicated moderate to strong
correlations in healthy donors and in women exposed to intimate
partner violence (19, 20), and further correlation was found in
patients with ischemic heart disease (21). Our results present a low
to moderate correlation between serum and salivary evening CRP,
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but stronger when stratifying for high serum CRP. Morning CRP
did only show significant correlation when individuals with high
salivary CRP levels (>10 ng/ml) were excluded. Very high salivary
CRP morning levels could be due to such an acute phase reaction,
already having started to decrease at the time of serum collection,
and vice versa. Low levels of salivary CRP has been shown to
predict low plasma levels more accurately than high salivary levels
predicted high serum concentrations (20). Based on our data, we
conclude that serum and salivary CRP levels do correlate but to a
lower extent than previously reported. Only in subjects of the 60—
69 year age interval, the statistical analyses suggested
interchangeability between serum and saliva CRP.

Smoking, BMI and plasma IL-6 are known to be associated
with systemic inflammation. Earlier, such correlations were
reported also for salivary CRP and those variables (19). A
study of women exposed to intimate partner violence could
confirm the results for BMI, but not for smoking (21),
contrasting our results without significant association between
salivary CRP and BMI. The higher salivary CRP levels among
non-smokers was unexpected and warrants further investigation.
Nevertheless, anti-inflammatory properties of nicotine have been
documented in obesity and nicotine-mediated modulation of
hypothalamic-pituitary-adrenal axis activity was suggested as a
potential mechanism (37, 38).

An essential issue when considering salivary CRP as a biomarker
is to understand where it’s produced and/or the route of CRP entry
tosaliva —a question that has not been fully elucidated. Because of its
high molecular weight and relative insolubility in lipids, it seems
unlikely that CRP enters by diffusion or ultrafiltration through the
tight junctions of the cells from the circulation (15, 16). The entry
via the gingival crevicular fluid (GCF), a liquid found in the gingival
sulcus between free gingival and the tooth is one possibility. CRP in
GCF has been reported to be of systemic origin (39). The presence of
CRP in GCF could be a result of systemic inflammation induced by
periodontitis or disease elsewhere in the body. Salivary CRP levels
may be elevated in patients with periodontal diseases (40), which
emphasizes the need to consider oral health in following studies.
Although the main origin of CRP is the liver, there have also been
signs of CRP production by the salivary glands as indicated by
elevated mRNA levels (41). The correlation of salivary CRP with
detectable circulating IL-6, however, is another indication for
derivation from the liver. It could be that by some unknown
mechanism CRP is attracted to local oral sites of inflammation
without affecting the systemic CRP concentrations.

The study has some limitations that should be mentioned. We
acknowledge the lack of data on oral health status and salivation
rate, which both might have biased the results and should be
considered as limitations. Furthermore, sera were generally
collected 3 to 4 days after the saliva used for CRP determination
(d3). It cannot be excluded that this procedure could have affected
the results. Finally, the definition of “systemic inflammation” was
based on serum CRP levels only (no physical examination of the
participants was performed). However, all individuals with
symptoms of infection or severe disease had already been
excluded (24).

To summarize, we observed evident diurnal variation of
salivary CRP and total protein with higher levels at awaking
time in the mornings compared to evenings. This highlights the
need to standardize collecting times before introduction in
clinical routine. The correlation between saliva and serum was
low to moderate; stronger in the subgroup of serum CRP >3 mg/
L, but interchangeability was suggested only among older
participants. We found no clear impact of sex, but higher age
and non-smoking were associated with increased levels of
salivary CRP. The sensitivity of salivary CRP to detect
individuals with elevated serum CRP was not impressive. In
contrast to serum CRP, salivary CRP did not correlate with BMI
or plasma IL-6. Further investigations are needed to clarify the
relevance and suitability of CRP (and possibly other pentraxins)
as salivary biomarkers before reliable introduction in clinical
routine is possible.
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C-Reactive Protein-Based Strategy
to Reduce Antibiotic Dosing for the
Treatment of Pneumococcal Infection

Donald N. Ngwa?, Sanjay K. Singh™ and Alok Agrawal*

Department of Biomedical Sciences, James H. Quillen College of Medicine, East Tennessee State University, Johnson City,
TN, United States

C-reactive protein (CRP) is a component of innate immunity. The concentration of CRP in
serum increases in microbial infections including Streptococcus pneumoniae infection.
Employing a mouse model of pneumococcal infection, it has been shown that passively
administered human wild-type CRP protects mice against infection, provided that CRP is
injected into mice within two hours of administering pneumococci. Engineered CRP (E-CRP)
molecules have been reported recently; unlike wild-type CRP, passively administered E-CRP
protected mice against infection even when E-CRP was injected into mice after twelve hours
of administering pneumococci. The current study was aimed at comparing the protective
capacity of E-CRP with that of an antibiotic clarithromycin. We established a mouse model of
pneumococcal infection in which both E-CRP and clarithromycin, when used alone, provided
minimal but equal protection against infection. In this model, the combination of E-CRP and
clarithromycin drastically reduced bacteremia and increased survival of mice when compared
to the protective effects of either E-CRP or clarithromycin alone. E-CRP was more effective in
reducing bacteremia in mice treated with clarithromycin than in untreated mice. Also, there
was 90% reduction in antibiotic dosing by including E-CRP in the antibiotic-treatment for
maximal protection of infected mice. These findings provide an example of cooperation
between the innate immune system and molecules that prevent multiplication of bacteria, and
that should be exploited to develop novel combination therapies for infections against
multidrug-resistant pneumococci. The reduction in antibiotic dosing by including E-CRP in
the combination therapy might also resolve the problem of developing antibiotic resistance.

Keywords: C-reactive protein, clarithromycin, pneumococcal infection, Streptococcus pneumoniae, combination therapy

INTRODUCTION

C-reactive protein (CRP) is a critical host defense molecule of the innate immune system (1, 2). CRP
binds to cells and molecules, host or foreign, which have accessible phosphocholine (PCh) moieties
(3, 4). One example of CRP-ligands is pneumococcal C-polysaccharide found on the surface of
Streptococcus pneumoniae (5). Once bound to a PCh-bearing ligand, CRP activates the complement

Frontiers in Immunology | www.frontiersin.org 97

January 2021 | Volume 11 | Article 620784


https://www.frontiersin.org/articles/10.3389/fimmu.2020.620784/full
https://www.frontiersin.org/articles/10.3389/fimmu.2020.620784/full
https://www.frontiersin.org/articles/10.3389/fimmu.2020.620784/full
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles
http://creativecommons.org/licenses/by/4.0/
mailto:agrawal@etsu.edu
https://doi.org/10.3389/fimmu.2020.620784
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2020.620784
https://www.frontiersin.org/journals/immunology
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2020.620784&domain=pdf&date_stamp=2021-01-20

Ngwa et al.

Engineered CRP and Clarithromycin

system in both human and murine sera to damage and, if
possible, eliminate the ligand (6-9). Experiments employing
human CRP transgenic mice, CRP-deficient mice, and normal
mice in which human wild-type CRP (WT CRP) was passively
administered have all revealed that CRP is protective against
pneumococcal infection (2, 10-15). It has also been shown that
the anti-pneumococcal activity of CRP in vivo is due to the ability
of ligand-complexed CRP to activate the complement system (9,
16-18). However, WT CRP was found to be protective only
when given to mice within 2 h of administering pneumococci in
the mouse model of infection in which WT CRP is passively
administered (16).

CRP is a pentameric molecule comprised of five identical
subunits (19, 20). Recently, two types of engineered pentameric
CRP (E-CRP), E-CRP-1, and E-CRP-2, generated by
oligonucleotide-directed site-specific mutagenesis of WT CRP
cDNA, have been reported (21). In E-CRP-1, four amino acid
residues were mutated (E42Q/F66A/T76Y/E81A). In E-CRP-2,
two amino acid residues were mutated (Y40F/E42Q). Tyr40 and
Glu*? are present in the intrinsically disordered region of CRP.
Glu® is also a part of the inter-subunit contact region. Phe®,
Thr’® and Glu®' form the PCh-binding site of CRP (19, 20). E-
CRP-1 does not bind to PCh while E-CRP-2, like WT CRP, binds
to PCh. Both E-CRP-1 and E-CRP-2 bind to complement
inhibitor factor H recruited by pneumococci on their surface
in mouse circulation; WT CRP does not bind to immobilized
factor H (22-25). Unlike passively administered WT CRP, both E-
CRP-1 and E-CRP-2 protected mice against infection even when
E-CRP was administered 12 h after administering pneumococci,
indicating that a conformationally altered form of CRP that can
bind to immobilized factor H is required for CRP-mediated
protection of mice against late-stage pneumococcal infection (1,
21). Accordingly, it was hypothesized that in individuals in whom
the conformation of CRP remains unchanged, perhaps due to
inappropriate inflammatory conditions around CRP, CRP is not
fully functional during infection (21). It was proposed that the use
of E-CRP might be beneficial for treatment of infections against
antibiotic-resistant pneumococci (21).

Antibiotics are commonly used to treat pneumococcal
infection in humans (26). The aim of this study was to directly
compare the protective effects (increase in survival and decrease
in bacteremia) of E-CRP and antibiotics. Since the antibiotic
clarithromycin has been used previously in mouse models of
pneumococcal infection and was found to be protective when
administered into mice later during the infection (27),
clarithromycin was selected for the current study. Both E-CRP-
1 and E-CRP-2 were included in the study to compare the
protective effects with that of clarithromycin. A mouse model
of pneumococcal infection was employed in which E-CRP-1, E-
CRP-2, and clarithromycin, when used singly, provided minimal
but equal protection against infection. This model was suitable to
investigate the protection against infection when E-CRP-1 or E-

Abbreviations: CRP, C-reactive protein; E-CRP-1, engineered CRP mutant E42Q/
F66A/T76Y/E81A; E-CRP-2, engineered CRP mutant Y40F/E42Q; moCRP,
endogenous mouse CRP; PCh, phosphocholine; WT CRP, native wild-type CRP
purified from discarded human body fluids.

CRP-2 and clarithromycin were combined for the treatment of
mice. The results of the experiments indicate that E-CRP is more
effective in reducing bacteremia in mice when used in the
presence of clarithromycin.

MATERIALS AND METHODS

Preparation of CRP

The cDNAs for E-CRP-1 (E42Q/F66A/T76Y/E81A mutant
CRP) and E-CRP-2 (Y40F/E42Q mutant CRP) were
constructed and expressed in CHO cells using the ExpiCHO
Expression System (Thermo Fisher Scientific), as described
earlier (21). Purification of E-CRP-1 from cell culture
supernatants involved Ca**-dependent affinity chromatography
on a phosphoethanolamine-conjugated Sepharose column,
followed by ion-exchange chromatography on a MonoQ
column and gel filtration on a Superosel2 column, as
described earlier (14). E-CRP-2 was purified by Ca®*-
dependent affinity chromatography on a PCh-conjugated
Sepharose column, followed by ion-exchange chromatography
on a MonoQ column and gel filtration on a Superosel2 column,
as described earlier (8). Native WT CRP was purified from
discarded human pleural fluid by Ca®*-dependent affinity
chromatography on a PCh-conjugated Sepharose column,
followed by ion-exchange chromatography on a MonoQ
column and gel filtration on a Superosel2 column, as
described earlier (8), and was used throughout this study.
Purified CRP was dialyzed against 10 mM Tris-HCI, pH 7.2,
containing 150 mM NaCl and 2 mM CaCl,, and was
subsequently treated with Detoxi-Gel Endotoxin Removing Gel
(Thermo Fisher Scientific) according to manufacturer’s
instructions. The concentration of endotoxin in CRP
preparations was determined by using the Limulus Amebocyte
Lysate kit QCL-1000 (Lonza). Purified CRP was stored at 4°C
and used within a week for mouse protection experiments.

Pneumococci

Streptococcus pneumoniae type 3, strain WU2, was obtained as a
gift from Dr. David Briles (University of Alabama at
Birmingham, Birmingham, AL, USA). Pneumococci were
made virulent by sequential i.v. passages in mice and were
stored in aliquots at —80°C, as described previously (14, 15).
For each experiment, a separate aliquot of pneumococci was
thawed and cultured, as described previously (14, 15). Cultured
pneumococci were resuspended in normal saline at a
concentration of 3.5 x 10° cfu/ml based on the absorbance of
the resuspension at 600 nm (Aggy = 1.00 = 1.2 x 10° cfu/ml).
Within 2 h, 100 ul (3.5 x 107 cfu) of pneumococci suspension
was injected into each mouse, as reported previously (14, 15, 21).
The concentration of pneumococci was confirmed next day by
plating on sheep blood agar plates.

Mice
Male C57BL/6] mice (Jackson Laboratories) were brought up
and maintained according to protocols approved by the
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University Committee on Animal Care. Mice were 8-10 weeks
old when used in experiments.

Determination of the Experimental Dose of
Clarithromycin

The antibiotic clarithromycin (Santa Cruz Biotechnology, sc-
205634) was reconstituted in acetone at a concentration of 50
mg/ml and stored at 4°C for a maximum of 5 days. To determine
the experimental dose for in vivo experiments, clarithromycin
(50 mg/ml) was diluted in acetone at 40, 4.0, 0.4 and 0.04 mg/ml,
and 50 pl of each concentration was injected i.v. into mouse, four
times, at 12, 36, 60 and 84 h after the administration of
pneumococci. Thus, the final amount of clarithromycin in each
group of mice was 2, 0.2, 0.02 and 0.002 mg per mouse per
injection. As shown in Figure 1, it was clear that a dose of 0.02
mg clarithromycin per mouse per injection was most suitable to
evaluate the effects of the combination of clarithromycin and E-
CRP on the protection of mice against infection. The dose of 0.02
mg of clarithromycin resulted in a survival curve which fell in the
middle so that a shift of the curve, either above or below, could be
observed when E-CRP is added.

Mouse Protection Experiments

Two separate protection experiments were performed using 25
ug of purified WT CRP, E-CRP-1 and E-CRP-2, and 3.5 x 107
cfu of pneumococci, as described earlier (14, 15, 21). The average
amount of endotoxin in 25 pg of all CRP preparations was
1.2+1.1 endotoxin units. Mice were first injected i.v. with 3.5 x
107 cfu of pneumococci. The actual number of pneumococci
injected, based on the plating results obtained on the next day,
was 3.55 + 0.44 x 10 cfu. Mice were injected i.v. with either WT
CRP, E-CRP-1 or E-CRP-2, 12 h after the administration of
pneumococci. Since clarithromycin is soluble in nornal saline at
0.2 mg/ml, stock clarithromycin (50 mg/ml in acetone) was
diluted in normal saline to a final concentration of 0.2 mg/ml,
and 100 pul was injected i.v. per mouse at 13, 36, 60 and 84 h after
the administration of pneumococci, to achieve a final dose of
0.02 mg of clarithromycin per mouse per injection. Survival of
mice was recorded three times per day for 7 days. To determine
bacteremia (cfu/ml) 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 10° cfu/ml
because mice died when the bacteremia exceeded 10° cfu/ml.

Statistical Analysis

Survival curves were generated using the GraphPad Prism 4
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. The scatter plots
of the bacteremia data and the median bacteremia value for each
group were generated using the GraphPad Prism 4 software.
Bacteremia values of 0-100 were plotted as 100 and bacteremia
values of >10% were plotted as 10°. To determine p-values for the
differences in bacteremia among various groups at each time
point, scatter plots were compared using the software’s Mann-
Whitney test. The software’s Mann-Whitney test included all the

dots in the scatter plots and not just the median values for each
time point.

RESULTS

Anti-Pneumococcal Effects of E-CRP-1,
Clarithromycin, and Their Combination

As shown in Figure 2, and as reported previously (21), E-CRP-1
increased significantly the median survival time (MST, the time
taken for the death of 50% of mice) of mice infected with
pneumococci. The MST for mice injected with bacteria alone
(group A) was 60 h while the MST for mice injected with E-CRP-
1 (group B) was 84 h. Similarly, clarithromycin also significantly
increased the survival of mice infected with pneumococci; the
MST for mice treated with clarithromycin (group C) was 96 h.
The increase in the MST for mice treated with either E-CRP-1 or
clarithromycin were not significantly different from each other.
In this mouse model of pneumococcal infection, it has been
reported previously that WT CRP does not increase the MST if
mice received WT CRP 12 h after receiving pneumococci (21).
The protection in response to the combination of WT CRP and

@ No antibiotic

4 Antibiotic, 2 mg
@ Antibiotic, 0.2 mg
@ Antibiotic, 0.02 mg

@ Antibiotic, 0.002 mg

100 |
75+
9
©
2 50+
<
=]
(72}
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25+
0 T T T T T 1
0 24 48 72 96 120 144 168

Time after infection (h)

FIGURE 1 | Survival of mice infected with pneumococci and treated with
different doses of clarithromycin. Clarithromycin was injected four times, at
12, 36, 60 and 84 h, after the administration of pneumococci. Six mice were
used for each dose of clarithromycin.
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clarithromycin (group D) was similar to that of clarithromycin
alone. The MST for mice treated with the combination of WT
CRP and clarithromycin was 84 h similar to the MST for mice
treated with clarithromycin alone (group C). In contrast to WT
CRP, the combination of E-CRP-1 and clarithromycin
significantly increased the survival of infected mice (group E).
The MST for mice treated with both E-CRP-1 and
clarithromycin was significantly different than the MST for
mice treated with either agent alone. The MST for mice treated
with E-CRP-1 and clarithromycin could not be calculated since
~90% of mice survived till the end of the experiment. In all other
groups, >75% mice died within 5 days. The combination of E-
CRP-1 and 0.02 mg clarithromycin provided the same protection
(Figure 2) in terms of survival of mice as was seen with 0.2 mg of
clarithromycin when used alone (Figure 1). Thus, there was 90%

@ A. No antibiotic, no CRP
@ B. E-CRP-1

@ C. Antibiotic

@ D. Antibiotic + WT CRP
@ E. Antibiotic + E-CRP-1

100
757
9
S
.E 50_
=
n
25-
0 lI ] T ] ] T |
0 24 48 72 96 120 144 168

Time after infection (h)

FIGURE 2 | Survival of mice infected with pneumococci and treated with E-
CRP-1 and clarithromycin. E-CRP-1 or WT CRP was injected 12 h after
administering pneumococci and is indicated by an arrow on the x-axis.
Clarithromycin (0.02 mg) was injected four times, at 13, 36, 60 and 84 h, after
the administration of pneumococci. The data are combined from two
separate experiments with six to eight mice in each group in each
experiment. The p-values for the differences in the survival curves between
groups A B and A C were 0.004 and 0.006, respectively. The p-value for the
difference in the survival curves between groups B and C was 0.94. The p-
values for the differences in the survival curves between groups C D and C E
were 0.23 and <0.001, respectively. The p-values for the differences in the
survival curves between groups B E and D E were <0.001.

reduction in the dose of clarithromycin when used in
combination with E-CRP-1.

The protective effects of E-CRP-1 (group B) and
clarithromycin (group C) on the survival of mice, when used
alone, were due to significant decrease in bacteremia (Figures 3A,
B). E-CRP-1, as reported previously (21), and clarithromycin,
both significantly decreased bacteremia. The decrease in
bacteremia by E-CRP-1 and by clarithromycin were not
significantly different from each other. Consistent with the
survival data, the combination of WT CRP and clarithromycin
(group D) did not significantly affect the protective ability of
clarithromycin in terms of decreasing bacteremia. The dramatic
increase in the survival of infected mice by the combination of
E-CRP-1 and clarithromycin (group E) was due to the drastic
decrease in bacteremia. The decrease in bacteremia in mice treated
with both agents was significantly different from the decrease in
bacteremia when mice were treated with either of the two agents
alone. Bacteremia did not rise beyond 10* cfu/ml in mice treated
with both E-CRP-1 and clarithromycin. The median bacteremia
was maintained at the reduced level from the beginning to the end
of the experiment.

Overall, based on the statistical analyses of the survival curves
(Figure 2) and of the scatter plots for bacteremia (Figure 3A),
highly significant differences were found between the groups of
mice treated with both E-CRP-1 and clarithromycin and the
groups of mice treated with either agent alone. The anti-
pneumococcal effects of E-CRP-1 were enhanced in the
presence of low-dose clarithromycin. Combining E-CRP-1 with
clarithromycin in the treatment of pneumococcal infection in
this mouse model reduced the dose of clarithromycin by 90%.

Anti-Pneumococcal Effects of E-CRP-2,
Clarithromycin, and Their Combination
As shown in Figure 4, and as reported previously (21), E-CRP-2
increased significantly the MST of mice infected with
pneumococci. The MST for mice injected with bacteria alone
(group A) was 54 h while the MST for mice injected with E-CRP-
2 (group B) was 132 h. Clarithromycin also significantly
increased the survival of mice infected with pneumococci; the
MST for mice treated with clarithromycin (group C) was 108 h.
The increase in the MST for mice treated with either E-CRP-2 or
clarithromycin were not significantly different from each other.
The combination of E-CRP-2 and clarithromycin significantly
increased the survival of infected mice (group D). The MST for
mice treated with both E-CRP-2 and clarithromycin was
significantly different than the MST for mice treated with
either agent alone. The MST for mice treated with the
combination of E-CRP-2 and clarithromycin could not be
calculated since ~80% of mice survived till the end of the
experiment. In all other groups, >50% mice died in 5 days. The
combination of E-CRP-2 and 0.02 mg clarithromycin provided
the same protection (Figure 4) in terms of survival of mice as was
seen with 0.2 mg of clarithromycin when used alone (Figure 1).
Thus, like E-CRP-1, there was 90% reduction in the dose of
clarithromycin when combined with E-CRP-2.

The protective effects of E-CRP-2 (group B) and
clarithromycin (group C) on the survival of mice, when used
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alone, were due to significant decrease in bacteremia (Figures 5A,
B). E-CRP-2, as reported previously (21), and clarithromycin, both
significantly decreased bacteremia. The decrease in bacteremia by
E-CRP-2 and by clarithromycin were not significantly different
from each other. The dramatic increase in the survival of infected
mice by the combination of E-CRP-2 and clarithromycin (group
D) was due to the drastic decrease in bacteremia. The decrease in
bacteremia in mice treated with both agents was significantly
different from the decrease in bacteremia when mice were treated
with either of the two agents alone. Bacteremia did not rise beyond
10° cfu/ml in mice treated with both E-CRP-2 and clarithromyecin.
The median bacteremia was maintained at the reduced level from
the beginning to the end of the experiment.

Overall, based on the statistical analyses of the survival curves
(Figure 4) and of the scatter plots for bacteremia (Figure 5A),
highly significant differences were found between the groups of
mice treated with the combination of E-CRP-2 and clarithromycin
and the groups of mice treated with either agent alone. The anti-
pneumococcal effects of E-CRP-2 were enhanced in the presence of
low-dose clarithromycin. Combining E-CRP-2 with clarithromycin
in the treatment of pneumococcal infection in this mouse model
reduced the dose of clarithromycin by 90%.

DISCUSSION

E-CRP molecules capable of binding to factor H recruited on the
surface of pneumococci have been shown to protect mice against

48 72 96 120

Time (h)

FIGURE 3 | Bacteremia in mice infected with pneumococci and treated with E-CRP-1 and clarithromycin. Blood was collected from each surviving mouse shown in
Figure 2. (A) Scatter plots of the bacteremia data. The horizontal red line in each group of mice represents median bacteremia. (B) The median bacteremia values,
derived from (A) For 36-92 h, the p-value for the difference between groups A and B was <0.05. For 20-68 h, the p-value for the difference between groups A and
C was <0.05. For all time points, the p-values for the differences between groups B C and C D were >0.05. For 36-116 h, the p-values for the differences between
groups C E, B E, and D E were <0.05, with most significant difference (p < 0.005) between 44-92 h.

late-stage pneumococcal infection (21). Antibiotics protect against
pneumococcal infection too (27). The aim of this study was to
compare the protective effects of E-CRP with that of an antibiotic
clarithromycin employing the same animal model. Our major
findings were: 1. Both E-CRP-1 and E-CRP-2, two different
molecules capable of binding to factor H recruited on the
surface of pneumococci, protected and acted synergistically with
clarithromycin to drastically reduce bacteremia and enhance the
survival of mice with late-stage pneumococcal infection. 2. The
combination of either E-CRP-1 or E-CRP-2 and 0.02 mg
clarithromycin provided the same protection as was seen with
0.2 mg of clarithromycin when used alone. There was 90%
reduction in the dose of clarithromycin when E-CRP was
combined with clarithromycin for the treatment of infected
mice. WT CRP did not do so.

Both E-CRP and clarithromycin decrease bacteremia, but via
different mechanisms. E-CRP-mediated decrease in bacteremia is
due to the activation of the complement system component of
innate immunity. Clarithromycin is a macrolide antibiotic that
has bacteriostatic action against gram-positive bacteria and some
gram-negative bacteria including anaerobes. Clarithromycin is
believed to function by binding to the ribosome within the
microorganism and inhibiting protein synthesis, and thus
inhibiting bacterial growth (26-29). A possible explanation for
the synergy between E-CRP and clarithromycin is that the
binding of E-CRP to factor H, and perhaps also to other
recruited complement inhibitor proteins on pneumococci (21),
and subsequent attack by the complement system are more
efficient when pneumococci are static; and a low-dose
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FIGURE 4 | Survival of mice infected with pneumococci and treated with E-
CRP-2 and clarithromycin. E-CRP-2 was injected 12 h after administering
pneumococci and is indicated by an arrow on the x-axis. Clarithromycin (0.02
mg) was injected four times, at 13, 36, 60 and 84 h, after the administration of
pneumococci. The data are combined from two separate experiments with six
to eight mice in each group in each experiment. The p-values for the differences
in the survival curves between groups A B and A C were <0.001 and 0.002,
respectively. The p-value for the difference in the survival curves between
groups B and C was 0.25. The p-values for the differences in the survival curves
between groups B D and C D were 0.01 and 0.002, respectively.

clarithromycin treatment is sufficient to do that. In addition to
the bacteriostatic action of clarithromycin, an increasing body of
evidence suggests that clarithromycin possesses considerable
anti-inflammatory and immunomodulatory properties, such as
macrophage activation and inhibition of neutrophilic
inflammation (26, 30-32). However, it is not clear whether the
anti-inflammatory and immunomodulatory properties of
clarithromycin participated in the synergy between
clarithromycin and E-CRP in protection against infection.
Nevertheless, our data provide a proof of concept that there is
cooperation between E-CRP and clarithromycin in
reducing bacteremia.

A single dose of E-CRP (25 p1g) combined with a tiny amount
of clarithromycin (0.02 mg) was the best prescription among all
others in this study and in a previously published study (21) for
nearly complete protection of our experimental mice. Neither E-
CRP (25 pg) nor clarithromycin (0.02 mg) could do it singly,
indicating a previously unknown pathway through which the

innate immune system responds to antibiotic treatment. The
synergy between various CRP species and clarithromycin in
reducing bacteremia is just another example of cooperation
between a molecule of the innate immune system and
antibiotics. It has been reported previously that the classical
complement pathway-mediated immunity against antibiotic-
resistant pneumococci was enhanced in the presence of sub-
inhibitory concentrations of antibiotics cefditoren and
ceftriaxone. The binding of CRP to pneumococci was also
enhanced in the presence of serum plus either cefditoren or
ceftriaxone. Complement activation was also enhanced in the
presence of specific anti-pneumococcal antibodies and sub-
inhibitory concentrations of antibiotics such as cefditoren,
ceftriaxone and amoxicillin (33, 34). It has been suggested that
using antibiotics to enhance complement activation might help
reduce the impact of antibiotic resistance in pneumococcal
infection (33, 34). The cooperation mechanisms between the
molecules of the innate immune system and antibiotics should be
exploited to develop novel combination therapies to treat
infections with antibiotic-resistant pneumococci.

Combination therapies using antimicrobials with different
mechanisms of action are used to treat infections against
antibiotic-resistant pneumococci and, at the same time, are
formulated to prevent the spread of the resistance (35-41).
Combination therapies have been shown not only to be more
effective against antibiotic-resistant bacteria but also significantly
reduce any risk of bacteria developing resistance as seen in
monotherapy. The power of E-CRP to reduce antibiotic dosing
could be significant and might further assist in these goals to
prevent emergence of antibiotic-resistant pneumococci. Usually,
combination therapies involve low doses of two antibiotics from
different classes. It has been suggested that antibiotic-antibiotic
combination therapy may reduce and slow the development of
antibiotic resistance. Eliminating one antibiotic from the
combination altogether and substituting it with E-CRP should
then be, in principle, more effective in reducing and slowing the
development of antibiotic resistance. This strategy is similar to
antibiotic-non-antibiotic combination therapies, such as
adjuvant-antibiotic therapy, where one of the two antibiotics is
substituted with an adjuvant with the goal to prevent the
development of antibiotic resistance (35-41). We propose that
E-CRP should be considered for inclusion in combination
therapies. The ability of E-CRP to drastically reduce
bacteremia even with a fraction of the normal dose of
clarithromycin might contribute further to prevent the
development and spread of antibiotic resistance. Our data
suggest that, by adding E-CRP to E-CRP-antibiotic
combination therapy, the dose of the remaining antibiotic can
be kept low.

We conclude that the efficiency of the innate immune
system is enhanced in the presence of antibiotics. Our
findings provide another example of cooperation between
the innate immune system and molecules that prevent
multiplication of bacteria, and that should be exploited to
develop novel combination therapies for infections against
antibiotic-resistant pneumococci. The reduction in antibiotic

Frontiers in Immunology | www.frontiersin.org

102

January 2021 | Volume 11 | Article 620784


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Ngwa et al.

Engineered CRP and Clarithromycin

12 20 3644 60 6892116

Time (h)

Group C
Antibiotic
10°

[ N
o O o oo
T o N ®

103
102

Bacteremia (cfu/ml)

12 20 364460 6892116
Time (h)

—@— A. No CRP, No antibiotic
) ) B. E-CRP-2
‘,\“ ~@- C. Antibiotic

/ \. @ D. Antibiotic + E-CRP-2

A
Group A
No CRP, No antibiotic
- 109 ------- .
E 10° - E
] 7 o oo 3
E 106 i IC2
= 0 - =
g 10° : £
1
© 103 °
© ©
& 102{= = 2
12 20 3644 60 6892116
Time (h)
B
Group D _10%¢
Antibiotic + E-CRP-2 E 108
=
E, 10: E 107 £
= 10 ©
310 A E 108 ¢
o o
S 108 s 10°¢
‘€ 105 - ° £
10 g 100
g 10 c 103L
‘g 108 8
B qgo]m= == e - —— B 102§
=
101 L
12 20 3644 60 6892116 0 24
Time (h)
116 h, the p-value for the difference between groups C and D was <0.05.

48
Time (h)

72 96 120

FIGURE 5 | Bacteremia in mice infected with pneumococci and treated with E-CRP-2 and clarithromycin. Blood was collected from each surviving mouse shown in
Figure 4. (A) Scatter plots of the bacteremia data. The horizontal red line in each group of mice represents median bacteremia. (B) The median bacteremia values,
derived from (A) For 36-116 h, the p-value for the difference between groups A and B was <0.005. The p-values for the difference between groups A and C was
<0.005 and <0.05 for 44-68 h and 92-116 h, respectively. For all time points, the p-values for the differences between groups B C and B D were >0.05. For 60 to

dosing by the strategy to include E-CRP in the combination
therapy using antibiotics might also resolve the problem of
developing and spreading antibiotic resistance.
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C-Reactive Protein Levels in
Systemic Lupus Erythematosus
Are Modulated by the Interferon
Gene Signature and CRP

Gene Polymorphism rs1205

Helena Enocsson ", Birgitta Gullstrand?, Maija-Leena Eloranta®, Jonas Wetteré’,
Dag Leonard?®, Lars Rénnblom?®, Anders A. Bengtsson? and Christopher Sjéwall’

" Department of Biomedical and Clinical Sciences, Division of Inflammation and Infection, Link&ping University, Linkdping,
Sweden, 2 Department of Clinical Sciences Lund, Division of Rheumatology, Lund University, Lund, Sweden, 3 Department of
Mediical Sciences, Rheumatology, Uppsala University, Uppsala, Sweden

Objectives: Patients with systemic lupus erythematosus (SLE) often display modest
elevations of C-reactive protein (CRP) despite raised disease activity and increased
interleukin (IL-) 6. We asked to what extent IL-6 levels, the CRP polymorphism rs1205,
and the type | interferon (IFN) gene signature affects the basal CRP levels in patients with
SLE during a quiescent phase of the disease.

Methods: CRP and IL-6 were analyzed in plasma from 57 patients meeting established
classification criteria for SLE. The CRP polymorphism rs1205 was assessed and gene
expression analyzed including four type | IFN-regulated genes (IGS).

Results: CRP was increased in patients with detectable IL-6 levels (p=0.001) and
decreased among IGS-positive subjects (p=0.033). A multiple linear regression model
revealed IL-6 to have a positive association with CRP levels, whereas both IGS-positivity
and CRP genotype (rs1205) AA/GA were negatively associated with CRP-levels.

Conclusion: Our data offer an explanation to the modest CRP levels seen in viral
infections and IFN-a driven autoimmunity and corroborate prior observations showing
an IFN-o. dependent downregulation of CRP. The latter observation, together with the fact
that the CRP-lowering polymorphism rs1205 is overrepresented in human SLE, could
explain low basal CRP and inadequate CRP-responses among patients with active SLE.

Keywords: C-reactive protein, type | interferons, systemic lupus erythematosus, inflammation, biomarker,
pentraxins, interferon, gene variants

INTRODUCTION

The acute-phase protein C-reactive protein (CRP) is a key actor in the clearance of bacteria and
dying cells. Its pentameric structure encompasses an effector face with affinity for Clq and Fcy-
receptors and a recognition face with the ability to bind phosphocholine on e.g., dying cells and
pathogens, but also nuclear constituents exposed during apoptosis (i.e., snRNP and histones) (1, 2).
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These qualities enable CRP to contribute to efficient clearance
of cell remnants and immune complexes by complement
activation/modulation, opsonization, and phagocytosis,
biological processes considered dysfunctional in systemic lupus
erythematosus (SLE) (3, 4). Indeed, protective effects of CRP in
the disease process have been demonstrated in animal models of
lupus (5-7).

Due to increased CRP production from hepatocytes upon
interleukin (IL-) 6 stimulation, CRP is widely used to monitor
infectious and inflammatory conditions (8). With few
exceptions, CRP reflects ongoing inflammation/tissue damage,
seemingly without discrimination of the underlying trigger.
However, whereas bacterial infections generally result in
impressive CRP levels, the response in many viral infections is
typically less pronounced (9). Similarly, modest CRP-responses
are recorded in autoimmune diseases characterized by increased
type I interferon (IFN) activity, e.g., SLE (8), and lack of
correlation between IL-6 and CRP has been demonstrated in
patients with SLE (10). Type I IFNs are strong activators of the
anti-viral immune response, but may also contribute to
autoantibody production in several autoimmune conditions (11).

IEN-0, the most studied type I IFN in autoimmunity, has
previously been evaluated in relation to regulation of pentraxins
(12-15). We have previously demonstrated an inhibitory effect
of IFN-a in IL-6/IL-1B-induced CRP gene transcription and
protein production from hepatocytes (12). Thus, the presence
of IFN-o. per se could contribute to modest CRP levels
during IFN-a associated disease flares of type I IFN-driven
autoimmunity as well as in viral infections. Furthermore, a
combined effect of the CRP-lowering polymorphism of the
CRP gene (rs1205) (16) and detectable IFN-ot levels resulted in
inability of CRP to reflect inflammatory activity among SLE
patients (13). However, circulating IFN-o is difficult to detect
with standard methods despite evidence of an increased gene
transcription of type I IFN-regulated genes. Thus, a selection of
type I IFN-regulated genes is typically assessed as a marker
of an increased type I IFN activity, i.e., the type I IFN gene
signature (IGS).

The aim of this study was to confirm and extend the
knowledge from previous in vivo and in vitro studies showing
an impact of type I IFNs (12, 13, 15) and rs1205 (13) on CRP
levels among patients with SLE. Herein, the objective was to
evaluate the potential impact of the IGS and rs1205 in patients
unbiased from high disease activity.

MATERIALS AND METHODS

Subjects
All patients (Table 1) were followed within the frame of an
observational research program at the University Hospital in
Linképing (17). Each participant (n=57) was classified with SLE
according to the 1982 American College of Rheumatology and/or
the 2012 Systemic Lupus International Collaborating Clinics
criteria (18, 19).

The patients donated peripheral blood and the disease activity,
defined by SLE disease activity index 2000 (SLEDAI-2K),

TABLE 1 | Clinical characteristics of the 57 included patients with systemic
lupus erythematosus (SLE).

Variable Median (range) or frequency (%)
Age (years) 43 (23-63)
Females 50 (88)
Disease duration (years) 8 (1-35)
SLEDAI-2K 2(0-8)
1982 ACR criteria fulfilled (number) 5 (3-9)
Ever (current or prior) tobacco smoker 14 (25)
1982 ACR criteria fulfilled:
ACR 1: malar rash 23 (40)
ACR 2: discoid lupus 2 (3.5)
ACR 3: photosensitivity 26 (46)
ACR 4: oral ulcers 13 (23)
ACR 5: arthritis 45 (79)
ACR 6: serositis 22 (39)
ACR 7: renal disorder 19 (33)
ACR 8: neurologic disorder 6(11)
ACR 9: hematologic disorder 38 (67)
ACR 10: immunologic disorder 35 (61)
ACR 11: antinuclear antibodies 57 (100)
Ongoing immunomodulation:
Antimalarials 51 (90)
Prednisolone 30 (53)
Prednisolone dose (mg/day) 2.5 (0-15)
Mycophenolate mofetil 15 (26)
Methotrexate 5(8.8)
Azathioprine 3(6.3
Other DMARDs/biologics 8 (14)
ACRP genotype (rs1205)
Two major alleles (GG) 24 (44)
One minor allele (AG) 23 (42)
Two minor alleles (AA) 8 (15)

AGenotype analysis available for 55 patients.
ACR, American College of Rheumatology; DMARDs, disease-modifying anti-rheumatic
drugs; SLEDAI-2K, SLE disease activity index 2000.

was recorded from their closest regular visit to rheumatologist.
All patients were considered to have low disease activity but
could be serologically active and clinically quiescent at sampling
(20, 21). Each participant gave written informed consent, and
the study protocol was approved by the regional ethics board
in Linképing.

Clinical Laboratory Analyses

Venous blood was drawn, and plasma was prepared and blood
lipids were analyzed at the local Clinical Chemistry unit,
including triglycerides, total cholesterol, high-density
lipoprotein (HDL), low-density lipoprotein (LDL), non-HDL,
IL-6, and CRP. We utilized a high sensitivity method for CRP
with 0.15 mg/L as limit of quantification (LOQ). For IL-6, LOQ
was 1.5 ng/L.

Gene Expression

The type I IFN gene signature (IGS) was based on gene
expression of IF127, [F144, IFI44L, and RSAD2 (22). Peripheral
blood mononuclear cells (PBMCs) were isolated from
heparinized whole blood by density gradient centrifugation
and lysed by RLT-buffer. Total RNA was extracted using the
RNeasy Mini Kit (Qiagen GmbH, Hilden, Germany).
Quantification and purity of the RNA was assessed on a DS-11
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spectrophotometer (DeNovix Inc. Wilmington, DE, USA). Total
RNA was reverse transcribed using iScript Y cDNA synthesis kit
(Bio Rad, Hercules, California, USA) to obtain ¢cDNA for
RT-qPCR. The RT-qPCR was performed by preheating for
10 min at 95°C, followed by 40 cycles of 95°C 15 s and 60°C
for 60 s using StepOnePlus (Applied Biosystems, CA, USA).
TagMan' " Gene Expression assay (FAM) (Applied Biosystems,
CA, USA) were used with the following primers from
Thermo Fisher Scientific, IFI44L: Hs00199115_m1, RSAD2:
Hs00369813_m1, IFI27: Hs00271467_m1, 1FI44:
Hs00197427_m1, GAPDH: Hs03929097_g1.

Fold-change of gene expression was determined by the relative
quantification method (AACt) after normalization to the
housekeeping gene (GAPDH). A subsequent log-transformation
was performed to achieve comparability between genes. IGS-score
was expressed as mean of log-transformed fold change in relation
to a control sample (consisting of a pooled sample from healthy
control donors) of the four genes (detailed in Supplementary
Data 1). The patient distribution revealed two groups regarding
the IGS; a cut-off of 0.5 was applied to separate IGS-positive
patients from IGS-negative.

CRP Genotyping

DNA was extracted from peripheral blood using Qiagen Blood
Midi Kit (Qiagen) and genotyping was performed using Illumina
Infinium Global Screening Array-Multi Disease version3
(Iumina Inc. California, USA) at the SNP&SEQ Technology
Platform at Uppsala University. The genotyping is detailed in
Supplementary Data 2.

Statistics

CRP levels were not normally distributed why Mann-Whitney U
test, Kruskal-Wallis test, or Spearman’s correlation analysis were
applied. CRP and IL-6 were log-transformed (10log) prior to
linear regression analysis with CRP or IL-6 as dependent
variables. A two-sided p-value of <0.05 was considered
statistically significant.

RESULTS

CRP Is Associated With IL-6
and IGS-Status
Levels of CRP correlated significantly with IL-6 (rho=0.415,
p=0.001; Figure 1A) and with age (rho=0.292, p=0.027). No
correlation was observed between CRP levels and IGS-score
(Figure 1B). Since 28 patients had non-detectable IL-6, and 21
were judged IGS-negative, IL-6 and IGS were further tested as
binary variables. CRP levels were significantly higher among
those with detectable IL-6 (p=0.001; Figure 1C) and lower
among IGS-positive subjects (p=0.033; Figure 1D). The CRP
genotype (rs1205) was not significantly associated with CRP,
neither based on number of rare alleles, nor based on presence or
absence of one or two rare alleles (binary variables; Figure 1E).
No significant correlations between CRP and corticosteroid
dose, SLEDAI-2K or blood lipids were observed. Neither did we

observe any differences in CRP related to sex, tobacco smoking,
or use of antimalarials, corticosteroids, mycophenolate mofetil,
methotrexate or use of any immunosuppressive agent (disease-
modifying anti-rheumatic drugs except antimalarials, n=28).
Finally, CRP levels did not associate with disease phenotypes
(i.e., fulfilled classification criteria).

IL-6, IGS, and CRP Genotype Versus

CRP Levels

To evaluate impact of CRP genotype rs1205, IL-6, and IGS-
positivity, these variables were included in a linear regression
model with 10log CRP as the dependent variable. Age was
further added as an independent variable due to its correlation
with CRP.

A stepwise analysis revealed IGS-positivity (p=0.017) and
alleles AA/AG of rs1205 (p=0.041) to be associated with low
levels of CRP. Age and IL-6 levels did not associate with CRP in
the regression analysis (Table 2). However, a regression analysis
with IL-6 as binary variable resulted in a significant association of
both IL-6 (p=0.012), CRP genotype (AA/AG) (p=0.030), and
IGS-positivity (p=0.030) with CRP levels (Table 2 and visualized
in Figure 2).

We observed no associations between IGS-status and CRP
genotype, IL-6 (binary), or CRP genotype as determined by chi2
(Fisher’s exact test). A regression analysis with 10log IL-6 as the
dependent variable and CRP genotype and IGS-status as
dependent variables did not reach statistical significance,
indicating that the effect of IGS and CRP genotype on CRP
levels were independent of IL-6.

DISCUSSION

The present study demonstrates that low CRP levels coincide
with the CRP polymorphism rs1205 and the presence of an
activated type I IFN system, as determined by the IGS-score. Our
observations therefore add further support to an important role
of type I IFNs in the regulation of circulating CRP via an
inhibitory effect by IFN-o. on CRP production (12, 15).
Furthermore, we previously demonstrated an association
between CRP and SLE disease activity when patients with the
rs1205 minor allele and detectable serum IFN-o were excluded
(13). Thus, it is plausible that our findings together with the fact
that the CRP-lowering polymorphism rs1205 is overrepresented
among SLE patients (16), explain the low basal CRP and
inadequate CRP-responses in those with active SLE.

The extensive use of CRP as a biomarker motivate research
aiming to unravel its regulation in different inflammatory
conditions. Indeed, viral infections generally result in lower
CRP-responses compared with bacterial infections (9), and SLE
patients rarely mount a CRP-response that corresponds to their
inflammatory activity (10, 23) or circulating IL-6 levels (10).

IL-6 is the main inducer of CRP-production, and it is
therefore not surprising with a positive impact of IL-6 on
circulating CRP (24). Herein, it was however evident that the
CRP polymorphism, as well as type I IFN activity, coincides with
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a limited ability of IL-6 to induce a CRP-response. In fact, none
of the IL-6-positive patients with the rs1205 minor allele and
IGS-positivity reached a higher CRP level than 3.6 mg/L, i.e., the
highest CRP found among IL-6-negative subjects regardless of
rs1205 genotype or IGS-status.

Hypothetically, other polymorphisms or presence of soluble
receptors for e.g., IL-6 and IFN-a. could also impact CRP levels.
As alternative explanations to the muted CRP response in SLE,
increased consumption of CRP has been put forward. Increased
complement consumption, due to inflammation and increased
cell death, is a well-known feature of SLE flares (25). CRP has
similar functions in the clearance of debris and could potentially
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FIGURE 1 | Plasma CRP levels in SLE patients, and the correlation and association with plasma IL-6 concentrations (A), the IGS score measured in peripheral
blood mononuclear cells (B), detectable plasma IL-6 levels (C), IGS positivity (D) and CRP rs1205 genotype (E). Dashed lines represent cut-off levels for IL-6

be utilized and eliminated at a higher rate in patients with SLE.
However, the elimination rate of CRP in SLE patients seems
unaltered compared with healthy controls (26). Furthermore,
anti-CRP autoantibodies, which are more frequently found
in SLE, are not directed toward native circulating CRP, but
toward epitopes that are exposed upon CRP dissociation on
surfaces (27).

Limitations of the present study encompassed a relatively
small number of patients and the lack of a replication cohort as
well as a control group with unrelated inflammatory disease. The
patients included had no known concomitant infections and low/
stable disease activity, which reduce the potential impact of
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TABLE 2 | Variables associated with CRP levels (10log CRP) in stepwise linear
regression analyses.

p-value Standardized beta Model R?
Model 1 0.16
IGS positivity 0.017 -0.32
rs1205 AA or AG 0.041 -0.27
Excluded in the model:
Age
IL-6 levels
Model 2 0.26
Detectable IL-6 0.012 0.32
rs1205 AA or AG 0.030 -0.27
IGS positivity 0.030 -0.27
Excluded in the model:
Age
8
7
6
-y
D 5
E
o 4
14
O 3
2
1
0
16s-  15s Lor
GG *IGs. B~
FIGURE 2 | CRP levels among patients with and without detectable IL-6
levels (Z-axis) along with different CRP genotype (rs1205) and type | IFN gene
signature (IGS) status (X-axis). Bars show median values.

specific SLE-manifestations and comorbidities affecting the CRP-
response. During bacterial infections, SLE patients usually
present with an adequate CRP-response (28) which may be
due to the massive increase of IL-6 that overrides the
inhibitory effect of type I IFNs and/or genetic variants of CRP.
In addition, bacterial infections could result in a shift of the
immune activation with reduced type I IFN production. CRP
itself has furthermore been shown to inhibit type I IFN
production (29, 30) and it is tempting to speculate in a
reciprocal regulation between pentraxins and type I IFNs.
Finally, also leukocyte secretion/release of the closely related
protein pentraxin-3 (PTX3) appear to be regulated by IFN-a. in
vitro (14).

Given the essential biological functions of pentraxins, such as
CRP, in facilitating silent removal of cellular debris via Fc-
receptors and by interacting with the complement system (1,
4) it is perhaps not surprising that administration of CRP to a
murine lupus model prevent and reverse ongoing nephritis (5, 7).
The crucial role of type I IFNs in SLE was once again

demonstrated by the encouraging results of the phase 3
trial investigating the anti-IFN o/ receptor anifrolumab in
patients with active SLE (31). These observations, together
with our results, suggests that the consequences of CRP gene
polymorphisms and IL-6/type I IFN interactions in SLE deserves
further attention.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material. Further inquiries can be
directed to the corresponding author.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by the Regional Ethics Review Board in Linkoping,
Sweden. The patients/participants provided their written
informed consent to participate in this study.

AUTHOR CONTRIBUTIONS

HE and CS conceived the original idea and project planning. HE,
BG, JW, AAB, and CS contributed to the study design. CS
collected clinical patient data. HE, BG, and M-LE carried out
the laboratory work. M-LE, DL, and LR planned and supervised
the genotyping. HE, BG, and CS analyzed the data. HE, LR, and
CS drafted the manuscript. All authors contributed to the article
and approved the submitted version.

FUNDING

This study was funded by grants from the Swedish Research
Council for Medicine and Health, the Swedish Society of
Medicine and the Ingegerd Johansson donation, the Swedish
Rheumatism Association, the Region Ostergdtland (ALF grants),
the King Gustaf V’s 80-year Anniversary Foundation, the King
Gustaf V and Queen Victoria’s Freemasons’ Foundation, the
Gustafsson, Selander, Alfred Osterlund, Anna-Greta Crafoord
and the Greta and Johan Kock’s Foundations.

ACKNOWLEDGMENTS

We are grateful to participating patients and to study nurse
Marianne Petersson, Linkoping. Pascal Pucholt and Johanna
Sandling, Uppsala University, are acknowledged for genotype
data extraction. Genotyping was performed by the SNP&SEQ
Technology Platform in Uppsala (www.genotyping.se).

Frontiers in Immunology | www.frontiersin.org

109

January 2021 | Volume 11 | Article 622326


http://www.genotyping.se
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Enocsson et al.

CRP Regulation in SLE

The facility is part of the National Genomics Infrastructure
supported by the Swedish Research Council for Infrastructures
and Science for Life Laboratory, Sweden. The SNP&SEQ
Technology Platform is supported by the Knut and Alice
Wallenberg Foundation.

REFERENCES

1. LuJ, Mold C, Du Clos TW, Sun PD. Pentraxins and Fc Receptor-Mediated Immune
Responses. Front Immunol (2018) 9:2607. doi: 10.3389/fimmu.2018.02607
2. Pathak A, Agrawal A. Evolution of C-Reactive Protein. Front Immunol (2019)
10:943. doi: 10.3389/fimmu.2019.00943
3. Munoz LE, Lauber K, Schiller M, Manfredi AA, Herrmann M. The role of
defective clearance of apoptotic cells in systemic autoimmunity. Nat Rev
(2010) 6(5):280-9. doi: 10.1038/nrrheum.2010.46
4. Ma Y], Garred P. Pentraxins in Complement Activation and Regulation.
Front Immunol (2018) 9:3046. doi: 10.3389/fimmu.2018.03046
5. Du Clos TW, Zlock LT, Hicks PS, Mold C. Decreased autoantibody levels and
enhanced survival of (NZB x NZW) F1 mice treated with C-reactive protein.
Clin Immunol Immunopathol (1994) 70(1):22-7. doi: 10.1006/clin.1994.1005
6. Szalai AJ, Weaver CT, McCrory MA, van Ginkel FW, Reiman RM, Kearney
JE, et al. Delayed lupus onset in (NZB x NZW)F1 mice expressing a human C-
reactive protein transgene. Arthritis Rheum (2003) 48(6):1602-11.
doi: 10.1002/art.11026
7. Rodriguez W, Mold C, Marnell LL, Hutt J, Silverman GJ, Tran D, et al.
Prevention and reversal of nephritis in MRL/lpr mice with a single injection of
C-reactive protein. Arthritis Rheum (2006) 54(1):325-35. doi: 10.1002/
art.21556
8. Gabay C, Kushner I. Acute-phase proteins and other systemic responses to
inflammation. N Engl | Med (1999) 340(6):448-54. doi: 10.1056/
NEJM199902113400607
9. Nakayama T, Sonoda S, Urano T, Yamada T, Okada M. Monitoring both serum
amyloid protein A and C-reactive protein as inflammatory markers in infectious
diseases. Clin Chem (1993) 39(2):293-7. doi: 10.1093/clinchem/39.2.293
10. Gabay C, Roux-Lombard P, de Moerloose P, Dayer JM, Vischer T, Guerne PA.
Absence of correlation between interleukin 6 and C-reactive protein blood
levels in systemic lupus erythematosus compared with rheumatoid arthritis.
J Rheumatol (1993) 20(5):815-21.
11. Crow MK, Ronnblom L. Type I interferons in host defence and inflammatory
diseases. Lupus Sci Med (2019) 6(1):¢000336. doi: 10.1136/lupus-2019-000336
12. Enocsson H, Sjowall C, Skogh T, Eloranta ML, Rénnblom L, Wetterd J.
Interferon-alpha mediates suppression of C-reactive protein: explanation for
muted C-reactive protein response in lupus flares? Arthritis Rheumatol (2009)
60(12):3755-60. doi: 10.1002/art.25042
13. Enocsson H, Sjowall C, Kastbom A, Skogh T, Eloranta ML, Rénnblom L, et al.
Association of serum C-reactive protein levels with lupus disease activity in
the absence of measurable interferon-alpha and a C-reactive protein gene
variant. Arthritis Rheumatol (2014) 66(6):1568-73. doi: 10.1002/art.38408
14. Wirestam L, Enocsson H, Skogh T, Eloranta ML, Ronnblom L, Sjowall C, et al.
Interferon-alpha coincides with suppressed levels of pentraxin-3 (PTX3) in
systemic lupus erythematosus and regulates leucocyte PTX3 in vitro. Clin Exp
Immunol (2017) 189(1):83-91. doi: 10.1111/cei.12957
15. Vaez A, Jansen R, Prins BP, Hottenga JJ, de Geus EJ, Boomsma DI, et al. In
Silico Post Genome-Wide Association Studies Analysis of C-Reactive Protein
Loci Suggests an Important Role for Interferons. Circ Cardiovasc Genet (2015)
8(3):487-97. doi: 10.1161/CIRCGENETICS.114.000714
16. Russell Al Cunninghame Graham DS, Shepherd C, Roberton CA, Whittaker J,
Meeks J, et al. Polymorphism at the C-reactive protein locus influences gene
expression and predisposes to systemic lupus erythematosus. Hum Mol Genet
(2004) 13(1):137-47. doi: 10.1093/hmg/ddh021
17. Ighe A, Dahlstrom O, Skogh T, Sjowall C. Application of the 2012 Systemic
Lupus International Collaborating Clinics classification criteria to patients in a
regional Swedish systemic lupus erythematosus register. Arthritis Res Ther
(2015) 17:3. doi: 10.1186/s13075-015-0521-9
18. Tan EM, Cohen AS, Fries JF, Masi AT, McShane DJ, Rothfield NF, et al.
The 1982 revised criteria for the classification of systemic lupus

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fimmu.2020.
622326/full#supplementary-material

erythematosus. Arthritis Rheum (1982) 25(11):1271-7. doi: 10.1002/art.
1780251101

19. Petri M, Orbai AM, Alarcon GS, Gordon C, Merrill JT, Fortin PR, et al.
Derivation and validation of the Systemic Lupus International Collaborating
Clinics classification criteria for systemic lupus erythematosus. Arthritis
Rheum (2012) 64(8):2677-86. doi: 10.1002/art.34473

20. Steiman AJ, Gladman DD, Ibanez D, Urowitz MB. Prolonged serologically
active clinically quiescent systemic lupus erythematosus: frequency and
outcome. J Rheumatol (2010) 37(9):1822-7. doi: 10.3899/jrheum.100007

21. Svensson C, Eriksson P, Zachrisson H, Sjowall C. High-frequency ultrasound
of multiple arterial areas reveals increased intima media thickness, vessel wall
appearance and atherosclerotic plaques in systemic lupus erythematosus.
Front Med (2020) 7:581336. doi: 10.3389/fmed.2020.581336

22. Strauss R, Rose T, Flint SM, Klotsche J, Haupl T, Peck-Radosavljevic M, et al.
Type I interferon as a biomarker in autoimmunity and viral infection: a
leukocyte subset-specific analysis unveils hidden diagnostic options. ] Mol
Med (Berl) (2017) 95(7):753-65. doi: 10.1007/s00109-017-1515-7

23. Rezaieyazdi Z, Sahebari M, Hatef MR, Abbasi B, Rafatpanah H, Afshari JT,
et al. Is there any correlation between high sensitive CRP and disease activity
in systemic lupus erythematosus? Lupus (2011) 20(14):1494-500.
doi: 10.1177/0961203311418706

24. Agrawal A, Cha-Molstad H, Samols D, Kushner I. Transactivation of
C-reactive protein by IL-6 requires synergistic interaction of CCAAT/
enhancer binding protein beta (C/EBP beta) and Rel p50. J Immunol (2001)
166(4):2378-84. doi: 10.4049/jimmunol.166.4.2378

25. Leffler J, Bengtsson AA, Blom AM. The complement system in systemic lupus
erythematosus: an update. Ann Rheumatic Dis (2014) 73(9):1601-6.
doi: 10.1136/annrheumdis-2014-205287

26. Vigushin DM, Pepys MB, Hawkins PN. Metabolic and scintigraphic studies of
radioiodinated human C-reactive protein in health and disease. J Clin Invest
(1993) 91(4):1351-7. doi: 10.1172/JCI116336

27. Sjowall C, Wetterd J. Pathogenic implications for autoantibodies against
C-reactive protein and other acute phase proteins. Clin Chim Acta (2007)
378(1-2):13-23. doi: 10.1016/j.cca.2006.12.002

28. Becker GJ, Waldburger M, Hughes GR, Pepys MB. Value of serum C-reactive
protein measurement in the investigation of fever in systemic lupus
erythematosus. Ann Rheum Dis (1980) 39(1):50-2. doi: 10.1136/ard.39.1.50

29. Mold C, Du Clos TW. C-reactive protein inhibits plasmacytoid dendritic cell
interferon responses to autoantibody immune complexes. Arthritis Rheum
(2013) 65(7):1891-901. doi: 10.1002/art.37968

30. C Svanberg, H Enocsson, K Martinsson, LA Potempa, I Rajab, ] Wetterd, et al
editors. Pentameric, but Not Monomeric C-reactive Protein, Limits the
SnRNP-immune Complex Triggered Type I Interferon Response:
Implications for Lupus Pathogenesis. Arthritis Rheumatol (2019) 71
Supplement:10.

31. Morand EF, Furie R, Tanaka Y, Bruce IN, Askanase AD, Richez C, et al. Trial
of Anifrolumab in Active Systemic Lupus Erythematosus. N Engl ] Med (2020)
382(3):211-21. doi: 10.1056/NEJMo0al912196

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

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

Frontiers in Immunology | www.frontiersin.org

January 2021 | Volume 11 | Article 622326


https://www.frontiersin.org/articles/10.3389/fimmu.2020.622326/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2020.622326/full#supplementary-material
https://doi.org/10.3389/fimmu.2018.02607
https://doi.org/10.3389/fimmu.2019.00943
https://doi.org/10.1038/nrrheum.2010.46
https://doi.org/10.3389/fimmu.2018.03046
https://doi.org/10.1006/clin.1994.1005
https://doi.org/10.1002/art.11026
https://doi.org/10.1002/art.21556
https://doi.org/10.1002/art.21556
https://doi.org/10.1056/NEJM199902113400607
https://doi.org/10.1056/NEJM199902113400607
https://doi.org/10.1093/clinchem/39.2.293
https://doi.org/10.1136/lupus-2019-000336
https://doi.org/10.1002/art.25042
https://doi.org/10.1002/art.38408
https://doi.org/10.1111/cei.12957
https://doi.org/10.1161/CIRCGENETICS.114.000714
https://doi.org/10.1093/hmg/ddh021
https://doi.org/10.1186/s13075-015-0521-9
https://doi.org/10.1002/art.1780251101
https://doi.org/10.1002/art.1780251101
https://doi.org/10.1002/art.34473
https://doi.org/10.3899/jrheum.100007
https://doi.org/10.3389/fmed.2020.581336
https://doi.org/10.1007/s00109-017-1515-7
https://doi.org/10.1177/0961203311418706
https://doi.org/10.4049/jimmunol.166.4.2378
https://doi.org/10.1136/annrheumdis-2014-205287
https://doi.org/10.1172/JCI116336
https://doi.org/10.1016/j.cca.2006.12.002
https://doi.org/10.1136/ard.39.1.50
https://doi.org/10.1002/art.37968
https://doi.org/10.1056/NEJMoa1912196
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

:\' frontiers

In Immunology

MINI REVIEW
published: 29 January 2021
doi: 10.3389/fimmu.2020.622772

OPEN ACCESS

Edited by:
Kenji Daigo,
Nippon Medical School, Japan

Reviewed by:

Ronca Roberto,

University of Brescia, Italy

Yves Delneste,

Institut National de la Santé et de la
Recherche Médicale (INSERM),
France

*Correspondence:
Umberto Tarantino
umberto.tarantino@uniroma2.it

Specialty section:

This article was submitted to
Molecular Innate Immunity,
a section of the journal
Frontiers in Immunology

Received: 29 October 2020
Accepted: 16 December 2020
Published: 29 January 2021

Citation:

Tarantino U, Greggi C, Cariati |,
Visconti W, Gasparini M, Cateni M,
Gasbarra E, Botta A, Salustri A and
Scimeca M (2021) The Role of PTX3 in
Mineralization Processes and Aging-
Related Bone Diseases.

Front. Immunol. 11:622772.

doi: 10.3389/fimmu.2020.622772

Check for
updates

The Role of PTX3 in Mineralization
Processes and Aging-Related
Bone Diseases

Umberto Tarantino "2, Chiara Greggi®®*, Ida Cariati®**, Virginia Veronica Visconti®3*,

Monica Gasparini’?, Marco Cateni™?, Elena Gasbarra™?, Annalisa Botta®,
Antonietta Salustri® and Manuel Scimeca®

7 Department of Clinical Science and Translational Medicine, University of Rome “Tor Vergata”, Rome, Italy, 2 Department of
Orthopedics and Traumatology, Policlinico Tor Vergata (PTV) Foundation, Rome, Italy, 3 Department of Biomedicine and
Prevention, University of Rome “Tor Vergata”, Rome, Italy, 4 PhD students’ Program in Medical-Surgical and Biotechnologies
and Translational Medicine, Faculty of Medicine and Surgery, University of Rome “Tor Vergata”, Rome, ltaly

The Long Pentraxin 3 (PTX3) is a multifunctional glycoprotein released by peripheral blood
leukocytes and myeloid dendritic cells in response to primary pro-inflammatory stimuli,
that acts as a non-redundant component of the humoral arm of innate immunity. In
addition to the primary role in the acute inflammatory response, PTX3 seems to be
involved in other physiological and pathological processes. Indeed, PTX3 seems to play a
pivotal role in the deposition and remodeling of bone matrix during the mineralization
process, promoting osteoblasts differentiation and activity. Recently, PTX3 was seen to be
involved in the ectopic calcifications’ formation in breast cancer disease. In this regard, it
has been observed that breast cancer tumors characterized by high expression of PTX3
and high amount of Breast Osteoblast Like Cells (BOLCs) showed several Hydroxyapatite
(HA) microcalcifications, suggesting a likely role for PTX3 in differentiation and osteoblastic
activity in both bone and extra-bone sites. Furthermore, given its involvement in bone
metabolism, several studies agree with the definition of PTX3 as a molecule significantly
involved in the pathogenesis of age-related bone diseases, such as osteoporosis, both in
mice and humans. Recent results suggest that genetic and epigenetic mechanisms acting
on PTX3 gene are also involved in the progression of these diseases. Based on these
evidences, the aim of our systemic review was to offer an overview of the variety of
biological processes in which PTX3 is involved, focusing on bone mineralization, both in a
physiological and pathological context.

Keywords: PTX3, inflammation, mineralization, bone diseases, ectopic calcification, fracture healing,
osteoporosis, aging

INTRODUCTION

The Long Pentraxin 3 (PTX3) is the prototypic long pentraxin that was first identified in the early
1990s as a cytokine-inducible gene in endothelial cells and fibroblasts (1). Long pentraxins have an
unrelated amino-terminal region coupled to a carboxy-terminal pentraxin-like domain.
Experimental evidences indicated that PTX3, originally identified as an early induced protein in
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response to pro-inflammatory stimuli, is a soluble Pattern
Recognition Molecule (PRM) involved in the humoral arm of
the innate immune response (2, 3). However, in recent years
several studies have shown that PTX3 is involved in other
physiological and pathological processes such as tissue injury
response, ectopic calcifications formation and in bone
homeostasis (Figure 1). The human PTX3 gene (MIM#
602492) is located on chromosome 3q25 and contains three
exons and two introns. Mature PTX3 is characterized by a
unique long N-terminal Domain (NTD - amino acids 18-179),
and a pentraxin-like C-terminal domain (PTX - amino acids
179-381), homologous to the short pentraxins (4, 5). The
molecule has a complex octameric structure composed of two
covalently linked tetramers (6) and characterized by a peculiar
asymmetric and elongated shape in which two domains are
interconnected by a linear region (7). Hemostasis-related
function of PTX3 in tissue repair and matrix formation has
recently been described (8, 9). In several mouse models of tissue
damage has been demonstrated that PTX3 promoted pericellular
fibrinolysis in damaged site binding fibrin and plasminogen
(Plg), thus ensuring appropriate tissue repair (10). Thus, in
line with these studies, PTX3 plays an essential role in the
orchestration of the tissue injury response. Furthermore,
several studies demonstrate the important role played by PTX3
in ectopic calcification processes in extraosseous sites. Indeed, it

has been seen to be involved in HA crystals formation and breast
cancer cells differentiation into Breast Osteoblast Like Cells
(BOLCs). Finally, recent investigations highlighted a possible
role of PTX3 in osteoblast activity and bone matrix formation in
both human and mouse tissues (11-14). Noteworthy, in these
studies the impairment of PTX3 expression was correlated to the
occurrence of osteoporosis and more in general with a significant
decrease of osteoblast differentiation. Starting from these
considerations, this narrative review aims to report the most
recent data concerning the role of PTX3 in bone diseases.

ROLE OF PTX3 IN ECTOPIC
CALCIFICATIONS

In recent years, several investigations highlighted the role of
PTX3 in ectopic calcifications (Table 1). Specifically, Scimeca
et al. demonstrated that the impairment of PTX3 expression
inhibited the synthesis of HA (13). This result was also
confirmed by ex vivo investigations that aimed to describe the
molecular mechanisms involved in the ectopic calcifications’
formation. These elemental signs of human diseases are
frequently detected in pathological tissues as consequence of
cell homeostasis deregulation. The most common calcifications
found in non-bone tissues are breast microcalcifications (21).
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FIGURE 1 | Schematic representation of the roles of Pentraxin 3 (PTX3) in tissue injury response, bone homeostasis, ectopic calcification, and innate immunity.
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TABLE 1 | Pentraxin 3 (PTX3) involvement in pathophysiological state of bone tissue’s metabolism.

Pathophysiological state Species System Biological process Reference

ECTOPIC CALCIFICATION Human BOLCs Differentiation of breast cancer cells (15)
Human BOLCs Differentiation and microcalcifications formation (16)

OSTEOLYTIC CONDITION OF INFLAMED Human pOBs Osteoclastogenesis induction by increasing RANKL (17)

BONE production

FRACTURE HEALING Mouse  Non-hematopoietic periosteal Periosteal reaction induction during fracture repair (18)

cells

OSTEOPOROSIS Human OBs Differentiation, proliferation and function (13)

BONE METABOLISM Human Plasma Inverse correlation between plasma level and BMD (19)

FRACTURE REPAIR Mouse OBs, OCs Matrix mineralization sequestering FGF2 (12)

BONE METABOLISM Mouse MC3T3-E1 cells Signature genes (RUNX, ALP, OSC, OSX) overexpression (20)

BOLCs, breast osteoblast like cells; pOBs, osteoblast’s precursor; OBs, osteoblasts; OCs, osteoclasts.

Deposits of calcium salts in breast are associated to the presence
of lesions, both benign and malignant. Thus, detection of
microcalcifications in breast tissues by imaging analysis, such
as echography, Magnetic Resonance Imaging (MRI) or most
commonly by mammography, currently represents the main
breast cancer screening investigation (21). After the pioneering
studies of Morgan et al. (22-24), numerous investigations have
been performed about the origin of breast microcalcifications.
Our group proposed an innovative idea in which BOLCs
developed into breast cancer mass are responsible of the
production of HA crystals (15, 16, 25, 26). The progressive
accumulation of these calcium salts induces the formation of
calcified nodules detectable by mammography. One of the
mechanisms that drive the differentiation of breast cancer cells
into the BOLCs and also the formation of HA crystals is
mediated by PTX3 (16). Specifically, we found that breast
cancer tumors with a high BOLCs amount and high PTX3
expression were characterized by several HA microcalcifications
(16). In addition, microcalcifications produced by BOLCs
showed a histological aspect like an osteon. Noteworthy, we
also found that the presence of PTX3-positive BOLCs
significantly increases the risk of developing breast cancer
metastasis to bone within 5 years from first histological
diagnosis (27). Therefore, it is possible to hypothesize that
PTX3 can induce osteoblastic differentiation and activity in
both bone and extra-bone sites such as the breast. In this
respect, we described the same mechanisms for the
calcifications’ formation and bone metastasis in prostate cancer
(28). A role of PTX3 was described also for the atheromatic
lesions formation (29-31). However, to the best of our
knowledge, no association has been identified between PTX3
expression and the formation of calcified nodules into the
atheroma. Nevertheless, in our experience, the macrophages
responsible for the atheromatic calcifications formation are
frequently positive for PTX3 expression (32). Thus, it might be
reasonable that osteoblastic differentiation process of
atheromatic macrophages could in turn be driven by PTX3. It
is important to remember that PTX3 is only one of the numerous
possible mediators involved in the osteoblastic differentiation
both in bone and ectopic sites, even though its activity seem to be
fundamental for the mineralization process.

PTX3, OSTEOPOROSIS, AND FRACTURE
HEALING

Recent studies have demonstrated the importance of the role
played by PTX3 in bone tissue metabolism (Table 1).
Particularly, the involvement of this molecule in aging-related
bone diseases, such as osteoporosis, and fracture healing process
has been studied. Given its recently emerging role, attention has
been focused on PTX3 involvement in bone homeostasis.
Particularly, great interest has been shown for its involvement
in the pathogenesis of chronic bone diseases such as osteoporosis
and in the fracture healing process, both in mice and humans
(13, 14, 17, 18, 20, 33). It has been shown that PTX3 is able to
induce Receptor Activator of Nuclear factor Kappa-B Ligand
(RANKL) expression by osteoblasts that promote the activation
of osteoclasts in an in vitro culture system (17). Lee and
colleagues speculated that PTX3 could perform a pathological
function: its expression in bone can be elevated by TNF-c, which
increases RANKL expression by osteoblast’s precursors, that, in
turn, induces an excessive formation of osteoclasts. These results
suggest that PTX3 can act as an inflammatory mediator that
contributes to the deterioration of the osteolytic conditions of the
inflamed bone. On the other hand, it has been proposed that
PTX3 is involved in bone formation rather than resorption, as
demonstrated by Kelava et al. in 2014, who studying the
relationship between PTX3 expression and bone quality in
mice deficient for the PTX3 gene, demonstrated that PTX3 null
mice had lower bone mass than wild-type mice (18). To establish
the effective involvement of PTX3 in bone pathophysiology, its
expression and function in human osteoblasts of osteoporotic,
osteoarthritic patients and young subjects not affected by bone
pathologies were studied (14). Immunohistochemical analysis
performed on bone head biopsies showed a close association
between bone health and the number of osteoblasts expressing
PTX3. It was observed that the percentage of PTX3 positive
osteoblasts was significantly lower in osteoporotic patients than
in young and osteoarthritic patients of the same age (13).
Furthermore, the treatment with an anti-PTX3 antibody of
human osteoblast primary cultures derived from young
patients has greatly influenced the behavior of osteoblasts: they
lost the morphological and molecular characteristics typical of
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mature osteoblasts, acquiring fibroblast-like shape and strongly
decreasing RANKL and RUNX2 expression. Finally, PTX3
inhibition negatively influenced osteoblasts proliferation and
their ability to form cell groups and HA microcrystals. Overall,
it has been hypothesized that bone regeneration requires PTX3
both for the induction of the fracture healing process and for the
recruitment of differentiated osteoblasts (14). Some researchers
are testing the possibility to use PTX3 plasma levels as a
biomarker for the bone quality and to stratify the population
based on the risk to develop an osteoporotic condition. In this
context, a paradox effect has been described by Lee and
colleagues (19). In particular, authors evaluated PTX3 plasma
levels on a sub-cohort of 1440 subjects (757 men and 683
women) founding that PTX3 levels were inversely associated
with Bone Mineral Density (BMD) of the lumbar spine and
femoral neck in men but not in women (19). This data could be
explained as a systemic reaction of the body to offset the
impairment of PTX3 in specific tissue as the bone. In
agreement with these evidences, Grcevic and colleagues
performed an in vivo study in which PTX3 KO mice (Ptx3-/-)
was used to test the role of PTX3 in bone turnover and repair
(12). By using the closed transversal tibial fracture model,
authors found that Ptx3-/- female mice formed significantly
less mineralized callus during the anabolic phase following
fracture injury compared to wild-type mice. These results
indicate that PTX3 plays an important role in bone
homeostasis and in proper matrix mineralization during
fracture repair, a reflection of this molecule function in tissue
homeostasis and repair (12). Moreover, PTX3 can interact with
Fibroblast Growth Factor 2 (FGF2), which is highly expressed in
the bone matrix, exerting a negative effect on osteoblastogenesis
and bone remodeling. It has been demonstrated in vitro that
PTX3 produced by osteoblasts is able to bind FGF2 and inhibit
the negative effects exerted on the differentiation of bone marrow
stromal cells into osteoblasts, acting as a protective factor for
bone (33). Finally, a study performed by Liu et al. investigated the
role played by PTX3 in promoting osteoblastic differentiation in
MC3T3-E1 cells, confirming the essential role of PTX3 in the
bone metabolism (20). Authors showed that PTX3 is abundantly
expressed in MC3T3-E1 cells and that its expression is inducible
by the introduction of osteogenic induction medium. In
addition, the overexpression of PTX3 was able to significantly
increase the expression of some of the most important genes
related to bone metabolism such as Runt-related Transcription
Factor 2 (RUNX2), ALP, Osteocalcin (OCN) and Osterix (OSX),
suggesting that the PTX3 overexpression promotes osteoblastic
differentiation and activity (20). As concern the possible
molecular pathways involved in the bone metabolism
regulation by PTX3, it is demonstrated that the effects of PTX3
on osteoblasts are mediated by its induction of the PI3K/Akt
signaling pathway. From mechanistic point of view, Liu et al.
displayed that the action of PTX3 requires the activation of PI3K
and Akt, and deactivation of PI3K by its inhibitor LY294002
weakens the PTX3-mediated induction of osteoblast signature
genes, ALP and matrix mineralization (20). These data provide
the rationale to develop new strategies for bone metabolism

regulation in human subjects. Indeed, the possibility to modulate
the molecular signaling involved in the PTX3-related osteoblast
differentiation could represents an opportunity for future
innovative therapies for osteoporotic patients.

PTX3 GENETIC VARIABILITY AND
AGING-RELATED BONE DISEASES

In recent years, increasing research has focused on the
association between the Single-Nucleotide Polymorphisms
(SNPs) of PTX3 gene and human diseases. However, there are
still few reports about the effect of PTX3 genetic variability and
aging-related bone diseases. Previous studies have described that
rs2305619 and rs1840680 SNPs have functional significance on
the relative PTX3 protein amount. Results indicated that the A
allele of both SNPs is associated with higher levels of circulating
PTX3 (34, 35). The mechanism by which these SNPs affect PTX3
plasma levels has still to be clarified but possibly rs2305619 and
rs1840680 are in linkage disequilibrium with a genetic variant
located in a regulatory region of the gene. Variable levels of
PTX3, depending on different genetic variants, may therefore
have a direct role in the pathogenesis of inflammation and
ossification. On this basis, Zhang and Ding (36) analysed the
effects of three PTX3 polymorphisms in genetic susceptibility to
Ankylosing Spondylitis (AS). AS is a complex inflammatory
disease characterized by a chronic long-term inflammation of
the joints of the spine over time. As an autoimmune disease, AS
develops through complex interactions between the individual
genetic background and environmental factors (37). Genotyping
of rs23056219, rs3816527, and rs3845978 SNPs in PTX3 gene has
been conducted by allelic discrimination assay in 101 AS patients
and 93 controls. Results showed that the C allele and the CC
genotype of rs3816527 have a positive effect on AS occurrence.
Similarly, in rs3845978, individuals carrying the T allele and the
CT genotype developed AS earlier. The three SNPs belong to a
haplotype block and their combined analysis revealed that G-C-
T and A-C-C haplotypes may increase the genetic susceptibility
to AS (36). Another genetic aspect linked to the increased risk to
develop bone disease is the so called “inflamm-aging”, the age-
related elevations in proinflammatory cytokines associated with
shorter immune cell telomere lengths. Telomeres maintain the
“youthful” status of immune cells, and shortened telomere
lengths are considered a main biological hallmark of cellular
aging (38) leading to an irreversible state of replication-induced
cellular senescence (39). Although leukocyte telomere lengths
shorten as a natural consequence of aging, the continuous
exposure to increased proinflammatory agents may accelerate
this process (40). It has been demonstrated that increased PTX3
production is required to prevent overactivation of the
inflammatory signalling pathway, and elevated concentrations
of circulating PTX3 are considered an indicator of appropriate
immune function in healthy young adults (41). This observation
has been further confirmed in the study by Pavanello et al (42).
who recently demonstrated that the upregulation of PTX3
plasma levels is associated with longer telomere lengths in
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healthy middle aged adults (41). Last but not least, epigenetic
mechanisms have been also implicated in the regulation of
human PTX3 expression, since methylation of 5° UTR regions
(enhancers and promoter) has been deemed responsible of PTX3
gene silencing in several disease conditions including cancer,
inflammation and atherosclerosis (43, 44). Chronic
inflammation induces a novel epigenetic program that is
conserved in intestinal adenomas and in colorectal cancer (45).
It is therefore possible to speculate that the persistent
inflammatory stimuli from an aged immune system may be
also involved in the progression of age-related bone diseases
through either genetic (telomere shortening) and epigenetic
(DNA hypermethylation) mechanisms acting on the PTX3 gene.

DISCUSSION

In this systematic review, we discussed and summarised the effects of
PTX3 on various biological mechanisms, focusing our attention on
the role played by this protein in the physiology and pathophysiology
of mineralization process, in bone formation and ectopic
calcifications, as well as its involvement in the onset of age-related
bone diseases. In fact, PTX3 seems to be involved in tissue
remodelling and repair processes, both under physiological and
pathological conditions (1, 33). In this regard, our group
demonstrated for the first time the ability of PTX3 to induce an
increase of both cell proliferation and HA microcrystal formation in
osteoblasts culture characterized by an impairment of PTX3
expression. These results allowed us to speculate the existence of a
close correlation between PTX3 expression by osteoblasts and bone
quality, suggesting a central role for PTX3 in proliferation,
differentiation, and function. The ability of PTX3 to participate in
HA microcrystals’ formation has also been confirmed by ex vivo
studies to describe the molecular mechanisms involved in ectopic
calcifications’ formation, which are often detected in pathological
tissues, resulting in an altered cellular homeostasis. PTX3 is known to
mediate the differentiation of breast cancer cells into BOLCs cells and
the formation of HA crystals (26). Based on these evidences, PTX3
can be considered a new possible marker for poor differentiated breast
cancer (46). Furthermore, since a significantly greater difference in
PTX3 expression between malignant and benign lesions in the
presence of microcalcifications was found, it can be assumed that
PTX3 plays an essential role in the formation of ectopic calcifications
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In the blood of healthy individuals C-reactive protein (CRP) is typically quite scarce,
whereas its blood concentration can rise robustly and rapidly in response to tissue
damage and inflammation associated with trauma and infectious and non-infectious
diseases. Consequently, CRP plasma or serum levels are routinely monitored in inpatients
to gauge the severity of their initial illness and injury and their subsequent response to
therapy and return to health. Its clinical utility as a faithful barometer of inflammation
notwithstanding, it is often wrongly concluded that the biological actions of CRP (whatever
they may be) are manifested only when blood CRP is elevated. In fact over the last
decades, studies done in humans and animals (e.g. human CRP transgenic and CRP
knockout mice) have shown that CRP is an important mediator of biological activities even
in the absence of significant blood elevation, i.e. even at baseline levels. In this review we
briefly recap the history of CRP, including a description of its discovery, early clinical use,
and biosynthesis at baseline and during the acute phase response. Next we overview
evidence that we and others have generated using animal models of arthritis, neointimal
hyperplasia, and acute kidney injury that baseline CRP exerts important biological effects.
In closing we discuss the possibility that therapeutic lowering of baseline CRP might be a
useful way to treat certain diseases, including cancer.

Keywords: pentraxin, antisense oligonucleotide, autoimmunity, cancer, cardiovascular

PREFACE

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

HISTORICAL OVERVIEW OF C-REACTIVE
PROTEIN

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

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

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

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

Not only is CRP the prototypical human acute phase protein (32,
33) it is also the prototypical pentraxin (34), an evolutionarily
highly conserved class of pattern recognition molecules with the
same or highly similar primary, secondary, tertiary, and
quaternary structures; human CRP being composed of five
globular monomers of 206 amino acids each, non-covalently
bound together into a planar ring with a central pore (Figure 1)
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FIGURE 1 | C-reactive protein (CRP) is a pentamer with two distinct faces.
(A) On the A face each CRP monomer displays an a-helical stretch of
residues (fuchsia) adjacent to the C1qg and FcR binding sites and on the
opposite B face (B) each monomer displays residues that help coordinate
two Ca®* ions (green spheres) that assist with binding to ligands
(phosphocholine shown in gray, red, and orange spheres). The image is a
reproduction of structure 1B09 as reported by (35, 36) and was created
using NGL (37) accessed on PDB (38-40).

(34, 35, 41). As mentioned earlier the first known biological
activity of CRP identified was its ability to bind to and precipitate
with the pneumococcal C-polysaccharide (13). This action was
later found to rely on CRP binding to phosphocholine (a major
constituent of C-polysaccharide) in a Ca®"-dependent manner
(42-44). While C-polysaccharide/phosphocholine is the
canonical and most well-studied ligand for CRP, it is likely not
the only ligand to which CRP can bind. For example numerous
different groups have reported that CRP also binds to apoptotic
cell membranes (45), to various nuclear antigens (46-48), to the
oxidized LDL receptor (49), and to many other ligands (9, 12, 50,
51), although some of these reactivity’s have been disputed (52).
Additionally, CRP is known to activate the classical pathway of
complement by binding and thereby activating C1q (53-55), and
to activate numerous myeloid, lymphoid, and endothelial cell
responses by binding to a variety of Fc receptors (10, 56). In
general it is most likely that by binding one or more of these
ligands, by activating complement, and by engaging Fc receptors
that CRP mediates its well-described protective influences
against bacterial infection (57-61). As will be detailed later,
these varied ligand and receptor interactions also support
CRP’s participation in various non-infectious diseases. Insofar
as is known, the CRP’s of different species share the same or
similar ligand binding profiles as human CRP (12).

Seminal studies conducted using both rabbit and human cells
showed that the hepatocyte is the main site of CRP synthesis and
assembly (62, 63). That finding and the subsequent mapping of
the human CRP gene to chromosome 1 (64) led to more detailed
studies of the control of CRP expression. While a few studies
have reported that some pre-assembled CRP is kept in
intracellular pools - from which it is expeditiously released
during the APR (65, 66) — the overwhelming evidence from
human cells and transgenic mice (67) has solidly established that
CRP expression - and thus CRP blood levels - is controlled
mainly at the transcriptional level. Today, transcriptional

regulation of CRP is known to be coordinated by a host of
cytokines and hepatic transcription factors, with IL-6 and IL-1f3
being the main cytokines regulating CRP blood levels during
inflammatory episodes (68-70). The latter have been shown to
bind to various overlapping transcription factor binding
elements in the CRP promoter, in a region proximal to its
coding sequence (Figure 2). It is now certain that the levels of
blood CRP in healthy individuals is influenced by genetic
variation in this promoter region (6, 24), but it is still
uncertain whether genetic variation in these or other
regulatory elements contributes to differences in the ability to
upregulate CRP during inflammation. Notwithstanding the latter
gap in knowledge, the available evidence indicates that in the
absence of inflammation baseline CRP expression can be
maintained by the transcription factors hepatic nuclear factor
(HNF) 1 alpha (HNFla) and 3 (HNF3) (69). In contrast
during inflammation, the increased availability of IL-6 and/or
IL-1P supports increased production of the transcription factors
C/EBP, STATS3, cFos, and NF-kB, which act synergistically with
the CRP promoter-bound HNFs to drive high levels of CRP
transcription (68, 69, 71-73). There is also some evidence that
the proximal promoter of CRP, perhaps in conjunction with the
CRP 3’UTR and the downstream pseudogene CRPPI can
assemble into an enhanceosome (Figure 2) that favors more
prolonged transcription of CRP (67, 74-76). Thus it is most likely
that during an APR, the increased quantity and variety of
transcription factors available (coupled with their increased
nuclear residency?) supports more efficient transcription of
CRP, thus accounting for the dramatic increase in circulating
CRP levels (from ~1 mg/L to upwards of ~200 mg/L) that can be
seen within hours during the acute phase response. Presumably
when inflammation is resolved and the availability of cytokines
and transcription factors is lowered, transcriptional control of
CRP is handed back to HNFs (69).

TARGETED LOWERING OF C-REACTIVE
PROTEIN

Blood C-Reactive Protein Lowering as a

Therapeutic for Cardiovascular Disease?

The association of CRP blood levels with cardiovascular disease
(CVD) has been of keen interest for many decades, and today
baseline CRP is recognized both as an independent marker and
predictor of myocardial infarction (MI), stroke, and death from
coronary heart disease in ostensibly healthy people. Conclusive
evidence for CRP causality in human CVD is still lacking [for
more insight see the comprehensive critical reviews by (5, 7)] and
the entire issue remains hotly debated, but the results of at least
four different clinical trials suggest a role for CRP in the
atherogenic process (27, 77-79). Also there is indirect evidence
from many different groups suggesting that CRP is causally
related to CVD. For example CRP is detected in human
atherosclerotic lesions (80-84) and it can activate human
endothelial cells (82, 85, 86). The evidence from transgenic
animals is equally confusing, with some studies (including
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FIGURE 2 | The human C-reactive protein (CRP) gene. (A) Downstream of CRP is the CRP pseudo-gene (CRPP1, lilac box), that is likely involved in cis-acting
regulation of basal CRP expression. (B) The proximal promoter of CRP (light blue box) is typically mapped as the region ~300 nucleotides upstream of the
transcription start site, including the TATA binding site at —29 to —26 (red x). The short 5’ untranslated region (5’UTR; light gray box) precedes the coding sequence
for the 18 amino acid-long leader peptide (dark gray box). Exon 1 encodes the first three amino acids of mature CRP (thin black vertical line) and is immediately
followed by the intron. The remainder of CRP is encoded by exon 2 (black box). CRP has a long 3'UTR sequence (light gray box) with a poly(A) signal (#). Each
region is drawn approximately to scale. (C) The relative locations in the CRP promoter of binding elements for hepatic nuclear factor (HNF) 1. and HNF3 that
contribute to regulation of constitutive expression of CRP (gray boxes) and for C/EBP (yellow boxes), NF-kB (black boxes), and STATS (blue box) that contribute to
regulation of expression of CRP during the acute phase response. Note that C/EBP and NF-kB and the repressor OCT-1 (red box) utilize overlapping elements.

some of our own) indicating human CRP might be pathogenic in
CVD (87-90) whereas others indicating it is not (91, 92). While
the exact contribution of CRP to human CVD remains equivocal
and the debate still rages (93), the current authors will not be
surprised if future placebo-controlled double-blind studies
showed that CRP contributes to the pathophysiology of
human CVD.

Causal or not, it has long been accepted that elevated CRP
marks the presence of disease. If in certain cases elevated CRP
worsens disease, then lowering CRP levels might lead to
improvement. CRP lowering can be achieved by lifestyle
changes (94) or by targeting inflammatory cytokines [e.g. see
(28, 95)], but until recently there was no way to directly and
selectively target CRP. This was the major impediment to clinical
trials designed to directly test the possible benefits of CRP
lowering. Over the last decades several groups have developed
approaches to overcome this nagging problem. For example
Pepys’ group developed a small molecule inhibitor of CRP
(1,6-bis(phosphocholine)-hexane) that they tested in a
preclinical rat model (96). The compound works by
crosslinking two CRP molecules, thereby blocking its ability to
bind endogenous ligands while increasing its clearance from the
blood. In rats that had received injections of human CRP prior to
ligation of their coronary arteries, the signs of subsequent MI
were worsened, indicating that human CRP exacerbates MI. Co-
administration of human CRP plus 1,6-bis(phosphocholine)-
hexane ablated the exacerbating influence of human CRP (96).
This study underscored for the first time the promise of
inhibiting CRP as a new approach for cardio-protection in
acute MI. Our own group also recently tested a different

method of CRP lowering that relies on an antisense
oligonucleotide (ASO) (3). ASOs have been shown to be highly
effective at promoting the selective degradation of their target
mRNAs and to have minimal off-target effects, and several ASOs
have already been approved by the United States Food and Drug
Administration for use in a variety of disease settings (97, 98).
Since CRP is synthesized in the liver and ASOs have a propensity
to accumulate in the liver (99), we designed ASOs to selectively
target CRP mRNA and thereby efficiently reduce blood CRP. We
showed that a human CRP-specific ASO was effective at lowering
baseline CRP and was well-tolerated in healthy volunteers (100),
and subsequently others showed that a human CRP-specific ASO
attenuated CRP elevation (up to 69% compared to placebo) in
humans challenged with endotoxin (101). Using species-specific
CRP-targeting ASOs we showed the approach was also
efficacious in rats and mice subjected to experimentally
induced MI (89, 90, 102). Specifically, the rat CRP-specific
ASO achieved a >60% reduction of rat blood CRP levels and
improved their heart function and pathology following MI, and
treating human CRP transgenic mice with a human CRP-specific
ASO reduced blood human CRP by >70%. A third approach to
CRP lowering is selective apheresis, which has recently been
tested with some success in a small number of patients suffering
from MI (103, 104) and with mixed results in patients with
COVID-19 (105).

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

Using our human CRP transgenic (CRPtg) and CRP knockout
(CRP™7) mice we have investigated the contribution of CRP in a
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wide variety of other diseases and, as in the case of CVD, have
often observed a beneficial effect of CRP lowering. For example,
in mice subjected to surgery-induced bilateral renal ischemia/
reperfusion (I/R) injury, a procedure that faithfully mimics acute
kidney injury (AKI) in humans receiving kidney transplants, we
showed that CRP contributes to the pathogenesis of AKI.
Essentially compared to wild type mice, CRPtg had worse
outcomes after renal I/R whereas CRP™'~ were relatively
resistant (106). Following I/R surgery CRPtg showed more
disruption of their renal tubules and they had increased urine
albumin and serum creatinine compared to wild type. To our
surprise these exacerbating effects of CRP were accompanied by
increased renal infiltration of myeloid derived cells with
suppressor functions (MDSCs; primarily polymorphonuclear
PMN-MDSCs) (106, 107). In contrast in the kidneys of CRP™~
that had undergone renal I/R only a few PMN-MDSCs were
found. In other experiments we established that CRP can
selectively promote the expansion of MDSCs from mouse bone
marrow progenitors and increase their suppressive function (i.e.
their ability to inhibit T cell proliferation) (31). We conducted
other experiments and found that MDSCs directly impact
primary renal tubular epithelial cells (RTEC), i.e. in co-cultures
MDSCs impaired the ability of RTECs to cycle through S-phase
even in the absence of cell-cell contact (unpublished data). The
combined findings suggest that CRP potentiates the expansion of
MDSCs during AKI, likely by selectively promoting their
expansion from bone marrow progenitors. By suppressing cell
cycling, the kidney infiltrating MDSCs initiate a deleterious
progression of events: the impairment of RTEC proliferation
consequently impedes RTEC recovery and thus the restoration of
normal tubular architecture, ultimately setting the stage for
maladaptive repair and chronic kidney disease. Importantly,
we also showed that treating CRPtg mice with the human
CRP-specific ASO prior to I/R surgery lowered CRP, drastically
reduced renal MDSC infiltration, and alleviated AKI (107).
Subsequently we established that CRP also enables human
neutrophils to manifest T cell suppressive actions (31). Based
on these translational findings we think it is likely that
therapeutic lowering of CRP might be of benefit in recipients
of kidney transplants. We also tested the influence of CRP
lowering therapy in the context of an animal model of
rheumatoid arthritis (RA), i.e. collagen-induced arthritis (CIA).
Thus Jones et al. (108) showed that development of CIA is
delayed in CRPtg and accelerated in CRP™'", suggesting that
during onset and development of disease CRP plays a protective
role. On the other hand, when CRPtg with established CIA
(clinical score of > 2) were treated with the human CRP-specific
ASO they showed less inflammation and improvement of CIA
symptoms (100). The protective effect of CRP during onset of
disease might reflect the ability of CRP to impair dendritic cell
functions while at the same time promote MDSC suppressive
activity (30, 31), culminating in a delayed autoimmune response.
Conversely, the detrimental effect of CRP seen during active CIA
is likely because of its complement activating potential (1). These
observations underscore that if CRP lowering is used as a
therapy, the timing of CRP lowering will likely be of

paramount importance. Indeed this ‘timing effect’ may be the
reason why, despite effective CRP lowering, no improvement in
symptoms was observed in patients with active RA treated with a
CRP-specific ASO (109).

Something to Think About: Blood C-
Reactive Protein Lowering in Cancer?
Despite the success of immunotherapies (e.g. checkpoint
inhibitors) to treat solid tumors, there still is a significant
fraction of cancer patients that experience no benefit or only a
short remission after immunotherapy. Immunotherapy is based
on a two pronged approach: 1) boosting the endogenous T cell
anti-tumor response to overcome antigen escape and T cell
exhaustion (110) and 2) modulating intra-tumoral MDSCs
(111). Population studies have established that high CRP levels
associate with increased cancer risk (112-114), increased cancer
progression (8), and increased cancer mortality (115, 116), and
in many cases CRP has been shown to be an independent
prognostic factor for cancer (117-122). Given our finding that
CRP reprograms myeloid cells we therefore think that cancer
might represent a promising opportunity for beneficial
CRP lowering, i.e. reducing blood CRP levels should
result in fewer MDSCs and a less immunosuppressive tumor
microenvironment, thereby potentiating anti-tumor T cell
responses. As discussed earlier, our data showed that CRP is
an enhancer of MDSC generation and suppressive function and
CRP can also inhibit dendritic cell function; therefore we predict
that compared to wild type mice, CRPtg should have more
MDSCs and more tumor burden while the inverse should be
seen in CRP™'~ mice. Indeed in pilot studies (unpublished data)
using an E0771 orthotopic breast cancer model, we observed
CRP™~ had lower tumor burden and lower frequencies of
tumor- and spleen-infiltrating MDSCs compared to CRPtg and
wild type. These preliminary observations hint at the possibility
that CRP contributes to MDSC generation and their eventual
infiltration into tumors. Yet to be explored is whether CRP
within the tumor microenvironment impedes the anti-tumor
response directly (i.e. by inhibiting T cells per se) or indirectly
(i.e. by promoting MDSCs). However, based on our previous
observations that the CRP ASO decreased MDSC infiltration
into I/R injured kidneys and that tumor challenged CRP™'~ mice
had decreased intra-tumor MDSCs, we predict that a CRP-
specific ASO should decrease CRP-driven MDSC infiltration
into tumors. Targeted lowering of CRP should simultaneously
allow for the maturation of tumor-reactive dendritic cells, which
in turn would stimulate tumor-reactive T cell responses.

SUMMARY

Since its discovery nearly a century ago much has been explored
and written about CRP’s association with disease, and
consequently CRP’s role as a marker of inflammation is solidly
established. That being said, CRP is more than just a marker of
inflammation, i.e. it did not evolve nor was it maintained by
natural selection to provide a faithful indication that something
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is amiss with a patient. In the last decades evidence has steadily
been building that CRP contributes to the maintenance of health
and the propagation of some diseases, and for the first time
specific CRP lowering is achievable. Therefore the time has come
we think, for the biological activities of CRP and therapeutic
lowering of CRP to be brought to the forefront in the clinical care
setting. Like any therapy CRP lowering might have some
untoward effects (e.g. it might increase the risk of infection),
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Elements of the immune system particularly that of innate immunity, play important roles
beyond their traditional tasks in host defense, including manifold roles in the nervous
system. Complement-mediated synaptic pruning is essential in the developing and
healthy functioning brain and becomes aberrant in neurodegenerative disorders. C1q,
component of the classical complement pathway, plays a central role in tagging synapses
for elimination; however, the underlying molecular mechanisms and interaction partners
are mostly unknown. Neuronal pentraxins (NPs) are involved in synapse formation and
plasticity, moreover, NP1 contributes to cell death and neurodegeneration under adverse
conditions. Here, we investigated the potential interaction between C1g and NPs, and its
role in microglial phagocytosis of synapses in adult mice. We verified in vitro that NPs
interact with C1q, as well as activate the complement system. Flow cytometry,
immunostaining and co-immunoprecipitation showed that synapse-bound C1q
colocalizes and interacts with NPs. High-resolution confocal microscopy revealed that
microglia-surrounded C1qg-tagged synapses are NP1 positive. We have also observed the
synaptic occurrence of C4 suggesting that activation of the classical pathway cannot be
ruled out in synaptic plasticity in healthy adult animals. In summary, our results indicate
that NPs play a regulatory role in the synaptic function of C1g. Whether this role can be
intensified upon pathological conditions, such as in Alzheimer’'s disease, is to
be disclosed.

Keywords: synaptic pruning, neuronal pentraxin, complement component C1q, synaptosome, flow cytometry,
immunostaining, complement classical pathway, microglial phagocytosis
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INTRODUCTION

Complement components and pentraxins represent major
humoral factors of the innate immune system, that often in
collaboration play important roles in host defense, removal of
dead cells, and several other physiological processes (1-4). In
addition to acting systemically, complement and pentraxins are
integral part of the neuroimmune axis and are involved in
neurodegenerative diseases.

In the healthy brain, synaptic pruning is tightly regulated,
primarily guided by an inherent developmental program and
neuronal activity, persistently sculpting the global synaptic
network suitable for optimal functioning. Maladaptive synaptic
connectivity is usually a core component in the pathology of
central nervous system (CNS) diseases, such as autism spectrum
disorders (5) and schizophrenia (6). Moreover, excessive synapse
loss is the hallmark of Alzheimer’s disease and other dementias
(7, 8). A set of delicately regulated molecular machinery has
evolved, having neuronal or non-neuronal origin, to tailor
proper synaptogenesis and synapse elimination. Among them,
a continuously growing body of evidence raises the role of the
local complement system in synaptic pruning (9). Secreted
microglial complement components Clq and C3b are
deposited onto synapses to be eliminated leading to their
recognition and engulfment by surrounding microglia (10, 11)
in a yet not fully understood manner. Disturbances in
complement-dependent synaptic pruning are in a causal
relationship with the development of neurodegenerative
disorders, schizophrenia, and epilepsy (5-8, 12), and recently
reviewed by Tenner et al. (13), pointing out that properly
functioning complement-mediated synapse elimination is
indispensable for normal CNS functions. Even in adults,
synapses are dynamically formed and eliminated as part of
synaptic plasticity and linked to memory and learning. It is
known that synaptic turnover can occur at high rates in
adulthood (14). The average lifetime of synapses show large
variety (15-17); synapses are constantly renewed, and thus it is
relevant to carry out studies on adult mice.

Very little is currently known about the interaction partners
of the initial complement component C1q in the CNS, especially
on the synaptic surface that might drive synapse recognition.
Earlier, we have shown in adult mice that Clg-tagging of
synapses is linked to local apoptotic-like processes such as
phosphatidylserine externalization (18), which has been
recently pointed out as a key factor in developmental synaptic
pruning by microglia (19). Nevertheless, members of the family
of neuronal pentraxins (NPs) are suggested to be potential
binding partners of Clq (20) because they share substantial
structural homology with acute-phase immune proteins and
well-known Clq binding partners: pentraxin 3 (PTX3) from
the long-pentraxin family (21), the short-pentraxin C-reactive
protein and serum amyloid P component (22). Intriguingly, mice
lacking NP expression show defective synaptic refinement in the
developing visual system (23), which is reminiscent of the deficits
in input segregation described in C1q knock-out mice (10). NPs
comprising NP1 and NP2, together with the neuronal pentraxin
receptor (NPR) are abundantly present in the synaptic

compartment and play a vital role in maintaining synaptic
transmission and synaptic strength. Previous studies have
established that NPs act via forming a large complex with each
other and the AMPA-type glutamate receptors, thereby
clustering on postsynaptic membranes of excitatory synapses
(24, 25). Through their AMPA-receptor binding capabilities,
NPs have emerged as potent regulators of excitatory
synaptogenesis (26), functional synapse conversion (27), and
synaptic plasticity (25, 28). Presynaptic release of NP2 from
excitatory axon terminals is neuronal activity-dependent (29-
31), and its secretion aids the homeostatic fine-tuning of synaptic
transmission in local neuronal networks (32). On the other hand,
it has been reported that NP1 acts in neuronal activity-
independent manner, and its hetero-oligomers with NP2
exhibit higher clustering activity on AMPA-receptor than NP1
homo-oligomers (25). Apparently in contrast to its neuronal
activity-independent synaptogenic roles, NP1 also contributes to
neuronal cell death and neurodegeneration under adverse
conditions in an activation dependent manner. During low
neuronal activity, increased NP1 expression is evoked,
triggering apoptotic neuronal cell death (33) mediated by
glycogen synthase kinase-3 (Gsk3) activity (34), and involved
in the mitochondrial accumulation of the pro-apoptotic BAX
(35). Similarly, NP1 promotes neuronal cell death under
hypoxic-ischemic conditions (36) and might be an important
player in the pathomechanism of neurotoxic amyloid-beta-
induced synapse loss, neurite damage, and cell death (37).

In sum, NPs are involved in synapse formation and plasticity;
moreover, NP1 also serves as a neuronal mediator of harmful
external stimuli directing affected neurons to apoptosis. In spite
of the huge impact of both the complement and NPs on the
synaptic network and their assumed binding capabilities to each
other, it remained elusive whether their synaptic functions
converge. Therefore, in this study, we systematically examined
the potential interaction between Clq and NPs, particularly in
the synaptic compartment in adult, wild-type mice. Moreover,
we studied whether their interaction plays a role in the microglial
phagocytosis of Clq-tagged synapses.

MATERIALS AND METHODS

Animals

The experiments were conducted on in-house bred 6-8 months
old male C57BL/6N mice. Animals were housed under standard
laboratory conditions (12:12 h light-dark cycle with free access
to water and food).

Antibodies Used in This Study

AB1: anti-mouse synaptophysin (#101 006, Synaptic Systems,
Gottingen, Germany); AB2: anti-mouse cytochrome ¢ oxidase
subunit 4 (Cox4, #sc-58348, Santa Cruz Biotechnology, Dallas,
TX, USA (Santa Cruz)); AB3: anti-mouse actin-f (#AC026,
Abclonal, Woburn, MA, USA); AB4: anti-mouse postsynaptic
density protein 95 (Psd95, #MA1-045, Thermo Fisher Scientific
(Thermo)); AB5: anti-mouse L-lactate dehydrogenase B (Ldhb,
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#PAB69Mu01, Cloude-Clone Corp.; Katy, TX, USA), AB6: anti-
human and mouse neuronal pentraxin 1 (#20656-1-AP,
Proteintech, Rosemont, IL, USA); AB7: anti-human and mouse
neuronal pentraxin 2 (#sc-166035, Santa Cruz); AB8: anti-rabbit
Alexa Fluor 488-conjugated (#711-545-152, Jackson
ImmunoResearch Laboratories, West Grove, PA, USA (Jackson));
AB9: anti-mouse Alexa Fluor 647-conjugated (#715-605-151,
Jackson); AB10: anti-human Clgb antibody (#H00000713-DO01P,
Abnova, Taipei, Taiwan); AB11: anti-mouse secondary antibody,
HRP-conjugated (#715-035-150, Jackson), AB12: anti-His-tag
antibody (#MA1-21315, Thermo), AB13: anti-human C4BP
antibody (#MCA2609, Bio-Rad); AB14: anti-human C4 (A305,
Quidel, San Diego, CA, USA); ABI15: anti-goat HRP-conjugated
(#P0449, Dako, Agilent, Santa Clara, CA, USA); AB16: anti-human
neuronal pentraxin 1 (#ST]73037; St John’s Laboratory, London,
UK); AB17: anti-human and mouse C1qA (#PAD207Mu01; Cloud-
Clone Corp.); AB18: anti-goat Alexa Fluor 488-conjugated (#705-
545-147; Jackson); AB19: anti-mouse Alexa Fluor 488-conjugated
(#715-545-151, Jackson); AB20: anti-rabbit Alexa Fluor 647-
conjugated (1:500 dilution; catalogue number: 715-605-151;
Jackson), AB21: anti-mouse ClqA (# AB172451; Abcam,
Cambridge, UK); AB22: anti-mouse Ibal (#234 004, Synaptic
Systems); AB23: anti-mouse Alexa Fluor 594-conjugated (#715-
585-150, Jackson); AB24: anti-rabbit Cy3-conjugated (#711-165-
152; Jackson); AB25: anti-chicken Cy5-conjugated (#703-175-155;
Jackson); AB26: anti-guinea pig Alexa Fluor 488-conjugated (#706-
545-148; Jackson); AB27: anti-human and mouse neuronal
pentraxin 2 (# 10889-1-AP; Proteintech); AB28: anti-mouse
synaptophysin (#ab8049; Abcam); AB29: anti-mouse MAP2 (#
ab5392; Abcam); AB30: anti-chicken Cy3-conjugated (#703-165-
155; Jackson); AB31: rabbit isotype control (#02-6102, Thermo);
AB32: mouse isotype control (Mopc, BioLegend); AB33: anti-C4
(#PAA888Mu01, Cloud-Clone Corp.). Dilutions are shown in the
descriptions of the corresponding methods.

Primary Neuronal Culture

Primary neuronal cell culture was prepared from the cerebral
cortices of mice on embryonic days 17-18 (E17-18). Subsequent
to the euthanasia of the mother via cervical dislocation, E17-18
embryos were removed, and their cerebral cortices were collected
free from meninges under aseptic conditions according to Morotz
etal. (38). After culturing the primary neurons for 14 days in vitro,
the cell culture was subjected to immunofluorescence labeling (see
the protocol below).

Isolated and Recombinant Proteins
Recombinant human His-tagged NP1 and NP2 proteins were
purchased from R&D Systems (Minneapolis, MN, USA; catalog
numbers: 7707-NP-050 and 7816-NP-050). Factor H (FH)
(catalog number: 341274) and human C1 (catalog number:
204873) were purchase from Merck Millipore (Billerica, MA,
USA). The Clq was isolated from mouse serum in-house
according to Gyorfty et al. (18), and His-tagged human PTX3
was prepared in-house (see below).

Western Blotting

Protein samples were completed with an equal volume of
reducing 2x Laemmli buffer, incubated at 96 °C for 5 min, and
subjected to SDS-PAGE using 10% (w/v) polyacrylamide gels in
all experiments. After separation, proteins were blotted to PVDF
membranes at 100 mA for 1 h and then blocked with 5% (w/v)
bovine serum albumin (BSA) in 0.1% (v/v) Tween-20, Tris-
buffered saline (TBS-T) for 1 h at room temperature (RT).
Membranes were incubated in blocking buffer overnight at 4 °C
with primary antibodies as follows: either anti-Syp (AB1, 1:500),
anti-Cox4 (AB2, 1:500), anti-actin- 8 (AB3, 1:10,000), anti-Psd95
(AB4, 1:1500), anti-Ldhb (AB5, 1:1,000), anti-NP1 (AB6,
1:1,000), or anti-NP2 (AB7, 1:1,000). Subsequently, blots were
incubated in TBS-T for 2 h at RT with the proper secondary
antibodies: either anti-rabbit Alexa Fluor 488-conjugated (ABS,
1:1,000) or, anti-mouse Alexa Fluor 647-conjugated (AB9,
1:1,000) antibody. Fluorescence of protein bands was detected
with a Typhoon Trio+ scanner (Amersham Biosciences, Little
Chalfont, UK).

Plasmid, Transfection, and Cell Culture

The entire coding sequence of the human PTX3 ¢cDNA (1,146
bp) was cloned into the BamHI and EcoRI sites of pPTX plasmid
(modified pcDNA3.1+). The PTX3 construct contained Hises-tag
at the C terminus.

HEK-293 H cells, a kind gift of Arpad Mike (E6tvos Lorand
University, Budapest, Hungary), were grown in ProCHOS5
medium at 37 °C in a humidified incubator with 5% CQO,/95%
air. To generate a stable cell line, we transfected cells with a
plasmid containing the human pentraxin 3 gene using
Lipofectamine 3000 (Thermo Fisher Scientific, Waltham, MA,
USA). Typically, 7 pg of DNA and 10 pl of Lipofectamine 3000
were used per T 25 cell culture flask. Geneticin (catalog number:
10131027, Thermo Fisher Scientific) was used as a selection
marker. We started at 200 pg/ml protein concentration, and
every second or third day, we duplicated the dose up to 1 mg/ml.
PTX3 expression of the heterologous stable cell line was detected
by Western blotting. Restriction and DNA modification
enzymes, DNA and protein molecular weight standards were
purchased from Thermo Fisher Scientific (Waltham, MA, USA).

Nickel Affinity and Anion Exchange
Chromatography

PTX3 was purified by Ni**-affinity chromatography (Profinity
IMAC Resin, Bio-Rad, Hercules, CA, USA). The column was
equilibrated with a buffer containing 20 mM Tris, 300 mM NaCl,
and 10 mM imidazole, pH 8. After incubating the cell lysate on
the column, PTX3 was eluted using the same buffer
supplemented with 500 mM imidazole. After dialyzing PTX3-
containing fractions against 20 mM Tris pH 8 buffer containing
300 mM NaCl, samples were loaded on anion-exchange column
(HiTrap Q HP, GE Healthcare, Chicago, IL, USA) equilibrated
with the same Tris buffer. The protein was eluted by a linear
NaCl gradient (300-1000 mM). In each purification step, the
PTX3 content of the fractions was tested by Western blotting.
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Microtiter Plate Binding Assays

Costar microtiter plates (Corning, Corning, NY, USA) were
coated with either NP1, NP2, or PTX3 (10 pg/ml) in
phosphate-buffered saline (PBS) overnight at 4 °C. After
blocking with 4% (w/v) BSA in 0.05% (v/v) Tween-20, PBS
(PBS-T) for 1 h at RT, wells were incubated with C1q (5.6-45 pg/
ml) diluted in PBS for 1 h at RT. The wells were washed with
PBS-T and bound Clq was recognized via incubation with anti-
Cl1gb antibody (AB10, 1:1000) in blocking solution for 1 h at RT.
After washing with PBS-T, wells were incubated with HRP-
conjugated anti-mouse secondary antibody (AB11, 1:8,000) in
PBS-T for 45 min at RT. 3,3',5,5'-tetramethylbenzidine (TMB)
substrate (catalog number: 34028, Thermo Fisher Scientific) level
was measured at 450 nm. To investigate whether pentraxins can
bind to the C1 complex, FH, or C4b-binding protein (C4BP),
microtiter plate binding assays were performed essentially as
described above. Wells were coated with either C1 (5 pg/ml) or
FH (10 pug/ml) and, after the blocking, incubated with neuronal
pentraxins. For Cl1, 3.7-30 pg/ml NP1 and NP2, and 1.8-15 pg/
ml PTX3 were used and for FH, 2.5-20 pg/ml NP1 and NP2 and
1.2-10 pg/ml PTX3 were used. To detect bound pentraxins, wells
were incubated with an anti-His-tag antibody (AB12, 1:1,000) in
blocking solution for 1 h at RT, and the signal was detected as
described above. For C4BP, equal concentrations (10 ug/ml) of
NP1, NP2, and PTX3 were coated and were blocked with 4%
(w/v) BSA in PBS-T for 1 h at RT. Then wells were incubated
with 6.2-100 ug/ml C4BP. To detect bound C4BPs, wells were
incubated with an anti-C4BP antibody (AB13, 1:1000) in
blocking solution for 1 h at RT, and the signal was detected as
described above.

Complement Activation Assays

We investigated complement cascade activation by neuronal
pentraxins via the classical pathway. Nunc microplates
(Thermo Fisher Scientific) were coated with either NP1, NP2,
or PTX3 (10 pg/ml) and blocked with 4% (w/v) BSA in PBS-T for
1 h at RT. Next, wells were incubated with 2% (v/v) normal or
Clq-depleted human serum (catalog number: 234401, Sigma-
Aldrich, Saint Louis, MO, USA) in PBS containing Ca®*/Mg**
(catalog number: 14040-091, Thermo Fisher Scientific)
supplemented either with 20 mM EDTA or EDTA-free for
30 min at 37 °C. Complement activation was detected by
quantifying the deposited C4b using anti-C4 primary (AB14,
1:1,000) and anti-goat HRP-conjugated (AB15, 1:2,000)
secondary antibody.

Subcellular Fractionation

After urethane anesthesia, mice were transcardially perfused with
ice-cold PBS to exclude potentially interfering effects of blood-
derived Cl1q. Then mice were decapitated, and their brains were
quickly removed. Fractionation of subcellular compartments was
started immediately after brain removal. The fraction of cortical
synaptosomes was prepared as described in Hahn et al., 2009
(39). Briefly, the cerebral cortex samples were mechanically
homogenized in a sucrose-based, iso-osmotic medium.

Subsequently, a discontinuous density gradient was prepared,
an ultracentrifugation step was applied, and the highly pure
fraction of synaptosomes was collected from the interface
between the two layers with different densities [validated in
Gyorffy et al. (18)]. Synaptosome samples were either
fractionated further immediately to obtain sub-synaptic
compartments or kept at 4 °C for up to 16 h for immunolabeling.

A sub-synaptic fractionation procedure was applied to the
synaptosomes prepared from the whole brains of mice in order
to separate the compartments of synaptic plasma membrane,
synaptic cytoplasm, and synaptic mitochondria in the required
amounts of downstream investigations. Our aim was to unveil
the distribution of NP1 and NP2 proteins among these sub-
synaptic compartments. To this end, we performed the protocol
described in Bermejo et al., 2014 with minor modifications (40).
In brief, isolated synaptosomes were ruptured by exposure
to hypo-osmotic conditions for 30 min at 4 °C and
mechanical homogenization with a glass tissue homogenizer to
enable complete lysis of the synaptosomes. After an
ultracentrifugation step (25,000 x g, 20 min), the supernatant
was collected designated as the cytoplasmic compartment
comprising the soluble protein content and the synaptic vesicle
fraction of the synaptosomes, and devoid of plasma membrane-
attached insoluble supramolecular complexes (e.g., the post-
synaptic density). The pellet was resuspended, layered on top
of a discontinuous sucrose density gradient, and ultracentrifuged
(150,000 x g, 2 h). The synaptic plasma membrane fraction was
collected from the lowest interface, while the synaptic mitochondrial
fraction was recovered from the pellet via solubilization in 2x
Laemmli buffer. The synaptic plasma membrane was pelleted by
ultracentrifugation (200,000 x g, 30 min) and solubilized in 2x
Laemmli buffer as well. Finally, proteins of the synaptic cytoplasmic
compartment were acetone-precipitated and solubilized in the same
denaturing buffer. Fractions were stored at —80 °C until further use.

The purity of the sub-synaptic compartment fractions was
evaluated using compartment-specific protein markers. We have
chosen postsynaptic density protein 95 (Psd95) localized only in
the insoluble, membrane-bound postsynaptic protein scaffold and
showing marked enrichment in the synaptic plasma membrane
fraction (40). L-lactate dehydrogenase B chain (Ldhb) and
cytochrome ¢ oxidase subunit 4 (Cox4) were used exclusively as
cytoplasmic (41), and mitochondria-specific (42) proteins,
respectively. In each fraction, Psd95, Ldhb, and Cox4 levels were
quantified after Western blotting via densitometry, and the
composition of every fraction was assessed based on their relative
amount in the lysates. A system of linear equations was formulated
where x, y, and z variables represented the synaptic plasma
membrane, cytoplasm and mitochondrial content of each fraction,
respectively, and experimentally detected NP fluorescence intensity
levels were paired with the corresponding fractions. Solving the
equations revealed the NP levels for each type of sub-synaptic
compartment. Statistically significant differences in the levels of NPs
between the different compartments were determined using one-way
repeated measures ANOVA. In case of statistically significant
difference between any of the investigated groups, the Bonferroni
post hoc test was employed.
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Immunolabeling of Synaptosomes and
Flow Cytometry
Immunolabeling of synaptosome fraction and analysis via flow
cytometry were carried out as described previously (18) with
minor modifications. In brief, synaptosomes were gently fixed
with 0.25% (w/v) formaldehyde in sucrose-Tris buffer (320 mM
sucrose, 5 mM Tris, pH 7.4). This iso-osmotic buffer possessing
low ionic strength is fundamental for preventing synaptosome-
aggregation (43). On the other hand, we omitted EDTA from the
traditional sucrose-EDTA-Tris buffer (18, 43) in order to prevent
deterioration of target-binding capabilities of Clq (44). After
blocking aspecific interactions with 1% (w/v) BSA in sucrose-
Tris buffer, the samples were incubated with either anti-neuronal
pentraxin 1 (AB 16, 1:100) or anti-neuronal pentraxin 2 (AB7,
1:100), with or without anti-C1qA (AB17, 1:100) primary
antibodies for 60 min at RT. After washing, either anti-goat
Alexa Fluor 488-conjugated (AB18, 1:500) or anti-mouse Alexa
Fluor 488-conjugated (AB19, 1:500) with or without anti-rabbit
Alexa Fluor 647 (AB20, 1:500) secondary antibodies were applied
for 45 min at RT to detect NP1, NP2, and C1qA, respectively.
Finally, samples were extensively washed and then filtered
through a 5.0-um Durapore membrane filter (Merck Millipore).
Flow cytometry analysis of fluorescently immunolabeled
synaptosomes was carried out as described earlier (18) using a
BD FACSAria III sorter (BD Biosciences, San Jose, CA, USA)
coupled with BD FACSDiva software (BD Biosciences). Gating
was set the way it resulted 1% false positive for secondary control
sample. For testing the viability of synaptosomes and validating
the exclusive binding of antibodies to the synaptic surface,
calcein-AM labeling (Thermo Fisher Scientific) was applied
following the manufacturer’s instructions. Calcein labeling was
done separately, and the calcein-labeled samples went through
the same procedure as the antibody-labeled samples.

Immunofluorescence Staining of Mouse
Brain Sections

Urethane-anesthetized mice were transcardially perfused with
ice-cold 0.1 M phosphate buffer (PB), pH 7.4, and subsequently,
with 2% (w/v) formaldehyde, 0.1 M PB. After perfusion, the
brains were removed and post-fixed for an additional 3 h using
the same fixative solution at RT. After the washing steps with 0.1
M PB, 60 pm-thick, sagittal brain sections were produced using a
vibratome, which was followed by additional extensive washing
with 0.1 M PB. For the immunostaining, sections were washed
first with TBS and then incubated in a blocking buffer (150 mM
NaCl, 50 mM Tris, 100 mM L-lysine, 3% (w/v) BSA, pH 7.4) for
45 min at RT. Subsequently, brain sections were incubated in
primary antibody buffer (150 mM NaCl, 50 mM Tris, 100 mM L-
lysine, 1% (w/v) BSA, pH 7.4) containing either anti-neuronal
pentraxin 1 (AB16, 1:100) or anti-neuronal pentraxin 2 (AB7,
1:50) together with anti-ClqA (AB21, 1:1,000), and anti-
synaptophysin (AB1, 1:500) primary antibodies for 3 days at 4 °C.
A group of brain sections was also labeled with anti-Ibal (AB22,
1:200) primary antibody, as well. After washing with TBS, sections
were incubated for 3 h at RT with either anti-goat Alexa Fluor 488-
conjugated (AB18, 1:400), anti-mouse Alexa Fluor 594-conjugated

(AB23, 1:400), together with anti-rabbit Cy3-conjugated (AB24,
1:400) and anti-chicken Cy5-conjugated (AB25, 1:400) secondary
antibodies to detect NP1, NP2, Clq, and synaptophysin (Syp),
respectively. For Ibal (Ionized calcium-binding adapter molecule 1)
detection, anti-guinea pig Alexa Fluor 488-conjugated (AB26,
1:400) secondary antibody was used. For C4 staining, brain
sections were labeled with anti-C4 (AB33, 1:100) antibody and
anti-synaptophysin (AB1, 1:500) primary antibodies for three days
at 4 °C. Labeling with secondary antibodies was similar as above
using anti-rabbit Alexa Fluor 488-conjugated (AB8, 1:400), together
with anti-chicken Cy3-conjugated (AB30, 1:400) secondary
antibodies to detect C4 and synaptophysin (Syp), respectively.

Immunostained sections were washed with TBS, mounted on
glass slides using Aqua-Poly/Mount medium (catalog number:
18606-20; Polysciences, Warrington, PA, USA), and the slides
were covered with cover glass (catalog number: CS2440100,
Menzel Glaser, No. 1).

Immunofluorescence Staining of Mouse
Primary Cortical Neurons

The glass coverslips with primary neurons were incubated in PBS
and subsequently, fixed with 4% (w/v) formaldehyde at RT for
15 min and washed with PBS three times. We incubated the
coverslips in blocking buffer (PBS containing 0.3% (v/v) Triton
X-100, 3% (w/v) BSA, pH 7.4) at RT for 1 h. Subsequently,
coverslips were incubated in primary antibody buffer (PBS
containing 0.3% (v/v) Triton X-100, 3% (w/v) BSA, pH 7.4)
containing either anti-neuronal pentraxin 1 (AB16, 1:1,000) or
anti-neuronal pentraxin 2 (AB27, 1:100) together with anti-
synaptophysin (AB28, 1:100) and anti-MAP2 (AB29, 1:10,000)
O/N at 4 °C. After extensive washing with PBS, coverslips were
incubated for 1.5 h at RT with either anti-goat Alexa Fluor 488-
conjugated (AB18, 1:800) or anti-rabbit Alexa Fluor 488-
conjugated (AB8, 1:800), together with anti-chicken
Cy3-conjugated (AB30, 1:800), and anti-mouse Alexa Fluor
647-conjugated (AB9, 1:800) secondary antibodies to detect
NP1, NP2, MAP2 (microtubule-associated protein 2), and Syp,
respectively. Immunostained coverslips were washed with PBS
and mounted on glass slides using Aqua-Poly/Mount medium
(catalog number: 18606-20; Polysciences).

High-Resolution Confocal Microscopy

and Image Analysis

Leica HyVolution 2 pseudo-super-resolution imaging was
performed by a Leica TCS SP8 STED microscope using a Leica
HC PL APO 100x STED white (1.4 NA) objective (Leica
Microsystems, Wetzlar, Germany). The fluorescence of each
dye was detected sequentially by using a hybrid detector and
spectral detections. When three-labeled samples were imaged,
the fluorescence of Alexa Fluor 488, Cy3, and Cy5 dyes were
detected between 500-544 nm, 562-602 nm and 650-700 nm
wavelengths at 488, 552, and 638 nm excitations, respectively. In
the case of the samples with four labels, we used 488 nm (for
Alexa Fluor 488), 552 nm (for Cy3 and Alexa Fluor 594) as well
as 638 nm (for Alexa Fluor 647) wavelength lasers, and 504-546
nm, 589-614 nm, 630-652 nm, and 658-700 nm emission filters,
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respectively. Huygens Pro deconvolution software was used for
image restoration and Leica LAS X 3.1.1 software was used for
image analysis. The lateral dimensions of the acquired images
were ~50 x 50 um, whereas the axial dimension was ~3 um. To
make the investigation unbiased, the 50 x 50 pm fields were
randomly selected in the neuropil of the approximately 1,500 x
1,500 pum large somatosensory area. Eighteen 3D-images were
collected from nine sections of three animals; each image was
stacked in 15-25 planes.

Colocalization analysis was carried out using an automated
high-throughput workflow specifically tailored to aid the reliable
identification of immunolabeled proteins and assessment of the
degree of their colocalization. This approach is based on the Fiji
image-analysis platform [an extended version of the Image]
program (45)] and on a combination of its suitable plugins.
The herein described protocol enables the colocalization analysis
of Clq, NP1/2, and Syp proteins, all of which are distributed on
the brain sections as discrete spots (diameters <~1 um in the XY
plane]. Images were split according to the fluorescence channels,
and individual images were subjected to image segmentation via
a two-step process. First, local maxima of individual spots (peaks
of fluorescence intensity within a predefined radius in the X, Y,
and Z planes) were identified using the 3D Maxima Finder
plugin. Subsequently, segmentation of spots was carried out
employing the 3D Spot Segmentation plugin. In brief, after
applying a “watershed” process on the original images,
individual spots were segmented using both the original and
local maxima images based on the “local mean” thresholding
method. The threshold values were set between 5,000 and 7,000
in the 16 bit (0-65,535) intensity scale. Pairwise colocalization
analyses between C1q, NP1/2, and Syp proteins were carried out
using their corresponding segmented images. Objects-based
analyses were performed using the JACoP [“Just Another
Colocalization Plugin” (46)], working on distances between
objects’ geometrical centers (centroids). Briefly, an ellipsoid
was calculated around every centroid with the maximal lateral
and axial sizes of 200 nm and 500 nm, respectively
(approximating the point spread function of the object).
Particles were considered colocalizing if their corresponding
ellipsoids were overlapping in the 3D space. After the pairwise
analyses, evaluation of colocalization was also implemented
between those Clq and NP1/2 centroids that simultaneously
showed colocalization with Syp centroids, as well. The latter
examination revealed the degree of colocalization between
synaptic C1q and NP1/2 proteins. We also tested whether the
close proximity of synaptic Cl1q and NP1/2 proteins in overall
was solely accidental consequently to their high abundance in the
synapse-rich cerebral cortex. For this, we utilized the Distance
Analysis (DiAna) plugin (47) to randomly shuffle in the 3D space
the centroids of one of the channels before the pairwise
comparison of the two channels and the calculation of the
cumulative frequency distribution of the minimal center-to-
center distances for an image. The Monte Carlo simulation
was automatically performed 100-times, and the mean
cumulative frequency distribution and its 95% confidence
interval envelope were calculated for the shuffled images. As

the cumulative frequency distribution of the observed minimal
center-to-center distances was not normally distributed, we
compared the difference between the observed distributions
with the mean shuffled distribution using a non-parametric
statistical approach. Thus, we employed the Wilcoxon signed-
rank test, and compared the median of the observed cumulative
frequency distribution with that of the corresponding mean
shuffled distribution.

C4, NP1, and Syp colocalization analysis was performed by
using the same method as described above.

Finally, we assessed the degree of colocalization of NP1/2 with
Clq-colocalizing Syp spots within the microglia to address
whether Clq-tagged eliminated synapses preferentially contain
NPs or not. This analysis involved the identification of C1q- and
NP1/2-colocalizing Syp centroids using the scheme described
above. Microglial cells were reconstructed using microglial Ibal
staining and pixel intensity threshold-based image segmentation
in Fiji. 3D-rendered reconstruction of the same stack of images
created only for visualization purposes, using the 3D Viewer
plugin of Fiji, displayed using its “Surface” function with a
threshold set to either 100 (for Clq, NP1/2, and Syp) or 50
(for Ibal). Subsequently, the number of those Clg-colocalized
Syp centroids that were overlapping with the Ibal staining with
or without NP1/2 proteins were evaluated using JACoP plugin’s
centers-particles coincidence function.

Co-Immunoprecipitation

Co-immunoprecipitation experiments were performed to identify
the direct or indirect interaction partners of synaptic NP1 and Clq.
Cortical synaptosomes were lysed via mechanical homogenization
with Sample Grinding Kit (catalog number: 80-6483-37, GE
Healthcare), according to the manufacturer’s instructions, in TBS
containing 1% (v/v) Triton X-100, 1 mM CaCl2, 1 mM MgCl2,
supplemented with protease and phosphatase inhibitor cocktails
(catalog numbers: P8340 and P5726, respectively, Sigma-Aldrich,
Saint Louis, MO, USA) at 4 °C. Subsequently, lysates were pre-
cleared with ProteinA/G Sepharose beads (catalog number:
ab193262, Abcam) strictly following the manufacturer’s
instructions, and incubated overnight at 4 °C with one of the
primary antibodies as follows, depending on the experiment: anti-
NP1 (AB6, 2 pg/sample), anti-C1qA (AB17, 2 pg/sample), rabbit
isotype control (AB31, 2 pg/sample), mouse isotype control (AB32,
8 pg/sample). On the next day, samples were incubated with the
beads for 1 h at 4 °C. Unbound proteins were completely removed
after consecutive centrifugation steps, and then, captured proteins
were eluted by incubating the beads at 96 °C for 5 min in 2x
Laemmli buffer. The samples were run on SDS-PAGE, and the
whole lanes were subjected to protein identification.

Mass Spectrometry-Based Protein
Identification

Protein identification by mass spectrometry was carried out as
described previously (48). Briefly, each gel-lane was cut to five
pieces, and the proteins were reduced, alkylated, and in-gel
digested with trypsin (sequencing grade modified, side chain
protected porcine trypsin, Promega, Madison, WI, USA)
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following the protocol by Shevchenko et al. (49). The HPLC-MS/
MS analysis of the tryptic peptide mixtures was performed using
a nanoflow UHPLC system (Waters M-Class UPLC) coupled to
an LTQ-Orbitrap Elite (Thermo Fisher Scientific, Bremen,
Germany) fitted with a nanospray ion source. 5 pl of tryptic
peptides was injected into a trap column and then separated on a
reverse-phase nano column. The elution of the peptides to the
emitter tip was achieved using a flow rate of 250 nl/min and a
36 min long gradient increasing from 10 to 40% of solvent B
(solvent A was water containing 0.1% formic acid, and solvent B
was acetonitrile containing 0.1% formic acid).

RESULTS

Neuronal Pentraxins Bind to C1q

and C1 and Activate the Classical
Complement Pathway

The presumed interaction between NPs and Clq was first
examined in vitro using recombinant proteins in a microtiter
plate binding assay. NP1, NP2, and the positive control PTX3
were coated and then incubated with purified Clq. Confirming
our initial assumption, C1q showed direct interaction with both
NP1 and NP2 in a dose-dependent manner, comparable to the
positive control PTX3 (Figure 1A). Our additional, reverse
experiments showed the same binding characteristics between
pentraxins and Clq when purified Clq was coated
(Supplementary Datasheet 2). We addressed whether NPs
could also bind to the entire C1 complex consisting of Clq
and serine proteases Clr and Cls. Similar to the results above,
dose-dependent binding of NPs and PTX3, as well, to C1 was
observed using ELISA (Figure 1B). We further investigated if the
demonstrated interactions are functional and strong enough to
trigger activation of the classical pathway of the complement
system. Thus, we coated NPs and conducted a complement

activation assay using 2% normal and Clq-depleted human
sera. According to Seelen et al.,, the 2% serum is sufficient to
activate the classical pathway exclusively through Clq (50). Our
results show that NPs are able to activate the classical pathway,
measured as deposited C4 fragments in the presence of the C1
complex similar to the positive control Immunglobulin G (IgG)
and PTX3. On the other hand, NPs, IgG, and PTX3 equally failed
to activate the complement cascade in the absence of Clq from
the serum indicating their contribution to complement
activation via the classical pathway instead of the alternative or
lectin routes (Figure 1C). Note that full recovery of complement
activation was not observed using Clq-depleted serum with
externally added Clq, in the assay utilizing neither the NPs,
nor the positive control IgG and PTX3 proteins. Nevertheless,
the added Clq substantially facilitated complement activation
using all the investigated pentraxins and the IgG protein
compared to the Clg-lacking condition.

Neuronal Pentraxins Bind C4BP

and Factor H

Several host ligands bind Clq and thus activate complement, but
soluble complement regulatory proteins C4BP and factor H bound
at the same time limit complement activation to the C3 level (51).
PTX3 is known to bind C4BP, an inhibitor of the classical pathway
(52). We investigated the interaction of NPs with C4BP and found
a dose-dependent binding profile similar to that of PTX3
(Supplementary Datasheet 2). Factor H, an inhibitor of the
alternative pathway also bound NPs and PTX3 when it was
coated to ELISA plate (Supplementary Datasheet 2).

NP1 Co-Immunoprecipitates With C1q

in the Synaptic Lysate

After demonstrating the binding Clq to NPs in vitro, we
investigated if the interaction could occur in vivo in the
synaptic environment using co-immunoprecipitation followed
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FIGURE 1 | Interaction of neuronal pentraxins with C1q and C1 in vitro and activation of the complement classical pathway. (A) In an ELISA assay, NP1, NP2, and
the positive control PTX3 were coated, and then, wells were incubated with purified C1q, and binding was detected with anti-C1q antibody. C1q showed direct
interaction with both NP1 and NP2 in a dose-dependent manner, comparable to PTX3. Means + SEM; n = 5. (B) Assay results with C1 complex immobilized.
Recombinant NPs were detected with anti-His antibody and exhibited dose-dependent binding (representative experiment, Means + SEM; n = 4.) Plots in (A, B)
were fitted with hyperbolic function. (C) NP-dependent activation of the complement classical pathway was examined using microtiter plate binding assay. Neuronal
pentraxins were able to activate the cascade in the presence of 2% serum, similarly to the positive controls (IgG and PTX3), as indicated by the deposition of C4
fragments, detected with anti-C4 antibody. In C1g-depleted serum, activation of the classical pathway by any of the investigated activators was dropped to baseline
level. Supplementation of C1g-depleted 2% serum with purified C1q in the physiological concentration range (1.4 pg/mi) restored the activation. Columns represent
the overall means + SEM. Three biological replicates (each is a mean of two technical parallels) are also presented with hollow circles. The statistical analysis was
two-sample t-test on normally distributed samples compared to the C1g-depleted respective samples (*p < 0.05, **p < 0.01, n = 3 biological replicates with two
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by mass spectrometry-based protein identification. Using NP1-
specific primary antibody, NP1 was pulled down together with
NP2, all three chains of Clq (ClgA, ClgB, and C1qC), the
pentraxin receptor (NPTXR), and in some samples, glutamate
receptors Gria2 and Grm3. Co-immunoprecipitation using anti-
C1qA antibody captured the other C1q chains C1qB and C1qC,
while experiments using rabbit and mouse isotype control
antibodies showed trace amounts of C1qB and C1qC chains
(the results of mass spectrometry is attached as Supplementary
Datasheet 1). Our results suggest that NP1 and Clq might be
actual in vivo binding partners. The interaction of NP1 with NP2,
NPTXR and the AMPA glutamate receptors detected in these
experiments corroborates with earlier findings (24, 25).

Neuronal Pentraxins Are Present in
Synapses of the Primary Neurons

To visualize the location of neuronal pentraxins along the
neurons, we immunostained mouse cerebral cortical primary
neurons. Pyramidal cell dendrites were visualized with MAP2,
while individual synapses with Syp labeling. Experiments
identified both NP1 and NP2 colocalizing with synapses in the
primary neuronal cell culture. On the other hand, the multiple
immunostaining also revealed that some synapses are not NP-
positive along the dendrite. The distribution of these proteins
suggests a differential function of NPs (Figure 2). It is known
that NP1 and NP2 are mainly or even exclusively localized to
excitatory synapses (26-28, 53, 54).

C1q Is Exclusively Present on the Surface
of NP1/2 Positive Synaptosomes

To test whether Clq and NPs colocalize in vivo in the intact
synapse, we performed double immunolabeling of isolated
synaptosomes for Clq and NP1/2 and carried out their
subsequent flow cytometry analysis. Flow cytometry was
conducted by following our rigorously validated and currently
published protocol (18). Our data demonstrated that 10.85 +
0.81% (mean + SEM) of synaptosomes were tagged with Clq,
and ~97% of them (10.49 + 0.82% of the recorded synaptosomes)
were labeled with the anti-NP1 antibody as well (Figure 3). In
contrast, out of the 42.38 + 3.20% NP1 positive synaptosomes,

only one fourth (~24%) were C1q-positive (10.49% + 0.82% of the
synaptosomes were double-positive). In case of NP2,
multiparametric analysis indicated a similar labeling pattern: 13.9
+ 0.5% (mean + SEM) of synaptosomes were tagged with Clq, and
~97% of them (13.53 + 0.5% of the synaptosomes) were labeled
with the anti-NP2 antibody, as well (Figure 3). Summarizing our
data, nearly all of the Clq-tagged synaptosomes contained
extracellular NP1 and NP2, further strengthening our hypothesis
that they can interact in vivo on the synaptic surface. On the other
hand, a considerably high portion of NP1/2-positive synaptosomes
(~75%) appeared Clq-untagged that could be explained by Clq-
independent extracellular functions of NPs. Supplementary
Datasheet 2 shows control measurements on non-labeled, only
secondary antibody-labeled, only primary antibody-labeled
samples, demonstrating that there was no spillover between the
channels APC and FITC.

Neuronal Pentraxin-1/2 Colocalize With
C1q in the Synapses In Vivo

The high degree of the simultaneous synaptic presence does not
necessarily imply that Clq and NPs are present close enough to
each other to assume their physical binding. Thus, our next
objective was to verify their in vivo synaptic colocalization at
higher resolution via immunostaining of mouse cortical brain
sections combined with pseudo-super-resolution confocal
microscopy and automated image analysis. This approach
permitted us to systematically and reliably evaluate the
colocalization of Clq and NPs with the synaptic marker Syp,
and ultimately, the level of colocalization between Syp-
colocalized (synaptic) Cl1q and NPs. The first step of the image
analysis was segmentation of Clq, NP1/2, and Syp fluorescent
signals that resulted in 3D spot-like objects. Subsequently,
positions of the objects were computationally identified based
on the exact location of their centroids. Ellipsoids having 200 nm
and 500 nm maximal lateral and axial sizes, respectively, were
automatically drawn around every centroid, and objects with
overlapping ellipsoids were considered colocalizing. Image
analysis revealed that ~67 and ~44% of synaptic Clq colocalize
with synaptic NP1 and NP2, respectively (Figure 4), supporting
our prior results on their direct interaction. Importantly, it seems

40pm

FIGURE 2 | Representative image of neuronal pentraxins along the axons. Mouse primary cortical neurons were immunostained for MAP2, Syp, and either NP1 or
NP2. On the representative images, synaptic NPs are clearly apparent, whereas synapses without NP-staining are also visible. Solid circles show synaptophysin
signals colocalized with either NP1 or NP2, while dashed circles show synapses, which do not contain the neuronal pentraxins.
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unlikely that merely the high abundance of synaptic Clq and
NPs in the neuropil accounts for their strong colocalization, as
segmented Clq objects shuffled randomly failed to exhibit a
similarly close proximity to NPs (Figures 4C, D). Comparing the
two NP species, it is interesting to note that microscopy data
implies that rather the synaptic NP1 but not NP2 could be the
preferable target of Clq. Although we observed a particularly
high degree of synaptic colocalization between C1q and NPs with
this approach, the results fall short compared to the flow
cytometry data showing externally located NPs on ~97% of
Clqg-positive synaptosomes. This result may support the idea
that not all the NPs detected on synaptosomal surfaces were
Clq-bound because they possess Clq-independent functions
(24, 25, 32, 55). In addition, flow cytometry analysis
presumably showed a bias towards excitatory instead of
inhibitory synapses as synaptosome fractions are generally
enriched in excitatory synapses, which detach and reseal easier
during the isolation process compared to inhibitory ones (10). In
immunostaining of brain sections, there is no such difference.
This methodical difference might also explain the dissimilarities
between flow cytometry and immunostaining results, taking into
account that NPs are exclusively located in the excitatory
synapses (53) in contrast to Clq which likely tags inhibitory
synapses as well (56).
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FIGURE 3 | Co-occurrence of the C1g-tag with NP1/2 on synaptosomes examined by flow cytometry. According to the gating criteria, C1g-labeled synaptosomes
were almost exclusively (~97%) positive for NP1 (A) and NP2 (B). In contrast to C1q labeling, only ~24% of NP-labeled synaptosomes were positive for C1q. Density
plots show representative measurements where the percentages of synaptosomes that belong to each quadrant were also indicated. The secondary antibody
controls went through the same procedure as the fully labeled samples. Statistically significant differences were determined with two-tailed Student’s t-test of paired
samples (Means + SEM; n = 4 mice). To test the viability of synaptosomes, calcein-AM labeling was applied separately (Supplementary Datasheet 2).

Neuronal Pentraxin 1 Is Predominantly
Located in the Synaptic Plasma

Membrane Fraction

In spite of the abundant colocalization between Clq and NP1
and to a lesser extent NP2 in brain sections, the question
emerges, to what extent NPs are exposed on the synaptic
surfaces enabling Clq-binding or present intracellularly in the
synapse. Unfortunately, light microscopy of tissue sections
cannot distinguish between intra- and extracellular protein
localizations. Thus, we sought to complement microscopy data
with a detailed assessment of the subcellular distribution of NPs
by subcellular fractionation. Synaptosomes were fractionated to
consecutively purify the synaptic cytoplasm, synaptic
mitochondria, and synaptic plasma membrane using a
previously described protocol (40). The purity of the fractions
was tested with selective subcellular protein markers and their
compositions were analyzed (Figure 5A) revealing the
subcellular fraction-specific corrected levels of NPs. One-way
ANOVA tests pointed out statistically significant differences for
both NP1 (F(2,6) = 78.418, P = 0.00005) and NP2 (F(2,6) =
15.940, P = 0.00397) between their levels in the different
compartments. We found that synaptic NP1 is primarily
enriched in the synaptic plasma membrane fraction, while the
majority of NP2 is localized in the synaptic cytoplasm (Figure
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FIGURE 4 | Colocalization of synaptic C1q with NPs in mouse brain sections. (A, B) High-resolution confocal microscopy images of triple immunostained cerebral
cortical sections were segmented to identify individual C1qg, NP1/2, and Syp spots. White circles indicate several triple-colocalizing spots automatically identified
according to the predefined criterion. Analyses demonstrated extensive colocalization of synaptic C1q with synaptic NPs, particularly with NP1. (T-test results: (NP1)
P =2,19007E-10, (NP2) P = 4,71338E-06 on normally distributed samples.) (C, D) Close proximity of synaptic C1g with NP1 (C) and NP2 (D) is not the mere
consequence of their high abundance. Medians of the minimal center-to-center distance’s cumulative frequency distributions significantly differ between the observed
and randomly shuffled samples (P = 0.00019, Wilcoxon signed-rank test). Means + SEM are shown; n = 18 3D-images recorded from sections of three mice. Scale
bar = 0.5 pm. (E) The lateral view of the colocalized proteins.

5B). Therefore, it is plausible that the abundant Clq-colocalized =~ unclear whether synaptic C1q-NP1/2 interactions influence
synaptic NP1 proteins observed in mouse brain sections are  microglial phagocytosis of synapses directly via the local
primarily located in the synaptic surface instead of the synaptic =~ complement system. Therefore, we carried out additional
intracellular space, assuming their physical binding. On the other ~ investigations to assess the levels of synaptic NPs in engulfed,
hand, the largest pool of synaptic NP2 is accumulated  Clq-tagged synaptic material inside the cytoplasm of the
intracellularly implying that Clq-colocalized synaptic NP2~ microglia. Similarly to our prior examinations, synaptic Clq
molecules observed by microscopy are, in fact, partly separated ~ and NPs in brain sections were initially identified by high-
from extracellular Clq by the synaptic plasma membrane. resolution confocal microscopy and image analyses. Then we

reconstructed microglial processes based on immunostaining for
The Majority of the Engulfed C1g-Tagged the microglia marker Ibal. Finally, synaptic Clq and NP1/2
Synapses in Microglia Is NP1-Positive spots completely surrounded by microglia were assessed, and the
Our experiments have provided strong evidence using multiple ~ ratio of Cl1q-tagged synapses with and without NP1/2 inside the
methods for the direct interaction between Clq and NPs, with ~ microglia was evaluated. It has been demonstrated that both NPs
particular emphasis placed on NP1. Nevertheless, it remained ~ and Syp derive mostly from neurons, lacking microglial
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FIGURE 5 | Differential sub-synaptic localization of NP1 and NP2. (A) Characterization of the synaptic plasma membrane (SPM), synaptic cytoplasm (Cytopl.), and
synaptic mitochondria (Mito.) fractions by western blot technique. The representative western blot image (left) demonstrates the enrichment of postsynaptic density
protein 95 (Psd95), L-lactate dehydrogenase B chain (Ldhb), and cytochrome ¢ oxidase subunit 4 (Cox4) protein markers in their respective compartments, while the
stacked bar graphs (right) depict the results of the quantification. (B) NP1 is predominantly located in the SPM fraction, while NP2 is enriched in the synaptic
cytoplasm. Means + S.E.M. are shown; n = 4 mice. Statistically significant differences were identified using one-way repeated measures ANOVA, followed by

expression [e.g., the Brain RNA-Seq open-access database,
https://www.brainrnaseq.org/ (57)], implying that Syp-
colocalized NPs detected inside the microglia likely belong to
phagocytosed but not yet digested synaptic material. In contrast,
Clqg-expression in the cerebral cortex is strictly limited to the
microglia (58). Therefore, we have only taken into account those
intracellular C1q spots within the microglia that showed strong
colocalization with Syp indicating that they were secreted,
synaptically deposited, and likely phagocytosed as part of the
removed synapse by microglia. Our experiments demonstrated
that the majority of C1q-tagged, microglia-surrounded synapses
(~65%) show colocalization with NP1 as well (Figure 6),
supporting the hypothesis that microglia predominantly
eliminate in a complement-dependent manner those synapses
that expose NP1 on their surfaces. On the contrary, NP2 was

present in only ~28% of the microglia-surrounded Clq-tagged
synapses (Supplementary Datasheet 2), suggesting that it is less
involved in complement-mediated synaptic pruning. Taken
together, our data support the hypothesis that the direct
binding of Clq to synaptic NP1 is important for synapse
elimination on the microglia-complement axis. Further studies
are needed to prove this hypothesis and clarify the role of NP1 by
investigating synaptic Clq and NP1 colocalization with
phagocytic markers.

Synaptic Presence of C4

There is an intriguing question if C1q action is independent from
the complement cascade activation in our system. Beth Stevens
and Steven McCarrol showed that gene variants that boosted C4
expression the most were associated with higher schizophrenia
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A

risk, suggesting that high levels of the protein could promote
excess pruning (59). On the other hand, Stephan and co-workers
showed that the level of C1q in the brain is significantly increased
with normal aging, more than that of the other components, such
as C3 (56). This would suggest that Clq might have an
independent function in the brain. We investigated the
presence and synaptic localization of C4 via immunostaining
of mouse cortical brain sections combined with pseudo-super-
resolution confocal microscopy and automated image analysis.
We clearly observed the presence of C4 in the brain sections of
the adult mice. The results showed that 24% of C4 is synaptically
localized (Figure 7). This high-level presence of synaptic-
localized C4 suggests that the classical complement pathway
might play a role in the synaptic functions of the complement,
and Clq is not a single player. To discover the exact mechanism
and pathways will require more investigations.

DISCUSSION

Generally, synaptic connections are not rigid but undergo
constant remodeling in response to external and internal
stimuli. Proper operation of this structural synaptic plasticity
relies on the equilibrium between synaptogenesis and synaptic
pruning even in the adult brain, which is the target of our
investigations. However, its distortion, such as extensive synapse
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FIGURE 6 | The presence of NP1 in microglial engulfed C1g-tagged synapses. (A) Microglia were reconstructed from confocal image stacks using lbai-staining
(green) and engulfed, C1g- and Syp-colocalized NP1 spots (yellow, magenta, and cyan, respectively) were identified on mouse brain sections (white cycles).
Orthogonal views (XY, YZ) demonstrate that microglia completely surround one of the phagocytosed C1g-tagged synaptic material with NP1 content. (B) Image
analyses revealed that 64.80 + 1.97% of C1g-tagged microglial Syp proteins are NP1 positive as well. (Means + SEM are shown; n = 16 images recorded from brain
sections of three mice. Statistically significant difference between groups was identified using two-tailed Student t-test of paired samples.)

loss in neurodegenerative conditions, can lead to severe
functional disturbances. Several molecular partners are known
to regulate this balance (60); however, we are still far from the
detailed mechanistic understanding of synaptogenesis and
selective synapse removal. Recently, complement proteins came
into the focus of interest because accumulating evidence pointed
out their role in synaptic pruning. Among them, probably Clq is
responsible for the selectivity in synapse recognition (20), but the
exact role of the complement cascade in the CNS in this
mechanism is still elusive. Although little is known about the
synaptic interaction partners of C1q in the CNS, NPs appear to
be potential targets as suggested by their structural homology to
peripheral Clq binding partners of the pentraxin protein family
(20-22) and their previously described role in synaptic
refinement in the developing visual system (23). Our present
study systematically addressed this hypothesis and revealed NP1
and NP2 as two novel synaptic C1q binding partners in the adult
brain. Moreover, we hypothesize that NP1 is linked to the
selective elimination of Clq-tagged synapses by the microglia.
We have to note that our results are valid for synaptic pruning in
the adult mice and would need further investigations to verify the
applicability for the young developing brain.

Our investigations incorporated both in vitro and in vivo
experiments to unambiguously prove the physical interaction of
NPs with Clq and to reveal its potential synaptic importance. To
overcome the inherent limitations and obstacles of each
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technique, we strove for employing mutually complementary
methods. Initially, we addressed whether NPs mimic the Clq-
binding abilities of PTX3 surmised by their remarkable structural
homology. Our in vitro experiments verified the direct binding of
isolated NPs to Clq, which was strong enough to elicit
downstream complement activation (Figure 1). This result is
in agreement with the well-known binding of immobilized PTX3
to Clq in the periphery leading to the activation of the classical
complement pathway on the surfaces of apoptotic cells (21, 61).
Nevertheless, it was previously reported that pre-incubation of
PTX3 with Clq in the fluid-phase acts oppositely and causes
inhibition of complement activation (21). Contrary to this
behavior, our microtiter plate binding assays demonstrated
that NP1/2-Clq binding results complement activation in both
the fluid and immobilized phases (Figure 1). As PTX3 mediates
complement activation in the periphery, NPs might be capable of
influencing the possible activation of the classical pathway in the
brain, which idea is strengthened by our complement
activation results.

Currently, the in vivo function of C1q-NPs binding in the
extracellular milieu without being immobilized to the cell surface
is unknown. Theoretically, their extracellular interaction can
either serve as a means to deplete deposition of the “eat-me”
signal complement components onto the cell surface or can aid
complement accumulation via their tethering by membrane-
bound NP receptors. Therefore, further studies are warranted to
verify the assembly of the C1q-NP1/2 complex in the
extracellular space in vivo and clarify its possible role.

PTX3 interacts with the classical and lectin pathway regulator
C4BP and the alternative pathway regulator Factor H preventing
exaggerated complement activation that would otherwise lead to
inflammation and host tissue damage (52, 62, 63). According to
our results, NPs can bind to both C4BP and Factor H
(Supplementary Datasheet 2). The phenomenon may stem
from the structural homology of pentraxins, and in the future,

Ratio of colocalization (%)

synaptic C4 ¢ colocalized SYP

FIGURE 7 | Synaptic presence of C4. High-resolution confocal microscopy images of double immunostained cerebral cortical sections were analyzed for
colocalization of C4 and synaptophysin (Syp). 24.2 + 2.6% of C4 showed synaptic localization. 15.4 + 3.2% of synatophysin colocalized with C4. Some of the
colocalizing spots are highlighted with white circles. Means + SEM are shown; n = nine images recorded from sections of three mice. Scale bar = 0.5 ym.

it may be worth exploring whether these connections have a
significance in the brain.

Our data suggest that C1qg-NP1/2 complex is present in the
synapses. Importantly, the great extent of their colocalization was
demonstrated by co-immunoprecipitation, flow cytometry, and
high-resolution confocal microscopy investigations, ruling out
the possibility that the formation of their synaptic complex is
merely artificial (Figures 3, 4). The techniques we used allowed
for specifically studying synaptically bound C1q-NP1/2
complexes, and the obtained data indicate that the C1q-NP1
complex is present on the synaptic surface. Thus, the question
may arise where the synaptic C1q-NP1 complex could be
formed within the synapse. The classically known Clgq, built-
up by 18 subunits is an outstandingly large protein with a size
that almost exceeds the average size of the synaptic cleft (~20 to
40 nm) (64). Taking into account this size limitation, the pool of
secreted C1q that mediates selective pruning of synapses is likely
attached to perisynaptic regions instead of direct binding into the
synaptic junction. Previous data showing primarily perisynaptic
Clq binding via immunogold electron microscopy examinations
also supports this notion (56). Considering that NPs within the
synaptic junction are well-known binding partners of AMPA
receptor (AMPAR) subunits, we hypothesize that Clq binds to a
pool of perisynaptic and therefore possibly not AMPAR-bound
NPs. In agreement with the literature, we confirmed the presence
of NPs in the synapses via immunocytochemistry, flow
cytometry, and immunohistochemistry. However,
conspicuously, NPs were not uniformly present in all synapses,
which might imply that, despite the fact that NPs are considered
common synaptic proteins, functional differences between
synapses may cause a heterogeneous distribution of NPs.
Regarding synaptic functional differences, NP2 is an immediate
early gene translated by neuronal activation (29), while the
expression of NP1 is increased under reduced activity (33).
Moreover, NP1 and NP2 are also known to form
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heterocomplexes (25). Thus, the apparent contradiction between
their expression pattern and assembly needs to be clarified.

Our current results repeatedly demonstrated the high but
certainly not complete colocalization between Clq and NPs
(Figures 3, 4). This observation implies the critical role of yet
unknown rules that determine selective recognition of certain
synaptic NPs by Clq. Although synaptic NPs are capable of
complement binding (Figure 1), they probably have
independent functions in parallel that explains their uneven
Clq-binding pattern. As already described, NPs are involved in
AMPAR clustering at the excitatory synapses, and by this
mechanism, they can regulate excitatory synaptogenesis,
functional synaptic plasticity, and synapse formation (24-27).
Moreover, NP1 plays a role in neuronal cell death under
hypoxic-ischemic conditions (36) and mediates the
accumulation of the pro-apoptotic BAX protein on the
mitochondrion’s surface (35). On a theoretical basis, several
explanations could be offered to clarify the partial recognition
of NPs by the synaptic Clq. First, the ratio of NP1 and NP2
within their heterooligomeric complex can vary, influencing, e.g.,
their AMPAR binding characteristics (25). A particular subunit
composition of the perisynaptic NP complex that does not favor
AMPAR binding might, instead, facilitate synaptic Clq
deposition. Second, posttranslational modifications of NPs
could also influence their Clq-binding characteristics. It has
been reported that NP1 is subjected to glycosylation (65), and we
previously assumed its phosphorylation as well (18) in
agreement with prior screening data [PhosphoSitePlus database
(66)]. Taking into account that sialic acid in the neuronal
glycocalyx prevents Clq deposition (67), and PTX3 can
possess sialic acid residues modulating its Clq-binding
capabilities (68), the presence of a unique NP glycosylation
pattern with or without sialic acid might determine the
strength of the NP-Clq interaction on the synaptic surface
as well.

Our subcellular fractionation experiment demonstrated the
differential localization of NPs within the synapse (Figure 5).
Consistent with its AMPAR clustering function, NP1 is enriched
in the synaptic plasma membrane with detectable levels in the
synaptic mitochondrial fraction as well. Its mitochondrial
identification is in accordance with prior data showing the role
of NP1 in the intrinsic mitochondrial pathway of apoptosis (33,
69). In contrast, the majority of NP2 was identified in the
synaptic cytoplasm fraction and, to a lesser extent, in the SPM.
Although NP2 is primarily known as a synaptic protein, which
binds AMPARs, our results demonstrate their prominent
intracellular accumulation as well. Considering that NP2 is an
immediate early gene (32), it can be hypothesized that the
presence of its cytoplasmic pool is the result of its persistent
activity-dependent translation without reaching secretion.

In addition to describing the C1q-NP binding, we
investigated the biological role of this interaction in synapse
elimination. Our results raises the probability that C1q-tagged,
primarily NP1-positive synapses are engulfed by microglia
(Figure 6). Thus, NP1 could facilitate the binding of Clq to

synapses to be removed. On the other hand, NP2 alone is
unlikely to serve as an “eat-me” signal for complement
components in the course of synapse phagocytosis
(Supplementary Datasheet 2). Although the exact subunit
composition of the NP assembly that is involved in synapse
elimination remains elusive, our results imply that the complex
consists predominantly of NP1 instead of NP2. It is already
known that Clq is deposited onto synapses with reduced activity
(11) and where apoptotic-like mechanisms are triggered (18). In
line with these data, the initiation of local synaptic apoptotic
mechanisms is preceded by a decrease in synaptic transmission
(70). It was assumed that in a very similar manner to Clq, NPs
are also involved in the elimination of low-activity synapses
during synaptic pruning at early ontogenesis (23). Moreover,
members of the pentraxin family at the periphery play key role in
the elimination of apoptotic cells via phagocytosis, which process
is regulated via the interaction between pentraxins and
complement components, such as Clq and complement
pathway inhibitors (22, 52, 61, 63, 71). Combining these prior
data and our current results, we propose that NP1 aids the
removal of apoptotic synapses with reduced synaptic strength via
the complement-microglia pathway. The presence of synaptic
C4 suggests that activation of the classical pathway might occur
in this adult mouse model which is in line with previous reports
on the role of C4 in synapse elimination (59). We propose that
preventing excessive synaptic exposition of the Clq-binding
form of NP1 or blocking the C1q-NP1 interaction could be
beneficial to arrest increased complement-dependent synapse
loss, which is a major component in the pathogenesis of AD and
other neurodegenerative diseases (13).

Finally, accumulating evidence implies that NPs might be
promising cerebrospinal fluid (CSF) and blood biomarkers of
early AD (72-74). In addition, amyloid-S-induced increase in
NP1 expression has been linked to neuronal toxicity in AD (37).
In contrast, NP2 is downregulated in post mortemn human AD
brain specimens, which correlates with the reduction of the
AMPAR subunit GluA4. Moreover, reduced NP2 levels were
identified in the CSF of AD patients, and NP2 amounts showed a
robust positive correlation with cognitive performance and
hippocampal volume (74). Therefore, both NP1 and NP2 can
be regarded as important CSF or blood biomarkers of AD, but
the background of their different levels will have to be clarified in
future studies.

In summary, our results clearly demonstrate the interaction
between C1q and NPs on the synapse using a wide array of in
vitro and in vivo examinations. Moreover, we hypothesize the
preferential engulfment of NP1-containing synapses via the
complement-microglia axis.
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C-reactive protein (CRP) is the best-known acute phase protein. In humans, almost
every type of inflammation is accompanied by an increase of CRP concentration. Until
recently, the only known physiological function of CRP was the marking of cells to
initiate their phagocytosis. This triggers the classical complement pathway up to C4,
which helps to eliminate pathogens and dead cells. However, vital cells with reduced
energy supply are also marked, which is useful in the case of a classical external wound
because an important substrate for pathogens is disposed of, but is counterproductive
at internal wounds (e.g., heart attack or stroke). This mechanism negatively affects
clinical outcomes since it is established that CRP levels correlate with the prognosis
of these indications. Here, we summarize what we can learn from a clinical study in
which CRP was adsorbed from the bloodstream by CRP-apheresis. Recently, it was
shown that CRP can have a direct effect on blood pressure in rabbits. This is interesting
in regard to patients with high inflammation, as they often become tachycardic and
need catecholamines. These two physiological effects of CRP apparently also occur
in COVID-19. Parts of the lung become ischemic due to intra-alveolar edema and
hemorrhage and in parallel CRP increases dramatically, hence it is assumed that CRP
is also involved in this ischemic condition. It is meanwhile considered that most of the
damage in COVID-19 is caused by the immune system. The high amounts of CRP could
have an additional influence on blood pressure in severe COVID-19.

Keywords: CRP-C-reactive protein, ischemia/reperfusion injury, cardiovascular, COVID-19, inflammation

INTRODUCTION

Inflammation in humans is deeply evolutionary rooted. A quick and intense inflammatory response
is required for the efficient eradication of injury and was highly beneficial in times where external
wounds or life-threatening infections where the main—if not only—cause of damage to the
body (1). Inflammation as a weapon against environmental risks and triggers is unfortunately
a two-edged sword, because it is dangerous when turned against the own body. In modern
times, an elevated inflammatory function is thought to be associated with higher risk to develop
atherosclerosis, diabetes and other age-related diseases, which are not caused by pathogens (2). But
an enhanced immune system can not only facilitate cardiovascular disease, it also exacerbates acute
incidents, which are “sterile.” In order to heal internal wounds, the body needs the inflammatory
reaction to eliminate dead cells. At the same time activating proliferation and repair mechanisms as
well as restoring tissue homeostasis is essential. This immune response is, however, since centuries
specialized on the thorough eradication of cells around a wound to minimize the risk of infection.
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Even if these cells are only energy deprived but still viable. In
the setting of an internal wound, as e.g., myocardial infarction
or stroke, this effect is often destructive and threatening as
it only aggravates deterioration and involves severe collateral
damage (3, 4).

Likewise, an excessive immune reaction not justified by its
external trigger induces more negative than positive effects
on the body (5). During a systemic inflammatory response
syndrome or sepsis the inflammation is so enormous and
disproportionate that it causes widespread tissue injury and
might finally result in multiple organ failure (6). Here, the whole
body is often affected by inflammation showing hard to control
hemodynamic instability.

Although a multitude of proteins are involved in
inflammation, most of them do not actively participate in
the elimination of pathogens or human cells (1). One of
the acute-phase mediators directly involved in these pro-
inflammatory processes is C-reactive protein (CRP) which was
discovered by Tillett and Francis (7). CRP is well-established
as one of the most reliable markers of inflammation, rising
dramatically during any type of inflammation.

There are several very good and extensive reviews published,
summarizing the role of CRP as unspecific inflammatory marker
and its history from discovery to world-wide used lab marker
(8-11). Even though CRP has been investigated in numerous
clinical studies and its association and correlation with the
progress of certain diseases is evidently clear (12-19), evidence
that it is a mediator of the respective disease in humans was
missing while strong evidence exists for different animal species
(16, 20-22). In addition, CRP can dissociate into monomers
physiologically, although it is still under debate if it thereby
exerts different molecular functions than the pentameric form
(23). The transition of pentameric CRP to monomeric CRP was
described in specific inflammatory microenvironments (24, 25).
Pro-inflammatory isoforms of pentameric and monomeric CRP
were reported (26). The circulating CRP is pentameric and the
actual source of all further processes. Despite this extensive in-
depth knowledge, the widespread opinion is still that in humans
CRP is only an unspecific biomarker.

We want to focus on the controversy/debate that CRP also
in humans is not only a marker but an active pro-inflammatory
protein, which contributes causally to the severity of tissue
damage and the outcome of various diseases (27).

CRP IS AN ACTIVE INFLAMMATORY
PROTEIN

CRP is secreted by the liver into the blood circulation
where it efficiently detects and opsonizes bacteria upon their
infiltration (28, 29). By marking these pathogens, it initiates their
phagocytosis via activation of complement. This mechanism is
mainly caused by the binding of CRP to the phosphorylcholine
groups in the membrane of bacteria. These groups, however,
are also present in all human cells, albeit not accessible
on healthy cells. Cells that are apoptotic, necrotic, energy-
depleted or simply exposed to inflammatory environments,
often being acidic and hypoxic, undergo conformational and

biochemical changes in their membrane (30). One of these
being the partial hydrolyzation of phosphatidylcholine (PC) to
lyso-phosphatdiylcholine (LPC) by another acute-phase-protein,
namely the secretory phospholipase A2 type IIa (sPLA2 IIa) (31-
34). This makes the phosphorylcholine group accessible to the
binding of CRP. Hence, CRP irreversibly marks dying, dead,
damaged or hypoxic/ischemic cells. Subsequently, the classical
complement pathway is activated and the CRP-marked cells
are disposed by phagocytosis (35-40). See Figurel for the
hypothesized pathomechanism of CRP after an acute phase
response caused by inflamed or hypoxic/ischemic tissue.

In the setting of an internal wound this generates a vicious
cycle: The primary inflammation triggered by e.g., ischemia
(e.g., acute myocardial infarction or stroke) activates a switch
to anaerobic metabolism and a striking synthesis and secretion
of CRP mediated by IL-6. CRP is circulated to the wound,
where it mediates the disposal of dead and dying cells. High
CRP concentrations cause more cells to be marked, including
still viable cells, which could have regenerated their membrane
after restoration of the oxygen flow and switching back to
aerobic metabolism. The phagocytosis of these cells in turn
produces IL-6, inducing the synthesis of additional CRP,
subsequently amplifying the immune response. Thereby, CRP
causally contributes to the tissue damage and scarring after an
incident [Figure 1, adapted from (41)] (22, 42-44). It should be
noted that CRP is synthesized and secreted as a pentamer by
the liver, however, it can dissociate into monomers within the
microenvironment of the inflamed/ischemic tissue and might
exert the drawn functions as monomer (Figure 1).

Although not every step of this molecular mechanism
has been proven and shown in detail, there have been
convincing proof-of-concept studies in animals substantiating
this hypothesis. A large body of data obtained either in rats,
porcine models or in vitro in the infarcted myocardium
of humans has demonstrated that CRP plays an active
role in exacerbating ischemia and reperfusion-induced
damage (16, 22, 45-50).

Recent studies exceedingly revealed that CRP modulates
signaling cascades besides the classical complement pathway (51—
54). This shows that CRP has direct physiological effects on
not only inflammation but also the function of e.g., endothelial
cells, be it their metabolism, differentiation or migration (55—
57). In the context of endothelial cells, it is also discussed if
CRP might have protective effects in atherosclerotic lesions. It
was shown that, although CRP induces complement activation, it
protects the bound cells from the formation of final complement
components (58, 59), mainly by recruiting complement factor H
(60). The role of CRP in atherosclerosis is however still under
debate and cannot be compared to acute ischemic incidents
regarding the circulating concentration of CRP.

CRP HAS AN EFFECT ON BLOOD
PRESSURE

One of these recent studies showed a direct, quick and extreme
effect of CRP on blood pressure in rabbits (61). Human CRP
was intravenously injected in vivo to reach a level of 50 mg/L. It
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FIGURE 1 | Molecular pathomechanism of CRP-mediated damage in ischemic or hypoxemic tissue. Inflammation or acute oxygen-deprivation happens for example
in acute myocardial infarction (AMI), stroke, during COVID-19 related pneumonia, acute pancreatitis as well as during an acute Crohn’s disease relapse. This leads to
energy-depleted, hypoxic or even ischemic tissue. Cells within this tissue display a modified outer cell membrane: Phosphatidylcholine (PC) is converted into
lyso-phosphatidylcholine (LPC) by phospholipase (sPLA2 lla). Due to the lack of energy, this alteration cannot be reversed. CRP subsequently binds to LPC on
anaerobic cells and recruits complement factors (C1qg-C4), activating the classical complement pathway. These opsonized cells will be disposed by phagocytes,
which in turn induce CRP synthesis by secretion of IL-6. CRP also binds Factor H, which inhibits the alternative complement pathway and actually protects healthy
host cells from disposal (16, 22, 79). Although CRP is drawn pentameric, it should be noted that after binding to ischemic cells, the recruitment of C1q and particularly
FH is potentially carried out by dissociated, monomeric CRP. Figure adapted from (41). AMI, Acute Myocardial Infarction; CRP, C-reactive protein; C1qg, Complement
component 1q; C2-C4(a/b), Complement component 2-4(a/b); FH, Factor H; IL-6, Interleukin 6; LPC, Lysophosphatidylcholine; PC, Phosphatidylcholine; sPLA2 lla
secretory phospholipase A2 type lla.

dramatically reduced the arterial blood pressure within minutes, ~ humans (65-67). However, the recombinant CRP used in the

while the heart rate remained the same and did not counteract
as expected and necessary to maintain the oxygen supply of the
organism. The effect persisted for more than 17 min.

While it has been shown that blood pressure and heart
rate as well as adrenergic receptor (AR) signaling can affect
CRP concentrations (62-64), a direct influence of CRP on
hemodynamic variables has hardly been investigated so far. Other
in vivo studies administering CRP were performed in rats and

studies never achieved concentrations of 50 mg/l and blood
pressure was measured not directly but only hours after injection
(65, 67). Hence, the acute effects might have been overlooked.

The direct and acute effect of high CRP concentrations on
blood pressure gives a first hint, why critically ill patients,
suffering from e.g., sepsis or acute pancreatitis, can develop
hardly controllable hemodynamic variables with preceding
elevated CRP levels (68).
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After seeing such a dramatic drop in blood pressure the
influence of CRP on AR signal transduction was investigated
in vitro (61). ARs signal via calcium (Ca*t) as second
messenger was measured in real-time. CRP triggered calcium
signaling in a dose-dependent manner in two different human
cell lines, expressing either - or PB-adrenergic receptors.
Further, CRP induced an additional calcium increase that
came on top of AR agonists phenlyephrine or isoprenaline.
This indicates a molecular mechanism that is independent of
adrenoceptor activation.

Effects of CRP on endothelial cells have mostly been attributed
to its effect on endothelial nitric oxide synthase (eNOS), although
studies have to be interpreted with care, as contaminating
products in commercial CRP solutions, such as sodium azide,
were possibly often causally involved (69-71). eNOS is activated
by an increase in intracellular calcium, leading to vasodilatation
(72, 73), which could explain the drop of blood pressure in vivo.
The mechanism underlying CRP’s induction of calcium influx is
still undiscovered and should be investigated in future studies.

Therefore, it was demonstrated that one molecule of the
inflammation cascade has an influence on blood pressure. The
direct influence of other inflammatory mediators needs to
be investigated.

WHAT WE CAN LEARN FROM STUDIES
USING CRP AS A THERAPEUTIC TARGET
MOLECULE

Many reports following the hypothesis that CRP has pathological
effects suffer from a mean to shut down its activity. Knock-
out mice do not represent appropriate models, because CRP in
mice fulfills different functions than in humans and does not act
as an acute-phase protein (74). Other animal models like e.g.,
transgenic rabbits expressing human CRP have been used but
here most of the investigations focused on atherosclerosis and not
on acute incidents (75).

In humans the use of CRP-lowering drugs has so far not been
successful, since CRP as acute-phase protein increases drastically
within hours and its circulating levels need to be lowered quickly
in an acute setting. This cannot be achieved by targeting its
synthesis or using approaches, which take several days to affect
CRP levels (16, 21, 76).

Selective immuno-adsorption of CRP from the serum avoids
these problems and has been shown to efficiently reduce
CRP concentrations by ~60% within hours (77-79). The
elimination of pathogenic substances from the blood by means of
extracorporeal apheresis is an established therapy in the clinical
routine of numerous diseases.

CRP apheresis aims to remove CRP from the blood plasma
after an infarction to reduce acute tissue damage and ischemic
reperfusion damage (41). It has most extensively been utilized
after acute myocardial infarction (AMI).

CRP Depletion After Myocardial Infarction
Patients recovering from a heart attack often suffer from a
reduced quality of life and a very high risk of subsequent

serious complications (e.g., heart failure, arrhythmias, second
heart attack, death), which imposes an enormous burden
on the healthcare system. It was observed that this risk
correlates significantly with the size of myocardial injury and
scarring (80, 81).

It has long been known that inflammation, mainly mediated
by the innate immune system, expands myocardial injury.
However, anti-inflammatory strategies to mitigate myocardial
necrosis have so far failed, perhaps because these processes
are also necessary for the healing and repair of the heart
(3, 4, 82, 83). Whereas, baseline CRP values are recognized
as a determinant of the incidence of cardiovascular disease
(12, 14), serum CRP concentration after AMI correlates with
the clinical outcome (19, 42, 44, 84-87). It is textbook
knowledge that high CRP peaks in the first 72h after AMI
correlate with larger infarct size and higher mortality and
the incidence of additional adverse cardiovascular events (42—
44). This has been documented for four decades and is
consistent with the described pathological function of CRP
to eliminate cells in the area at risk (27, 30, 88, 89). This
region comprises cells that might recover after revascularization
and reperfusion, but are eventually destroyed by immune-
mediated mechanisms, as explained above and shown in detail
in numerous experimental approaches specifically focusing on
AMI (20, 46, 48, 85, 90, 91).

It has therefore been suggested earlier to target CRP
in AMI, but the therapeutic approaches were not clinically
relevant or sufficiently rapid (16, 92-94). This changed when
it was shown that specific extracorporeal removal of CRP
by CRP apheresis resulted in a significant reduction of the
infarct area and stabilization of the left ventricular ejection
fraction (LVEF) in a preclinical trial in pigs (22, 50). An
interesting observation is that the scar morphology of the animals
after CRP apheresis was completely different from controls,
supporting the hypothesis that CRP is directly involved in tissue
destruction and scarring after the incident (22). Consequently,
CRP apheresis has been used in one clinical trial and two
case reports in patients with ST-elevation myocardial infarction
(STEMI) (77, 79, 95).

In the CAMI-1 trial it was investigated whether specific
depletion of CRP can reduce the size of myocardial infarction in
humans. Eighty-three patients were included and the treatment
was safe and well-tolerated (79). The extent of increase of CRP
concentration during the first 32h after STEMI significantly
correlated with the infarct size in control patients. Patients
with similar initial CRP increase who subsequently underwent
CRP apheresis, had smaller infarct sizes and better LVEF
and wall motion (strains) when compared to control patients.
Surprisingly, some patients treated with CRP apheresis had not
even minor infarct scars and a normal LVEF (96).

It is possible that the supply bottleneck in ischemic tissue does
not immediately lead to tissue necrosis, but rather to a conversion
of the energy metabolism into anaerobic glycolysis, which leads
to a significant lack of energy of the individual cardiomyocytes
(97). Afterwards, the cardiomyocytes go into stunning until the
metabolism switches back to the aerobic one which eliminates
the energy deficiency. This suggests that the cardiomyocytes only
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survive if they are not marked by CRP and thus disposed of
by phagocytes.

CRP in Stroke

This effect can possibly be applied to other ischemia-mediated
injuries as for example stroke. Here, similar mechanisms to
AMI take place and inflammation plays a crucial role during
the occlusion but also subsequent therapeutic reperfusion of
the tissue (98, 99). The inflammatory response after stroke
has been discovered to be a key prognostic factor for patients
(100, 101). High CRP concentrations during the first 48h
after the incident significantly predict immediate and long-
term mortality as well as the overall prognosis (13, 101,
101-103). This is supported by pre-clinical evidence in a
stroke model in rats and subsequent application of high
amounts of human CRP (49). This strongly supports the
hypothesis that CRP plays a similar pathological role as
in AML

CRP MAY INCREASE DESTRUCTION OF
TISSUE IN COVID-19

SARS-CoV-2 can lead to COVID-19 and induces pulmonary
fibrosis and cardiac complications in a minor percentage of
infected individuals, among other organ deterioration (104).
A major therapeutic approach focuses on the treatment of
acute respiratory distress syndrome, as it is the leading cause
of mortality, followed by cardiac and septic complications.
In the severe course of the disease a massive increase in
the CRP concentration accompanied by an initial cytokine
storm is followed by pulmonary fibrosis (105, 106). Intra-
alveolar edema and hemorrhage is a common observation
in the lungs of COVID-19 patients which leads to ischemic
alveolar tissue. It may be assumed that CRP itself triggers
tissue damage by binding to these ischemic cells and is thus
also causally involved in the enlargement of the destroyed
tissue and contributes to irreversible tissue destruction
(22, 79). Both IL-6 and CRP increase dramatically in
the course of clinical manifestation of COVID-19 (107)
and rising CRP levels were shown to significantly predict
the respiratory decline in patients (105). CRP levels also
correlate with CT findings of COVID-19 patients (108). These
findings further support the hypothesis that a significant
increase in CRP is a signal of lung deterioration and
disease progression.

Complement deposits were found by pathologists in the lungs
of deceased COVID-19 patients. Among them was especially
C1Q. Since C1Q also inhibits antiviral CD8+ effector T-cell
responses, a higher frequency of CD8+PD1+ T-cells was found,
possibly indicating T-cell exhaustion (109). Despite the depletion
of the T cells, massive destruction in the lungs is found along
with the extreme levels of CRP in the aggravated COVID-
19 patients. C1Q is known to bind CRP after CRP binds the
lysophosphatidylcholine of ischemic cells (22).

In addition, cardiac involvement was observed by MRI
analysis in 78% of patients, and persistent myocardial
inflammation was observed in 60% of patients with recent
COVID-19 disease, regardless of pre-existing conditions, the
severity and overall course of the acute disease and the time from
initial diagnosis (110). Myocardial inflammation was suggested
as the underlying mechanism (111, 112).

CRP apheresis provides a therapeutic approach to rapidly
decrease the high CRP levels in COVID-19 patients before lung
deterioration can progress (113). Until now, the therapeutic
option of reducing the extremely high amount of CRP has
been used once in the early phase of COVID-19 and in end-
stage patients with one case being reported (113, 114). A
clinical study in this indication would be beneficial and is
currently planned.

CONCLUSION AND OUTLOOK

The understanding of CRP has undergone two basic transitions.
First, CRP has been established as a general biomarker of
inflammation and infection in clinical practice. Then, its
role as a stable and highly useful prognostic factor for
cardiovascular and cerebral disease in healthy individuals has
been widely acknowledged and utilized (17, 115). However, the
characterization of CRP as not only a biomarker but also a
mediator or even trigger of destruction of tissue in humans is still
widely ignored (27, 46, 49).

CRP as an archaic protein of the innate immune system
physiologically disposes cells and responds to almost every
change in tissue homeostasis. From the perspective of the
body’s energy balance, one has to ask oneself why CRP is
produced in large quantities by the liver in situations where
it seems wiser to keep a proper energy reserve. Certainly
not to provide us with a meaningful biomarker. It is more
logical to recognize that it is provided in potentially septic
wounds during enemy defense, to eliminate further cells, so that
they do not serve the enemy for propagation. This function
has unfortunately a negative effect on typically aseptic inner
wounds. Further, the demonstration of a direct effect of CRP
on blood pressure shows us that the molecular functions of
CRP are still not comprehensively described and that the
role of this protein is largely underestimated in critically
ill patients.

Accepting CRP as an active inflammatory protein offers the
promising possibility to therapeutically target CRP whenever the
inflammatory reaction is too extensive or not beneficial. Ongoing
and future clinical trials will illuminate whether this therapeutic
approach will continue to prove its value.
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Pentraxins are soluble innate immunity receptors involved in sensing danger molecules.
They are classified as short (CRP, SAP) and long pentraxin subfamilies, including the
prototypic long pentraxin PTX3. Pentraxins act mainly as bridging molecules favoring the
clearance of microbes and dead cells. They are also involved in many other biological
processes, such as regulation of complement activation, inflammation and tissue
homeostasis. Autoantibodies directed against pentraxins have been reported in various
autoimmune diseases, especially in systemic lupus erythematosus and ANCA-associated
vasculitis. In this review, we review the main biological characteristics and functions of
pentraxins and summarize data concerning autoantibodies directed against pentraxins in
the context of autoimmune diseases and discuss their potential pathological role.

Keywords: pentraxins, autoimmunity, systemic lupus erythematosus, ANCA-associated vasculitis, anti-
pentraxin autoantibodies

INTRODUCTION

The innate immune system is involved in many physiological processes, including antimicrobial
defence, inflammation, initiation and regulation of adaptive immunity and maintenance of tissue
homeostasis (1). This system has a cellular arm, composed principally of myeloid cells and innate
lymphoid cells, and a humoral arm, including soluble innate immunity receptors, also known as
soluble pattern recognition molecules (SPRM) (2). The innate immune system specializes in sensing
of so-called “danger signals” that originate from (i) non-self, such as microbes; the microbial motifs
recognized by innate cells are called pathogen-associated molecular patterns (PAMPs) or (ii) from
modified (or altered) self, mainly dying cells and molecules expressed by damaged cells/tissues or
accidentally released in the extracellular environment; these motifs are called damage-associated
molecular patterns (DAMPs).

Abbreviations: AAV, ANCA-associated vasculitis; Ab, antibody; ANCA, anti-neutrophil cytoplasm antibody; CRP, C-reactive
protein; DNA, deoxyribonucleic acid; MHC, major histocompatibility complex; MPO, myeloperoxidase; PAPS, primary anti-
phospholipid syndrome; PR3, proteinase 3; PTX, pentraxin; RA, rheumatoid arthritis; SAP, serum amyloid P; SLE, systemic
lupus erythematosus; SLEDAI, SLE activity index; SS, Sjogren syndrome; SSA, Sjogren’s-syndrome-related antigen A; SSc,
systemic sclerosis.
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The detection of danger signals by innate immunity receptors
is crucial in initiating appropriate immune responses that are
fine-tuned to the motifs encountered (tolerance to self,
protection against non-self). These receptors are highly
conserved molecules called Pattern Recognition Receptors
(PRR). PRR recognize a wide variety of ligands, including
proteins, lipids, carbohydrates, and nucleic acids. In addition
to innate immune cells (of myeloid and lymphoid origin), PRR
are expressed by a wide variety of cell types, including endothelial
cells, epithelial cells, and adaptive immune cells. Most PRR are
involved in the initiation of inflammation and those expressed by
professional antigen-presenting cells are critical in initiating
antigen-specific immune responses.

PRR can be associated to cells (expressed at the surface or
localized intracellularly) or released in the extracellular milieu
(sPRM). According to their localization, cell-associated PRR can
be classified in three groups (3): (i) membrane receptors,
including membrane Toll-like receptors (TLR1, TLR2, TLR4,
TLR5, and TLR6), scavenger receptors and C-type lectin
receptors, (ii) endosomal receptors, including TLR3, TLR7,
TLR8, and TLRY, and (iii) cytoplasmic receptors, including
nucleotide-binding oligomerization domain (NOD)-like
receptors (NLR), retinoic acid-inducible gene I (RIGI)-like
receptors (RLR), and AIM2-like receptors (ALR). Membrane
PRR are involved in the clearance of danger signals (ie.,
phagocytosis of particulate motifs) and/or cell activation, while
intracellular PRR are mainly involved in the detection of
nucleic acids.

Soluble PRM act as bridging molecules, linking extracellular
DAMPs and PAMPs with cell associated PRR. They include
collectins, ficolins, some complement family proteins, soluble
forms of membrane PRR (such as soluble scavenger receptors
and C-type lectins released after shedding of the membrane
forms), and by pentraxins. As their membrane counterparts,
sPRM are highly conserved and bind a variety of ligands
expressed by microbes and altered/modified self. Soluble
PRM recognize the same molecular motifs that cell-
associated PRR. They have a role in agglutination,
complement activation and opsonisation (i.e., facilitating the
recognition and elimination of danger motifs by phagocytes).
By reference to their bridging activity, sSPRM are usually viewed
as ancestors of antibodies (4) and are sometimes referred to as
opsonins. They also play a pivotal role in determining
the nature of the immune responses induced by the
motifs encountered.

A tolerance breakdown to sPRM, evidenced by the
presence of autoantibodies, has been reported in different
autoimmune diseases, especially autoantibodies targeting
members of the pentraxin family. Such autoantibodies have
been particularly reported in systemic lupus erythematosus
(SLE) and anti-neutrophil cytoplasmic autoantibody
(ANCA)-associated vasculitis. In this review, we present
the main characteristics and functions of pentraxins and
data on anti-pentraxin autoantibodies. Finally, we raise
hypothesis on the potential pathological role(s) of anti-
pentraxin autoantibodies.

THE PENTRAXIN FAMILY

Structure of Pentraxins

Pentraxins are characterized by a C-terminal “pentraxin
domain” of about 200 amino acids, containing a highly
conserved HxCxS/TWxS motif (where x represents any amino
acid) called the “pentraxin signature” (5, 6). They are organized
in a cyclic pentameric structure (4, 7). The pentraxin family is
divided into two subfamilies, the short and long pentraxins,
depending on the length of their amino acid sequences.

Short pentraxins are characterized by a short N-terminal
domain (approximatively 20 amino acids). This subfamily
contains the acute phase proteins C-reactive protein (CRP),
also known as PTXI, and serum amyloid P component (SAP),
also known as PTX2.

Long pentraxins are characterized by a long N-terminal
domain (178 amino acids). In addition to the prototypic long
pentraxin PTX3, this group contains neuronal pentraxin 1
(NP1), NP2, neuronal pentraxin receptor (NPR) and PTX4 (4,
8). Contrary to PTX3, only few data are available on these other
members of the long pentraxin subfamily and will thus not be
further mentioned in this review.

Ligands and Immune Functions

of Pentraxins

The Short Pentraxins CRP and SAP

The short pentraxins CRP and SAP are assembled as multimers
of five or ten 25 kDa subunits of 204 and 205 amino acids,
respectively. CRP and SAP are the main acute phase proteins in
human and mouse, respectively. They are mainly produced by
the liver in response to pro-inflammatory cytokines, such as IL-1
and IL-6. Under inflammatory situations, such as bacterial sepsis,
sterile inflammation (such as gout) or massive tissue destruction
(a process associated with the release of inflammatory
endogenous molecules such as HSP or HMGBI), the
circulating levels of CRP can rise up to 1,000-time their basal
concentrations in human (3 mg/L) (9).

Short pentraxins recognize a large variety of ligands in a
calcium-dependent manner. Of note, the first ligand described
for CRP was the C-polysaccharide of Streptococcus pneumoniae,
hence the name. SAP takes its name from the fact that it is one of
the universal component of the amyloid deposits found in
amyloidosis and Alzheimer’s disease.

CRP and SAP promote microbe opsonisation, thus facilitating
their elimination by phagocytes. The functions of short
pentraxins are not limited to bacterial clearance as they can
also bind many other ligands such as apoptotic cells, amyloid
fibrils (10), and endogenous danger molecules, such as histones
and nucleic acids released by damaged cells (11, 12).

Short pentraxins are potent regulators of complement
pathways. They can activate the classical complement pathway
by linking to the complement factor C1q (13) and the lectin
complement pathway by binding to ficolins (14, 15). In contrast,
they can inhibit the alternative pathway amplification loop by
binding to factor H (16). Short pentraxins can also bind to IgG
receptors (FcyR). This binding can either inhibit immune
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complex-mediated phagocytosis or activate FcyR-mediated
phagocytosis and cytokine secretion (17-20).

The Prototypic Long Pentraxin PTX3

PTX3 is assembled as multimers of 45 kDa (381 amino acids)
subunits and is organized as an octamer with monomers linked
by disulfide bounds. Unlike short pentraxins, PTX3 is rapidly
neo-synthetized by many cell types (4, 5) upon activation by a
diversity of signals, including microbes and microbial moieties
and inflammatory cytokines (4, 21). Contrary to short
pentraxins, PTX3 is constitutively expressed, with circulating
levels of = 200 ng/ml in healthy subjects. The levels of PTX3 are
strongly and rapidly increased during inflammatory responses
(800-1,000 ng/ml). PTX3 is also preformed in neutrophils and
rapidly released upon activation (22, 23).

PTX3 binds to the same ligands that short pentraxins, but in a
calcium-independent manner (5). Like short pentraxins, PTX3
opsonizes and facilitates the clearance of numerous bacteria
(such as Pseudomonas aeruginosa and Salmonella
typhimurium) (24, 25), virus (such as influenza virus) (26),
fungi (such as Aspergillus fumigatus) (27), and apoptotic cells
(4, 5) by phagocytes. As for CRP and SAP, PTX3 can recruit FcyR
to induce phagocytosis in a way similar to IgG (17, 18, 20, 28, 29).
PTX3 also modulates the complement cascade through its
capacity to bind to proteins of the classical (Clq) and lectin
(mannose-binding lectin, ficolins) complement pathways (13,
15). PTX3 thus facilitates the tissue deposition of iC3b, thereby
promoting complement receptor 3 (CR3)-driven phagocytosis
(28). It also increases the binding of activated complement on
microbes initiated by ficolin-1. PTX3 interacts with the
complement factor H, the main alternative pathway regulatory
protein but without modulating its complement inhibitory
activity (30). PTX3 also acts as a nodal point for the assembly
of the cumulus oophorus hyaluronan-rich extracellular matrix.

Nevertheless, studies have reported that PTX3 may exhibit a
pro-inflammatory activity, underlying its “dual complexity” (31).
Indeed, PTX3-deficient mice or mice injected with PTX3 develop
less severe phenotypes in various models of sterile inflammation
(32-34). Especially, a direct role of PTX3 on endothelial cell
functions has been described (i.e., dysfunction and
morphological changes in the endothelial layer through a P-
selectin/matrix metalloproteinase-1 pathway) (35, 36).
Considering its diversity of functions, PTX3 is considered as a
pivotal sPRM at the crossroad between innate immunity,
inflammation, matrix deposition and female fertility (4).

Pentraxins, Cell Death, and

Immune Responses

The management of dying cell clearance is critical to maintain

tolerance and to avoid the initiation of auto-immune responses.

Schematically, the dichotomy “tolerance versus auto-immunity”

is determined by the type of cell death (apoptosis versus necrosis)

and the absence or presence of inflammation (either induced by

PAMPs or DAMPs) at the time of dying cell clearance.
Apoptosis is characterized by coordinated (programmed)

processes allowing dying cells to be eliminated without release

of potentially harmful and inflammatory endogenous DAMPs.
The clearance of early apoptotic cells is classically viewed as a
dynamic tolerogenic process allowing maintaining or inducing
regulatory T cell responses. In contrast, necrosis, which usually
occurs following a severe aggression, whether sterile or not, is a
passive, accidental cell death process accompanied by the release
of intracellular components into the extracellular environment,
among which are found potent inflammatory and cytotoxic
molecules (such as histones and HMGB1) (37). Importantly,
the processing of dying cell-derived antigens in an inflammatory
context may lead to the activation/maturation of professional
antigen-presenting cells and, ultimately, to the activation of self-
reactive T cells.

Phagocytosis of apoptotic cells, also called efferocytosis, is a
fine-tuned process, involving at least three molecular partners
(38): (i) eat-me molecules (i.e., neo-expressed motifs allowing
discriminating live and dying cells), (ii) sensing and
internalization receptors expressed by phagocytes, such as
complement component receptor (which recognize collectins),
scavenger receptors, integrins, and other receptors (e.g., MER
and CR3/CR4), and (iii) sPRM acting as bridging molecules
between dying cells and phagocytes.

The pivotal role of opsonins in the clearance of apoptotic cells
has been illustrated in Clq- and SAP-deficient mice. Clq-
deficient mice spontaneously develop signs of autoimmunity
(39) and mice with targeted deletion of the SAP gene
spontaneously develop antinuclear autoimmunity and severe
glomerulonephritis, a phenotype resembling human SLE (40).

While CRP and SAP have a facilitating role (11, 41, 42), the
role dedicated to PTX3 remains unclear. Indeed, our team has
demonstrated that preformed PTX3 contained within neutrophil
granules is relocalized at the surface of dying neutrophils, thereby
acting as an “eat-me” molecule to mediate their capture by
phagocytes (43). In contrast, a study reported that PTX3 binds
selectively to late apoptotic cells and inhibits their capture by
phagocytes (42, 44) suggesting that short and long pentraxins, in
the extracellular milieu, may have opposite impacts on apoptotic
cells clearance.

It remains also difficult to reconcile in vitro and in vivo data.
On the one hand, and contrary to what would have been
suspected based on in vitro data, SLE-prone mice
supplemented with CRP and CRP-transgenic mice develop a
mild kidney disease (45-47). On the other hand, and in
agreement with in vitro data, C57/BL6 SAP-deficient mice can
produce autoantibodies and develop immune complex
glomerulonephritis (40, 48). It is important to note that the
genetic background is important in enabling autoimmune
phenotype expression. Indeed, SAP”" C57/BL6 but not SAP”"
129/Sv mice, spontaneously develop autoantibodies (48).
Moreover, the authors also reported that SAP”" and SAP”
human SAP transgenic mice exhibit a similar autoimmune
profile, suggesting that differences may exist between the
human and mouse SAP in their capacity to interact with
DAMPs. A similar complexity has been reported in Clq-
deficient mice, as C1q”~ C57/BL6x129Sv but not Clq” C57/
BL6 mice spontaneously develop autoimmunity and
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glomerulonephritis (39). These studies underline the important
of genetic background of mice in their susceptibility to develop
autoimmunity, suggesting that tolerance breakdown could be
strain dependent or dependent on the strategy to knock out
target gene expression (impact of genetic recombination on the
expression of other key genes) and/or that differences exist
between human and mouse sPRM in their capacity to interact
with DAMPs. To the best of our knowledge, PTX3-deficient mice
do not spontaneously develop signs of autoimmunity. However,
they develop a more severe phenotype in a ischemia reperfusion
injury model (49) but exhibit a reduced inflammation in an acute
arthritis model (50), even though both models are associated
with a strong inflammation and, certainly, consecutive or
associated to cell death. Moreover, PTX3-deficient mice bred
with SLE prone mice have a decreased ability to clear apoptotic
cells and tissue damages are aggravated in lung but not in kidney.
Collectively, these results suggest that PTX3 deficiency may favor
tissue injury associated to the initiation of an autoimmune
response (51).

The potential role of pentraxins during auto-immune diseases
has been reinforced by translational studies. CRP has been found
decreased during SLE flares whereas inflammation markers were
elevated (52, 53), suggesting that low levels of CRP may be
associated with an impaired efferocytosis (54). Moreover, we
reported that the levels of PTX3 are lower in patients with SLE
during active disease as compared to healthy subjects (55).
Whether these decreases impact the efferocytosis process
remains undetermined. Nevertheless, these results suggest that
a decrease of pentraxin levels which may lead to a reduced
efferocytosis, is associated with an autoimmune signature that
can be induced by the processing of dying cells in an
inflammatory environment.

Collectively, and although the predominant roles of
pentraxins seem to be host-protective, detrimental effects were
observed in certain experimental settings. This so-called “yin-
yang” effect may be inherent to the multi-functional properties of
pentraxins, the complexity of efferocytosis, the redundancy
between sPRM and the potential interaction of pentraxins with
different DAMPs released by dying cells (56).

ANTI-PENTRAXIN ANTIBODIES IN
AUTOIMMUNE DISEASES

Antibodies directed against CRP, SAP, and PTX3 have been
detected in various autoimmune diseases, especially in SLE and
ANCA-associated vasculitis (AAV). Their potential roles in the
pathogenesis of autoimmune diseases are described thereafter.

Anti-Pentraxin Autoantibodies in SLE

SLE is an autoimmune disease with a very heterogeneous clinical
presentation. The prognosis is mainly dependent on renal
impairment, affecting 50% to 70% of patients. SLE is
characterized by the production of autoantibodies directed
against a large panel of self-antigens, including mainly nuclear
antigens (DNA, soluble nuclear antigens (Sm), ribonucleoproteins

(RNP) and histones) but also anti-pentraxin Abs. SLE is also
characterized by the activation of complement and the deposition
of immune complexes that lead to systemic tissue damages
(especially renal, vascular, hematological, cutaneous, and
articular lesions) (57). The emergence of autoantibodies is
determined by environmental, hormonal, and genetic factors
suspected to be involved in the dysregulation of the innate and
adaptive immune systems. In a mechanistic point of view, SLE is
driven by a strong activation of dendritic cells and the production
of type I interferons and is associated to an altered efferocytosis
(57, 58).

Anti-CRP Antibodies in SLE

Autoantibodies directed against CRP bind to the monomeric
form but not the pentameric form (59). The dissociation of a
pentameric to a monomeric form of CRP has been reported in
inflammatory situations (60) and monomeric CRP accumulates
at the surface of various cell types (B cells, NK cells, platelets) and
in inflamed tissues (61).

Anti-CRP Abs have been initially reported in SLE (Table 1)
(76). They are present in a significant proportion of patients,
ranging from 22% to 78%. Only one study (65) did not found an
increased prevalence of anti-CRP Abs in SLE patients compared
to healthy subjects. This conflicting result may be due to different
methods of Abs determination.

The correlation between the presence of anti-CRP Abs and
clinical presentation at disease onset was not systematically
evaluated (59, 62). In a study including 137 patients with SLE,
Figueredo et al. showed that patients with anti-CRP Abs also had
elevated levels of anti-double strand (ds) DNA and anti-
phospholipids Abs and low levels of the complement
component C3. The frequency of anti-CRP Abs was also more
frequent in patients with nephritis (27% and 13% in patients with
or without nephritis, respectively) (63). Nevertheless, this result
was not confirmed in another study (69). In patients with
nephritis, anti-CRP Abs were also more frequent (66).
Moreover, patients with anti-CRP Abs also had a higher
SLEDALI score (66, 70) and were more likely to present with
acute renal injury (66). However, these results must be nuanced
as no relation between disease activity and presence of anti-CRP
Abs was found by others (67, 72). Focusing on renal
involvement, a significant correlation was found between anti-
CRP Abs and acute renal tubulointerstitial injury (inflammation
and fibrosis) but not with specific glomerular lesions (66).
Collectively, these data suggest that anti-CRP Abs reflect SLE
activity rather than a specific pattern of SLE nephritis.

Anti-SAP Antibodies in SLE

To the best of our knowledge, only two studies reported the
prevalence of anti-SAP Abs in SLE (65, 73) (Table 1). In two
studies performed by the same team, Zandman et al (73).
included 328 patients with SLE and found anti-SAP Abs in
44% of patients, slightly above the 20% found in the second
study, as compared with 2% in healthy subjects (65). As for anti-
CRP Abs, anti-SAP Abs were not associated with a specific
disease phenotype (73), despite an association with anti-
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TABLE 1 | Prevalence of anti-pentraxin antibodies in different autoimmune diseases.

HS SLE PAPS SSc

Anti-CRP Abs, n (%)

1/40 (2.5%) 39/50 (78%) - 2/20 (10%)
5/100 (5%) 13/27 (48%) - -
4/80 (5%) 77137 (51%) 68/127 (54%) -

- 43/190 (22.6%) - -
2/45 (4.4%) 12/150 (8%) - -

0/60 (0%) 20/49 (40.8%)" - -
56/96 (59.3%)"

1/34 (2.9%) 18/81 (22.2%) - -

0/60 (0%) - - -

- 26/100 (26%) - -

21.01 + 14.32 35.6 + 35.1 - -

5/92 (5.4%) - - -

10/36 (27.8%)
Anti-SAP Abs, n (%)
3/124 (2.4%)

18/34 (62.9%) - -

145/328 (44%) - -

1/45 (2.2%) 20/100 (20%) - -
3/93 (3.2%) - - -
Anti-PTX3 Abs, n (%)

4/93 (4.3%) 18/36 (50%) - -

8/130 (6.2%) 60/130 (46.2%) - 1/26 (3.8%)

12/227 (5.3%) - - -

2/100 (2%) 38/196 (19.4%)™ - -
61/150 (40.7%)"

SS RA Reference

[o)
O

2/16 (12.5%) 0/15 (0%) -

- 23/103 (22.3%) -

[*)
N

o)
oL e

(o))

TG
a b

[o))
)}

()
b

2/7 (28.6%) - 1/20 (5%)

[e3e))
O ®

11/120 (9.2%)

3
—

TN S
(@}

3
N

- - - 73)
- - - 65)
21/120 (17.5%)

- 1/40 (2.5%) - (55)
2/26 (7.7%) 2/27 (7.1%) - (74)
(71)
(75)

56/150 (37.3%)

HS, healthy subjects; SLE, systemic lupus erythematosus; PAPS, primary antiphospholipid syndrome; SSc, systemic sclerosis; SS, Sjégren syndrome; RA, rheumatoid arthritis; AAV,

ANCA-associated vasculitis.
"SLE patients without lupus nephritis.
"*SLE patients with lupus nephritis.

dsDNA titers and disease severity index. The levels of auto-Abs
lowered under treatment.

Anti-PTX3 Antibodies in SLE

Anti-PTX3 autoantibodies were first described in SLE patients by
our team (55). Their strong prevalence (=~ 50% of patients, as
compared to 4% in healthy subjects) was later confirmed in an
independent study (74). In our cohort, we observed an
association between anti-PTX3 Ab levels and disease activity
(assessed by the SLEDAI score). Antibodies titers were also
correlated with classical SLE activity biomarkers, such as anti-
dsDNA Abs, anti-nuclear Abs and C3/C4 complement
components levels (55). However, the study by Bassi et al. did
not found any association between anti-PTX3 antibody positivity
and SLE activity (74). The authors assessed disease activity
using the ECLAM (European Consensus Lupus Activity
Measurement) score, making it difficult to compare the two
studies. Interestingly, in this study, the authors suggested that
anti-PTX3 autoantibodies might provide protection from renal
involvement as they represent an independent factor negatively
associated with kidney injury. Similar results were reported in a
recent study evaluating the prevalence of anti-PTX3 Abs in SLE
(75). In this large cohort study, including 246 SLE patients and
100 healthy subjects, Yuan et al. found that patients with SLE
nephritis had a lower prevalence of anti-PTX3 Abs compared
with patients without nephritis (20% versus 40%, respectively).
Moreover, the serum levels of anti-PTX3 Abs were negatively
correlated with proteinuria in lupus nephritis. The levels of
proteinuria, serum creatinine and the prevalence of thrombotic

microangiopathy were also higher in patients without anti-PTX3
Abs. Although it did not reach statistical significance, patients
with anti-PTX3 antibodies were less likely to reach end stage
kidney disease. PTX3 deposition and renal fibrosis were also
significantly lower in anti-PTX3 Ab-positive patients than
negative patients (74, 77). These results are consistent with
data in animal models. Indeed, lupus prone NZB/NZW mice
immunized with PTX3 produce anti-PTX3 Abs and have a
delayed occurrence of nephritogenic Abs, a decreased
proteinuria, and an increased survival (78).

These results suggest that the balance between the levels of
serum PTX3 and anti-PTX3 autoantibodies might influence the
nephritic process (progression or attenuation). Anti-PTX3 Abs
are not only markers of the inflammatory status in SLE but may
also be protective by counteracting the deleterious effects of
tissue deposition of PTX3 or complement activation, especially
in kidneys. In support, the occurrence of anti-dsDNA and anti-
Clq Abs in PTX3-immunized mice was significantly delayed and
their levels increased when anti-PTX3 autoantibodies were
decreasing. Hence, anti-PTX3 antibodies may prevent the
proinflammatory deposition of PTX3 in target organs,
decreasing the amount of available autoantigens in inflamed
kidneys. This suggests that anti-PTX3 Abs might inhibit the
secretion of nephritogenic Abs in lupus nephritis (78).

Anti-Pentraxin Antibodies in AAV

ANCA-associated vasculitis (AAV) include granulomatosis with
polyangiitis (GPA), micropolyangiitis (MPA) and
granulomatosis with polyangiitis and hypereosinophilia
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(EGPA). AAV are systemic pathologies related to small vessel
inflammation whose prognosis is mainly linked to renal (rapidly
progressive glomerulonephritis) and pulmonary (intra-alveolar
hemorrhage) damages (79). These conditions can rapidly
become life-threatening or lead to irreversible functional
impairment of the affected organ if they are not promptly
treated. Renal or pulmonary impairment can be associated
with skin, ear-nose-throat, joint, or neurological damages.
These autoimmune diseases are frequently associated with the
presence of ANCA, which are diagnostic markers in 80%-90% of
patients (80). ANCA-negative vasculitis have been described,
especially in patients with EGPA (up to 50%) but also in patients
with GPA or MPA (up to 10%) (81-83), raising the possibility of
other autoantibodies which remain to be identified. The
identification of these autoantibodies should be useful for the
formal diagnosis of AAV, as early diagnosis is essential to initiate
appropriate treatment in order to limit irreversible organ injuries
and favor long-term patient survival (84). Some ANCA targeting
“minor antigens” have been described (directed against
bactericidal/permeability increasing protein, elastase, and
cathepsin G) in various autoimmune diseases, especially
connective tissue diseases, but their pathogenic role in AAV
remains to be demonstrated (85, 86). Antibodies against
pentraxins have been described in AAV patients.

Anti-CRP Antibodies in AAV

As reported by our group and by Tan et al. (68, 71), anti-CRP
Abs were found more frequently in AAV patients as compared to
healthy controls, but the levels were similar levels in both groups.
To our knowledge, no other study addressed this issue.

Anti-SAP Antibodies in AAV

In our study, the only one to our knowledge that evaluated the
prevalence of anti-SAP Abs in AAV patients (71), anti-SAP Ab titers
were higher in AAV patients than in healthy subjects. Moreover,
17.5% of AAV patients were positive for anti-SAP Abs compared
with 3.2% in the control groups. Among the anti-SAP-positive
patients, two were ANCA negative, suggesting that anti-SAP Abs
could represent a diagnostic marker in this group of patients.

Anti-PTX3 Antibodies in AAV

The fact that PTX3 is constitutively expressed by fully
differentiated (mature) neutrophils suggests that it may
represent a potential target for ANCA. Unlike short pentraxins
which are synthetized in the liver (9), PTX3 is stored into
neutrophil-specific granules (87). Moreover, PTX3 can be
localized in neutrophil extra-cellular traps (NETs) with other
intracellular proteins targeted by these autoantibodies, such as
MPO and PR3 (56, 88). NETs result from a particular type of
neutrophil death called NETosis (89), which is characterized by
the release of the intracellular content, including genomic DNA.
Extracellular DNA thus forms a network to which are associated
intracellular molecules such as PR3 and MPO. NETs are
microbicide, contributing to fight extracellular infectious
agents. However, NETs can also be cytotoxic for endothelial
cells and tissues during sterile inflammation. NETosis favors
tolerance breakdown, promoting autoimmunity as evidenced by

the generation of ANCA through dendritic cell-mediated antigen
presentation (90, 91). Moreover, ANCA can induce NETs, which
can, in turn, activate the complement alternative pathway (92-
94), leading to an amplification loop of neutrophil activation and
death. Indeed, C5a will further attracts and primes neutrophils,
rendering them more sensitive to ANCA-mediated activation.

Anti-PTX3 Abs were assessed in the serums of 150 AAV
patients by our team (71). Nearly 40% of AAV patients had anti-
PTX3 Abs. Moreover, Abs titers were higher in patients with
active than in those with inactive AAV. In our cohort, 14 patients
(6 EGPA, 6 MPA, and 2 GPA) were positive for indirect
immunofluorescence (IIF) ANCA screening, but negative for
major (MPO, PR3) and minor (lactoferrin, BPI, elastase, and
cathepsin G) ANCA antigens. Interestingly half of them (7/14)
had detectable anti-PTX3 Abs. Moreover, anti-PTX3 Abs were
found to have a unique IIF pattern known as “small cytoplasmic”
ANCA characterized by small-size cytoplasmic granules in
methanol- and ethanol-fixed neutrophils, and less intense in
formol-fixed neutrophils.

Nevertheless, we did not find any clue for a pathological role
of these Abs. Indeed, no difference of renal outcome between
anti-PTX3 autoantibody-positive and -negative patients was
observed and no relation between anti-PTX3 Ab levels and
kidney function at the time of AAV diagnosis was observed
(personal unpublished data). It would probably be interesting to
evaluate the prevalence of anti-PTX3 Abs in a larger cohort of
ANCA-negative patients before to conclude on their clinical
relevance and predictive value.

We may wonder whether anti-PTX3 Abs are really ANCA.
Indeed, anti-PTX3 Abs were found positive by immunofluorescence
on fixed neutrophils and anti-PTX3 Ab positivity was observed in
ANCA-negative AAV patients. Finally, the biological role(s) of anti-
PTX3 Abs remain(s) to be evaluated. The purification of anti-PTX3
Abs from the serum of patients without other detectable ANCA
would allow analyzing the in vitro biological activity of
these autoantibodies.

Anti-Pentraxin Antibodies in Other
Autoimmune Systemic Diseases
Anti-Short Pentraxin Antibodies
Anti-CRP Abs have been identified in other autoimmune diseases,
such as systemic sclerosis (SSc), rheumatoid arthritis (RA), and
Sjogren syndrome (SS) patients, although at a lower prevalence than
in SLE patients (Table 1). Interestingly, a high prevalence of anti-
CRP Abs (54%) has been reported in patients with primary anti-
phospholipid syndrome (PAPS) (63). Patients with PAPS and anti-
CRP Abs were more likely to present thrombosis or fetal loss (55%
vs 20%). More studies are needed to evaluate if anti-CRP Abs could
be used as a biomarker for thrombosis risk assessment.

To the best of our knowledge, the presence of anti-SAP Abs in
disease other that SLE or AAV has not been reported.

Anti-PTX3 Antibodies

Anti-PTX3 Abs have been detected in other autoimmune
diseases such as SSc, SS and RA, but at a frequency similar to
healthy subjects (74).
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ANTI-PENTRAXIN ANTIBODIES:
PATHOGENIC ACTORS OR
BYSTANDER MARKERS?

The presence of anti-pentraxin autoantibodies has been reported
mainly in SLE and AAV. Interestingly, antibody levels are
generally high at disease onset and decline during remission
phases, suggesting that they may represent, at least,
diagnostic markers.

It should be noted that, given the strong homology between
pentraxins, and in particular between the short pentraxins CRP
and SAP, the potential cross-reactivity of autoantibodies directed
against pentraxins can be a source of error on the nature of the
target as well as on their potential pathological roles.

At this time, we do not know whether these antibodies reflect
only tolerance breakdown, like many other autoantibodies
reported in these pathologies, or whether they play a
pathophysiological role. A potential pathological role for
autoantibodies is supported by data on MPO-ANCA for which
a pathogenic role is highly suspected. In addition to their
capacity to activate neutrophils, MPO-ANCA induce
glomerulonephritis when injected in mice (95) and vasculitis in
newborns after placental transmission (96). Although neonatal
lupus with congenital atrioventricular block after placental
transmission anti-Sjogren’s-syndrome-related antigen A (SSA)
Abs has been described (97), the pathogenicity of antinuclear
Abs remains a matter of debate.

To date, no experimental in vitro or in vivo data supports a
pathogenic role for anti-pentraxin Abs. Purifying anti-pentraxin
Abs may allow to evaluate their potential pathological role, as
previously described for anti-MPO and anti-PR3 Abs. However,
the cross-reactivity of anti-pentraxin antibodies, which is more
than likely due to strong sequence (especially between CRP, SAP,
and the C-terminal domain of PTX3) and structure homologies
(accessibility to shared conformational epitopes exposed at the
surface of pentraxins), makes it difficult to draw a conclusion.
Moreover, different epitopes of each pentraxin could be
recognized by different antibodies, and the resulting functional
outcomes may have different consequences. The isotype of the
anti-pentraxin autoantibodies, the site of production (tissue
versus mucosal barriers) and the immune status of the tissue at
the time of efferocytosis (such as chronic inflammation) can also
have important consequences on the regulatory versus activating
potential of these autoantibodies. Such complexity could lead to
misinterpretation of the roles of anti-PTX Abs in the
pathogenesis of autoimmune diseases.

Nevertheless, and based on the role of pentraxins in
efferocytosis, it is tempting to speculate that these
autoantibodies could alter the efferocytosis process and,
consequently, the outcome of immune responses against
self-antigens.

On the one hand, anti-pentraxin Abs could inhibit or delay
apoptotic cells engulfment by professional antigen-presenting
cells, leading to the evolution of dying cells from early to late
apoptotic cells. Importantly, late apoptotic/secondary necrotic
cells can release potent inflammatory DAMPs that can activate

antigen-presenting cells and, consequently, induce the initiation
of humoral and cellular specific immune responses. On the other
hand, anti-pentraxin Abs may induce the phagocytosis of PTX-
opsonized dying cells via FcyR, a process that favors antigen-
presenting cell activation and antigen processing that, ultimately,
favors the initiation of MHC-I and MHC-II immune responses
(98, 99). Moreover, while the interaction of apoptotic cells with
pentraxins usually has an opsonizing role, a reduced
internalization of apoptotic cells by dendritic cells has been
reported for PTX3. The authors described this mechanism as
“PTX3 censorship”, i.e., masking of “eat-me” signals rendering
them not detectable by phagocytes (100). Antibodies directed
against PTX3 could therefore re-confer immunogenicity to
apoptotic cells by promoting the presentation of apoptotic cell-
associated antigens by professional APCs and, consequently, the
priming and/or expansion of self-reactive T cells. Even though
speculative, both mechanisms, which are not exclusive and could
occur concomitantly, may favor/maintain the development of
autoimmune responses directed against dying cell-associated
antigens (Figure 1). Additional studies need to be performed
to elucidate the complex dialog between soluble and membrane
associated PTX3 (soluble versus) with anti-PTX3 Abs and
consequences on sensing and processing of apoptotic cells.
Finally, a lower frequency of anti-PTX3 Abs have been
reported in patients with lupus nephritis, suggesting that these
autoantibodies could also be protecting against PTX3 or
complement deposition in kidneys, further enhancing the
complexity of the potential pathogenic role of anti-pentraxin
auto-antibodies.

Nevertheless, we cannot exclude a protective role for anti-
pentraxin Ab, notably in kidney disorders associated with anti-
pentraxin Abs. Indeed, anti-pentraxin Abs could inhibit
the pentraxin deposition in tissue, thereby preventing
complement binding and activation. Whether this process may
occur in vivo remains undetermined. Another original mechanism
has been suggested for anti-SAP Abs. Bickerstaff M et al have
reported that SAP inhibits the generation of pathogenic anti-DNA
autoantibodies, probably by delaying chromatin degradation (40).
This process could be inhibited by anti-SAP Abs, thereby favoring
or amplifying the generation of autoantibodies and inflammation.

Nevertheless, it is important to underline that these processes
are based on the hypothesis that anti-pentraxin antibodies
exhibit mostly similar biological properties. These scenarios
can be very different, both in terms of magnitude and nature
of the immune response induced, depending on the diversity of
autoantibodies produced (isotype, levels) and the presence or
absence of each of these pentraxins. The scenario may be even
more complicated, particularly due to the involvement of other
sPRM and PRR involved in the recognition and removal of
danger signals.

CONCLUDING REMARKS

Pentraxins are soluble PRM involved in antimicrobial defense
and efferocytosis. A tolerance breakdown to pentraxins has been
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FIGURE 1 | Anti-pentraxin antibodies in autoimmunity: a hypothetical model. Anti-pentraxin antibodies are found elevated at autoimmune disease onset and decline
during remission phases, suggesting that they are, at least, diagnostic markers, playing a “bystander role” (left panel). Based on the role of pentraxins in
efferocytosis, two hypotheses can be drawn about a hypothetical “pathological role” of anti-pentraxin Abs (right panel). In a physiological context, apoptotic cells are
opsonized by pentraxins (PTX) that facilitate their engulfment. This process promotes tolerogenic phagocytes and prevents inflammation. The presence of anti-
pentraxin Abs can lead to the initiation of adaptive immune responses against dying cell antigens and NETosis, a pro-inflammatory process associated with the
release of autoantigens. First, anti-PTX Ab may behave as neutralizing antibodies, inhibiting apoptotic cells engulfment by professional antigen-presenting cells,
leading to the evolution of dying cells from early to late apoptotic/necrotic cells. These dying cells release potent inflammatory DAMPs inducing the activation of
antigen-presenting cells. Second, anti-PTX Ab can be considered as activating Ab, inducing the phagocytosis of dying cells via FcyR. This process also induces the
activation of antigen-presenting cells, favoring the initiation of MHC-I and MHC-II immune responses through antigen presentation and cross-presentation. Whatever
the “function” of anti-pentraxin Ab, they initiate an inflammatory process leading to a deleterious amplification loop responsible for tissue damages.
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Endogenous Long Pentraxin 3 Exerts
a Protective Role in a Murine Model
of Pulmonary Fibrosis

Federica Maccarinelli'?, Mattia Bugatti"?", Ander Churruca Schuind’, Sara Ganzerla?,
William Vermi 2, Marco Presta’* and Roberto Ronca’”

" Department of Molecular and Translational Medicine, University of Brescia, Brescia, Italy, 2 ASST Spedali Civili di Brescia,
Brescia, Italy

Pulmonary fibrosis is a progressive scarring disease of the lungs, characterized by
inflammation, fibroblast activation, and deposition of extracellular matrix. The long
pentraxin 3 (PTX3) is a member of the pentraxin family with non-redundant functions in
innate immune responses, tissue repair, and haemostasis. The role played in the lungs by
PTX3 during the fibrotic process has not been elucidated. In this study, the impact of PTX3
expression on lung fibrosis was assessed in an intratracheal bleomycin (BLM)-induced
murine model of the disease applied to wild type animals, transgenic mice characterized
by endothelial overexpression and stromal accumulation of PTX3 (Tie2-PTX3 mice), and
genetically deficient Ptx3~'~ animals. Our data demonstrate that PTX3 is produced during
BLM-induced fibrosis in wild type mice, and that PTX3 accumulation in the stroma
compartment of Tie2-PTX3 mice limits the formation of fibrotic tissue in the lungs, with
reduced fibroblast activation and collagen deposition, and a decrease in the recruitment of
the immune infiltrate. Conversely, Ptx3-null mice showed an exacerbated fibrotic
response and decreased survival in response to BLM treatment. These results
underline the protective role of endogenous PTX3 during lung fibrosis and pave the
way for the study of novel PTX3-derived therapeutic approaches to the disease.

Keywords: long pentraxin-3, lung fibrosis, bleomycin, stroma, fibroblast, immune infiltrate

INTRODUCTION

Pulmonary fibrosis (PF) includes more than 200 different pathological conditions characterized by
inflammation and scar tissue formation in the lungs. PF can be grouped in five categories: drug-
induced, radiation-induced, environmental, autoimmune, and occupational (1). However, the most
common type of PF is represented by the “Idiopathic Pulmonary Fibrosis” (IPF), whose etiology
remains unknown. In the last years, the incidence of IPF has increased over time in most countries
worldwide, with approximately 50,000 new cases diagnosed each year in the U.S (2).

Starting symptoms of IPF, such as shortness of breath, dry hacking cough and fatigue, get
significantly worse when the deposition of scar tissue augments, increases in stiffness and causes an
irreversible loss of pulmonary functionality (3).

Despite the unknown cause(s) of IPF, aging (IPF is rare before 50 years of age), cigarette
smoking, and genetic predisposition may represent relevant risk factors (4, 5). At histopathological
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level, IPF appears as a progressive scarring disease in the lungs,
characterized by injury and hyperplasia of alveolar epithelial cells
and fibroblasts, accumulation of inflammatory cells, consistent
deposition of extracellular matrix (ECM), and formation of scars
(6). Particular attention has been given to the onset of an
inflammatory response and to the presence of an immune
infiltrate that establishes and sustains a damaging and fibrotic
context in the lungs (7). Even though little is known about the
role of monocytes and tissue-resident macrophages in lung
fibrosis (8), macrophages are persistently increased in the lung
in close proximity to collagen-producing fibroblasts, in keeping
with the role exerted by monocytes in the development of
experimental fibrosis (9, 10). In particular, M2 macrophages
accumulating in the lungs during fibrogenesis have been
identified as the major source of several pro-fibrotic mediators,
which stimulate fibroblast proliferation and collagen synthesis/
deposition (11-14).

Different in vivo animal models of PF have been developed to
understand the evolution of fibrotic responses in the lungs and in
other organs (15), allowing the identification of cell types,
mediators, and processes that are likely involved also in the
human disease. To date, bleomycin (BLM)-induced pulmonary
fibrosis in mice represents the best characterized murine model to
study PF and IPF (15, 16). BLM is an antibiotic efficacious for the
treatment of squamous cell carcinomas and skin tumors, but with
limiting and dose-dependent pulmonary toxicity that results in
progressive fibrosis (17). In mice, a single (or multiple, according
to the specific schedule) intratracheal administration of BLM
causes lung injury, resulting in pulmonary fibrosis that can be
observed by day 14 (15, 18-20). The initial direct damage to
alveolar epithelial cells is followed by dense ECM deposition
associated with vessel remodeling and intense inflammatory
infiltration, mimicking what is observed in patients (15).

The soluble pattern recognition receptor long pentraxin-3
(PTX3) is a member of the pentraxin family and a component
of the humoral arm of the innate immunity. PTX3 expression is
normally low in tissues and serum under physiological conditions,
but the levels of PTX3 quickly rise in the presence of inflammatory
and/or infectious stimuli due to its local production by different
cell types, such as infiltrating immune cells, endothelial cells, and
other stromal components (21). PTX3 exerts its function by
binding to different ligands, including growth factors, microbial
moieties, complement components, and ECM proteins (22-24).
PTX3 has been reported to be upregulated and to play a protective
role in various lung diseases (21). In lung infections, the protective
function of PTX3 has been described in different pathological
settings, including aspergillosis (25), pneumonia (26), and severe
acute respiratory syndrome (27). In acute lung injury, which is
strictly associated with activation of innate immune responses in
the lungs, PTX3 deficiency in Ptx3 null mice results in increased
sensitivity to lung tissue damage after exposition to LPS (28).
Finally, PTX3 has been proposed as a possible biomarker of
disease in acute lung injury and other pulmonary disorders,
including asthma, and lung carcinoma (28-30).

In the present study, we investigated the impact of
endogenous PTX3 in a BLM-induced murine model of lung

fibrosis. Our data show that pulmonary PTX3 expression is
upregulated during lung fibrosis. In addition, by using both
transgenic PTX3-overexpressing mice and Pfx3 null animals,
we demonstrate that endogenous PTX3 exerts a protective effect
in BLM-induced lung fibrosis.

MATERIALS AND METHODS

Bleomycin-Induced Pulmonary Fibrosis
Animal experiments were approved by the local animal ethics
committee (OPBA, Organismo Preposto al Benessere degli
Animali, Universita degli Studi di Brescia, Italy) and were
performed in accordance with national guidelines and
regulations. Procedures involving animals and their care
conformed with institutional guidelines that comply with national
and international laws and policies (EEC Council Directive 86/609,
OJ L 358, 12 December 1987) and with “ARRIVE” guidelines
(Animals in Research Reporting In Vivo Experiments). Eight
weeks old wild type (WT) C57BL/6, Ptx37~ (31) and Tie2-PTX3
(32) male mice received a single, slow intratracheal injection of 4.0
mg/kg bleomycin (B2434 Sigma-Aldrich) dissolved in 30 ul of
phosphate-buffered saline (PBS). Body weight variations were
monitored throughout the whole experimental period
(Supplementary Figure S1). Mice were sacrificed at different time
points (14, 21, and 28 days after treatment), and lungs collected and
prepared for histopathological analysis. For each time point 5-8
mice were used for each strain (WT, Tie2-PTX3, and
Ptx37'~ animals).

Histopathological Analysis

The left lung was fixed overnight in 10% formalin (05-01004F
BioOptica), dehydrated in a graded ethanol series, embedded in
paraffin and cut into 4-pm sections. Pulmonary fibrosis was
analyzed using digital microscopy. For the analysis of the fibrosis
area, sections were stained with Masson’s trichrome, digitalized
by AperioScanScope CS Slide Scanner (Leica Biosystem, New
Castle Ltd, UK) at 40x magnification and submitted to
ImageScope software (Leica).

Immunohistochemistry

Paraffin-embedded lung tissues were prepared as previously
described (33). Four-um sections were deparaffinized with
xylene, incubated with 3% H,O, in methanol for 30 min to
inhibit endogenous peroxidase activity and then re-hydrated.
Immunostaining was performed upon microwave or thermostat
bath oven epitope retrieval in ethylene diamine tetra-acetic acid
(EDTA) buffer (pH 8.00). The following primary antibodies were
used: rabbit polyclonal anti-PTX3 (kind gift of B. Bottazzi,
Humanitas Clinical Institute-Milan 1:100), mouse monoclonal
anti-o-SMA antibody (clone 1A4, 1:300, Biocare, # CM001), rat
monoclonal anti-CD45 (clone 30-F11, 1:100, BD Pharmingen,
#553076), rabbit polyclonal anti-IBA1 (1:300, Wako, 019-19741),
rat monoclonal anti-Ly6G (clone 1A8, 1:400, Cederlane, #AB-
F118UD), mouse monoclonal anti-CD3 (clone SP7, 1:70, Leica,
#565-LCE) and rabbit monoclonal PECAM-1 (clone M-20,
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1:200, Santa Cruz, #SC-1506). Immunoreaction was revealed by
using EnVision+ System-HRP Labelled Polymer anti-mouse or
anti-rabbit (Dako) or using Rat-on-Mouse HRP-Polymer
(Biocare Medical) followed by DAB as chromogen: sections
were counterstained with hematoxylin. Immunostained slides
were digitalized as described above and evaluated using Positive
Pixel Count v9 9.0 Algorithm (Imagescope, Leica Biosystem).
Staining was graded for positive pixel density (0 indicating
< 25,000/mm? 1, < 50,000/mm? 2, <100,000/mm?’; 3> 100,000/
mm?® positive pixel). It must be pointed out that physiological
0-SMA immuno-reactivity in perivascular and peri-bronchiolar
areas was excluded in the evaluation of the samples.

Hydroxyproline Quantification in Lungs

The right upper lung lobes were homogenized in ddH,0 (10 mg
of tissue in 100 pl). Then an aliquot was hydrolyzed in HCI 6M at
105°C for 3 h and centrifuged at 13,000 rpm for 5 min. 5 pl of the
supernatant were pipetted in triplicate onto a 96 well plate and
incubated at 60°C for 1 h. Collagen content was assessed using a
Hydroxyproline Colorimetric Assay Kit (MAKO008 Sigma-
Aldrich) according to the manufacturer’s instructions.

RNA Extraction and qPCR

Total RNA was isolated from right lower lung using TRIzol
Reagent (Invitrogen) according to the manufacturer’s
instructions. Two pg of total RNA were retro-transcribed with
MMLYV reverse transcriptase (Invitrogen) using random primers.
cDNA was analyzed by quantitative real-time polymerase chain
reaction (qQPCR) analysis. Beta-Actin (ActB) was used as
housekeeping gene for normalization. Primers used: Mm_Ptx3
forward: 5'-GACCTCGGATGACTACGAG-3/, reverse: 5'-CTC
CGAGTGCTCCTGGCG-3"; Col1Al for: 5'-TGCTCCTCTTAG
GGGCCACT-3/, rev: 5-ATTGGGGACCCTTAGGCCATT-3';
Col1A2 for: 5'-GGTGAGCCTGGTCAAACGG-3', rev: 5'-ACT
GTGTCCTTTCACGCCTTT-3'; Col3AIfor: 5'-CTGTAACATG
GAAACTGGGGAAA-3', rev: 5'-CCATAGCTGAACTGAAA
ACCACC-3'; Acta2 for: 5'-TGCTGACAGAGGCACCACTG
AA-3, rev: 5-CAGTTGTACGTCCAGAGGCATAG-3'; ActB
for: 5'-CTGTCGAGTCGCGTCCACC-3’, rev: 5-ATCGT
CATCCATGGCGAACTG-3".

Statistical Analyses

T-test for unpaired data (2-tailed) was used to test the probability
of significant differences between two groups of samples. For the
statistical analysis the WT group at day 0 was used as reference.
The following abbreviations were used for the indication of
significance: * p<0.05; ** p<0.01; *** p<0.001.

RESULTS

PTX3 Is Modulated During BLM-Induced
Lung Fibrosis

Intratracheal administration of BLM induces peri-bronchial lung
fibrosis in mice, detectable 14 days after treatment and
progressing up to day 21, to decrease at/after day 28 (15).

On this basis, in order to evaluate the modulation of PTX3
expression in the lungs during fibrosis onset, C57BL/6 male mice
were treated intratracheal with BLM and sacrificed after 14, 21,
and 28 days. Then, harvested lungs were processed for
immunohistochemical (IHC) and qPCR analyses. In keeping
with its role as an “early” response to damaging and
inflammatory stimuli (21), PTX3 immuno-reactivity was
significantly increased in fibrotic lung sections 14 days after
BLM treatment, to decrease to basal levels at day 28 (Figures 1A,
B). These data were confirmed by qPCR analysis that
demonstrated a significant upregulation of Ptx3 expression at
day 14 and its gradual decrease thereafter (Figure 1C).

PTX3 Exerts a Protective Role in

Lung Fibrosis

Previous observations had shown a potential role of PTX3 as a
protective factor in different pathological settings in the lungs
(21). On this basis, we evaluated the impact of PTX3
overexpression during the onset and progression of the fibrotic
process in the lungs by taking advantage of a transgenic Tie2-
PTX3 murine model. In this model the overexpression of the
human PTX3 gene (Supplementary Figure S2) is driven by the
endothelial-specific Tie2 promoter, leading to the stromal
accumulation of high levels of the PTX3 protein in all tissues,
including the lungs, without any significant impact on normal
development of organs and tissues (32, 34). Wild type (WT) and
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FIGURE 1 | PTX3 expression is induced in BLM-induced lung fibrosis. PTX3
expression in the lungs of C57BL/6 wild type mice treated with bleomycin
(BLM) and sacrificed at day O, 14, 21, and 28 after treatment was detected
by immunohistochemistry (A) and quantified by scoring the immunostaining
(B) or by gPCR (C). N = 5-8 mice/group; scale bar = 200 um; *P < 0.05,
p < 0.01.
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transgenic Tie2-PTX3 mice were treated intratracheal with BLM
and the progression of lung fibrosis was investigated. As shown
in Figures 2A, B, quantification of fibrotic/collagen positive
areas after trichrome staining of lung sections revealed an
increase of fibrotic tissue in WT animals from day 14 to day
21, with a partial regression at day 28. When compared to WT
mice, fibrotic areas were significantly reduced in Tie2-PTX3 mice
at all the time points investigated, close to the levels measured in
untreated animals. Accordingly, the levels of hydroxyproline, a
marker for the presence of collagen in the ECM, were
significantly higher in WT lungs when compared with those
measured in Tie2-PTX3 animals (Figure 2C).

Further characterization of BLM-treated lungs showed a
significant increase of areas with alpha-smooth muscle actin
(0SMA™) positive fibroblasts in WT mice when compared with
Tie2-PTX3 animals (Figures 3A, B). Related to this fibroblastic
reaction, upregulation of the expression of Collal, Colla2, and
Col3al collagen subunits and of the aSMA-encoding Acta2 gene
was detected by qPCR in the lungs of WT but not of Tie2-PTX3
mice (Figure 3C). In addition, foci of angiogenesis, represented
by CD31" endothelial cells, were detectable in the fibrotic areas
of BLM-treated mice with no apparent difference between WT
and Tie2-PTX3 groups (Supplementary Figure S3).

The inflammatory infiltrate plays a pivotal role during the
response to tissue damage that drives fibrosis (7, 8). In order to
quantify the overall immune infiltrate in BLM-treated lungs,
CD45 immunostaining was performed on samples from the
different groups. As shown in Figure 4A, a vast CD45" cell

infiltrate was detected in WT lungs, while a significant reduction
of CD45" cells was observed in Tie2-PTX3 lungs at all the time
points investigated. These observations are in line with the
limited fibrotic response occurring in Tie2-PTX3 animals.
Accordingly, in keeping with the pivotal role played by
macrophages in BLM-induced fibrosis (7), IBA1" macrophages
were widely present in fibrotic WT lungs throughout the whole
experimental period and consistently reduced in Tie2-PTX3
lungs that showed a detectable macrophagic infiltrate only ad
day 14 (Figure 4B). In addition, a further characterization of the
immune infiltrate at the time points considered demonstrate that
CD3" lymphocytes increase in both WT and Tie2-PTX3 at day
14 after treatment, to decrease more rapidly in PTX3
overexpressing animals in respect to controls (Supplementary
Figure S4A). Finally, very few Ly6G" neutrophils were present in
the lungs of treated mice, with no significant differences between
the WT and Tie2-PTX3 animals (Supplementary Figure S4B).

Together, these data indicate that PTX3 overexpression exerts
a protective impact on BLM-induced fibrosis in transgenic Tie2-
PTX3 mice. These findings, together with the observation that a
significant upregulation of PTX3 expression occurs in WT
animals during BLM-induced fibrosis (see above), prompted us
to assess the role, if any, of endogenous PTX3 on this process. To
this aim, we took advantage from genetically deficient Ptx3™/~
mice that lack endogenous PTX3 expression in all organs,
including lungs, and are characterized by a normal pre
and post-natal development with no signs of inherited
pathological conditions with the exception of subfertility in

Tie2-PTX3
44 ..

FIGURE 2 | Stromal PTX3 overexpression prevents lung fibrosis in BLM-treated mice. Fibrosis in lungs of wild type (WT) and transgenic Tie2-PTX3 mice treated with
bleomycin (BLM) was determined by Masson’s trichrome staining (A), subsequent quantification of fibrotic area (B), and quantification of hydroxyproline in lungs
extracts (C). N = 5-8 mice/group; scale bar = 200 ym; *P < 0.05, *p < 0.01, **p < 0.001.
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FIGURE 3 | Stromal PTX3 overexpression reduces fibroblast activation in BLM-induced lung fibrosis. (A) Immunohistochemical analysis of «SMA expression in the
lungs of wild type (WT) and transgenic Tie2-PTX3 mice treated with bleomycin (BLM). For each image, the boxed area is shown at higher magnification in the right
panel. Scale bar = 100 pm; scale bar of magnified images = 200 um. (B) Score quantification of the aSMA immunostaining. aSMA immuno-reactivity in perivascular
and peri-bronchiolar areas was excluded from the quantification. (C) gPCR analysis on lung extracts for the expression of collagen subunits and Acta2 mRNA. N =
5-8 mice/group; *P < 0.05, *p < 0.01, **p < 0.001.

female animals (31). On the other hand, these mice may show  cause of lung architecture alterations underlying the loss of
different responses under defined experimental conditions  respiratory function (6). This is paralleled by an inflammatory
characterized by the involvement of the innate immune arm  response whose contribution to IPF has long been debated (37)
[reviewed in (23, 35, 36)]. BLM was administered intratracheal to and in some cases remains controversial (38, 39). For instance,
Ptx3 null mice and lung fibrosis was followed in parallel to  treatment of IPF patients with steroids reduces inflammation in
that occurring in WT and Tie2-PTX3 animals. As shown in  the lung but does not improve survival nor clinical outcome (40,
Figure 5A, BLM treatment caused a dramatic decrease of the  41), and a clinical trial based on immune-suppression was
lifespan of Ptx3~'~ mice, with 4 out of 8 mice dying at day 14and  discontinued due to increased hospitalization and death (42).
no survival occurring at day 21after treatment. At variance, no PTX3 is a component of the humoral arm of the innate
animal death was observed for BLM-treated WT and Tie2-PTX3  immunity. Even though its expression in human tissues is usually
mice. Accordingly, trichrome staining of the lung sections and  associated with inflammation, both pro-inflammatory and
quantification of fibrotic areas confirmed a significant increase of ~ inflammation-limiting properties have been reported in
fibrotic/scar tissue at day 14 in PTX3 ™~ mice when compared to  preclinical models of disease, and a possible dual role has been
WT and Tie2-PTX3 animals (Figures 5B, C). unveiled in physiological and pathological settings (35, 43, 44).
On one side, PTX3 generally exhibits protective antibody-like
functions and promotes tissue repair via matrix remodeling and
DISCUSSION modulation of the inflammatory response. On the other hand,
potential damaging effects have been ascribed to PTX3 due to its
Hyper-proliferating fibroblasts/myofibroblasts and augmented  capacity to induce endothelial dysfunction (45), exacerbated
deposition of ECM are typical features of IPF and the main = complement activation and inflammation (44, 46, 47).

Frontiers in Immunology | www.frontiersin.org 166 February 2021 | Volume 12 | Article 617671


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Maccarinelli et al. PTX3 in Murine Lung Fibrosis

A cD45

0= wr S1owr
. Tie2PTX3 . Tie2-PTX3

* dok

ok ok

*x il

CD45 Score
IBA1 Score

o & P ® S > ° ®
Days after BLM treatment Days after BLM treatment
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In inflammatory/injury settings, neutrophils are among the = unable to restrain and control the onset of BLM-induced
first leukocytes to be recruited. Once activated, they secrete their ~ fibrosis in the lungs, that continues till day 28 after treatment.
content of “ready to release” PTX3 that partially remains Two distinct experimental approaches pointed to a protective
associated with neutrophil extracellular traps (NETs) (48, 49). role for PTX3 in this model of PF. In a first set of experiments,
On the other hand, PTX3 locally released by activated leukocytes ~ PTX3 overexpression in transgenic Tie2-PTX3 animals, which
may impair leukocyte rolling on endothelium, thus attenuating  results in the accumulation of PTX3 in the lung stroma (32), was
the recruitment of neutrophils, regulating inflammation, and  able to limit the formation of fibrotic tissue in the lungs, with
reducing tissue damage in murine models of acute lung injury,  reduced activation of fibroblasts and ECM deposition. Moreover,
pleurisy, and mesenteric inflammation (50). the infiltration of immune CD45" cells was reduced in Tie2-

Under physiological conditions, the expression levels of PTX3 ~ PTX3 lungs that showed a dramatic decrease in infiltrating
are low in the lungs of healthy mice and can be modulated =~ IBA1" macrophages when compared to WT animals, with
depending on the severity and duration of the damaging agent =~ moderate or no major differences in infiltrating neutrophils
(31, 51-53). In this study we investigated the expression of PTX3 ~ and T lymphocytes at the experimental points investigated.
in a BLM-induced murine model of lung fibrosis with the aimto ~ These observations are in line with the critical regulatory
define its role in this pathological context. activities exerted by macrophages during all the steps of

In keeping with previous observations in preclinical models of ~ fibrosis onset and repair (55, 56). The protective effect of PTX3
lung fibrosis and in lung tissue from IPF patients (54), PTX3  on lung fibrosis was confirmed in a second set of experiments
expression rapidly increases in the lungs of BLM-treated animals ~ performed on Ptx3™'~ animals in which PTX3 deficiency caused

both at mRNA and protein levels. This upregulation is transient, ~ an increased deposition of fibrotic tissue and a rapid animal
reaches a peak at 14 days after treatment to decrease to  death following BLM administration.

physiological levels thereafter. Thus, PTX3 upregulation Even though the molecular mechanisms at the basis of this
represents an early event in response to the fibrotic insult,  impact of PTX3 on PF remain to be elucidated, previous
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experimental evidences suggest that its accumulation in the
pulmonary stroma may modulate different biological processes,
including the recruitment of immune cells (50, 57, 58) and
fibroblast activation (22, 36). This occurs via the interaction of
PTX3 with growth factors, complement components, the
haemostatic system and the fibrinolytic cascade. Indeed, PTX3
can bind to fibroblast growth factors (FGFs) and impair the FGF/
FGF receptor system (22, 24) which plays a relevant role in
fibrosis (59) as well as in immune cell recruitment (33, 60). In
vitro, the interaction of PTX3 with FcyRI has been shown to
favor the differentiation of human and murine monocytes into
fibrocytes, fibroblast-like cells expressing both haematopoietic
and stromal cell markers frequently found in fibrotic lesions (54,
61). In the same context, the serum amyloid P component (SAP)
was shown to play a fibrocyte-inhibitory activity stronger than
PTX3 (54), and injections of SAP inhibited fibrosis in various
mouse models of the disease (62, 63). Interestingly, SAP
expression was almost absent in fibrotic areas, while PTX3 was
widespread, thus suggesting that relative levels of SAP and PTX3
may have a significant role in fibrocyte differentiation at fibrotic
sites (54).

In the acute lung injury, a strong activation of the innate
immune system in the lungs is accompanied by the expression
of PTX3. This pathological context is characterized by
infiltration of neutrophils and increased production of nitric
oxide and of tissue factor. It has been suggested that high levels

of PTX3 activate the local innate immune system and play
a protective role against lung insults (21, 51). Accordingly,
Ptx3”'~ mice are more susceptible to tissue damage after
exposure to LPS (28). In addition, PTX3 can interact with
fibrin and plasminogen under acidic conditions in damaged/
inflamed tissues, fostering the remodeling of the fibrin-rich
matrix and tissue repair (64).

Overall, in this study we have reported the observational
results of the effect of endogenous PTX3 modulation on lung
fibrosis onset and phenotype. Intravenous or intraperitoneal
treatment with recombinant PTX3 has resulted in beneficial
outcomes in various experimental models of inflammatory
diseases (25, 31, 48, 65-67). Thus, in a therapeutic perspective,
it will be of importance to assess the effect of recombinant PTX3
to prevent fibrosis in BLM-treated mice. Our results and these
future studies will pave the way for the characterization of the
molecular players modulated by PTX3 in PF and for the design
of PTX3-derived approaches to be used for the treatment of
PF patients.
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Increased Pentraxin 3 Levels
Correlate With IVIG Responsiveness
and Coronary Artery Aneurysm
Formation in Kawasaki Disease

Toshiyuki Kitoh 2", Tsuyoshi Ohara’, Taichiro Muto?, Akihisa Okumura?, Reizo Baba??,
Yusuke Koizumi*, Yuka Yamagishi®, Hiroshige Mikamo*, Kenji Daigo®
and Takao Hamakubo®

T Laboratory of Pediatrics, School of Pharmacy, Aichi Gakuin University, Nagoya, Japan, 2 Department of Pediatrics, School
of Medicine, Aichi Mediical University, Nagakute, Japan,  Department of Lifelong Sports and Health Sciences, College of Life
and Health Sciences, Chubu University, Kasugai, Japan, 4 Department of Clinical Infectious Diseases, School of Medicine,
Aichi Medical University, Nagakute, Japan, ® Department of Protein-protein Interaction Research, Institute for Advanced
Mediical Sciences, Nippon Medical School, Tokyo, Japan

Kawasaki disease (KD) is a febrile disease of childhood characterized by systemic
vasculitis that can lead to coronary artery lesions (CAL). This was a prospective cohort
study to determine the levels of the pentraxin 3 (PTX3), soluble CD24-Subtype (Presepsin)
and N-terminal pro-brain natriuretic peptide (NT-pro BNP) in consecutive KD patients.
From January 2013 to March 2015, all patients with KD admitted to Aichi Medical
University Hospital who provided consent had their plasma saved before IVIG
administration. In total, 97 cases were registered. 22 cases of incomplete KD were
excluded from the outcome analysis. The total 75 cases were used for statistical analyses.
A PTX3 threshold of >7.92 ng/ml provided a specificity of 88.5 %, a sensitivity of 94.4 %,
and a likelihood ratio as high as 15.92 for the diagnosis of KD compared with febrile non-
KD controls. Although an echocardiographic diagnosis of CAL in the early course of the
disease was confirmed in 24 cases, it was not in the remaining 51 cases. Neither NT-
proBNP nor Presepsin had statistical significance for the prediction of the
echocardiographic CAL diagnosis. Only PTX3 was significantly predictive of the
echocardiographic CAL diagnosis (p=0.01). The PTX3 level was significantly higher in
the intravenous immunoglobulin (IVIG) non-responders (45.9+7.45) than in the IVIG
responders (17.0 + 1.46 ng/ml) (p< 0.001). The PTX3 level also correlated with the
number of IVIG treatment courses needed to resolve fever (R2 =0.64). Persistent CAL
(PCAL) formation was observed in three cases; one of aneurysm only and two aneurysms
with dilatations. The patients with pCAL had significantly higher PTX3 levels (85 + 8.4 ng/
ml) than patients without pCAL (22 + 2.2 ng/ml) (p< 0.0001). In terms of pCAL prediction,
the area under the curve (AUC) of receiver operating characteristic ROC curve of PTX3
was 0.99, and it was significantly greater than that of Presepsin (0.67) or NT-proBNP
(0.75). PTX3 is a soluble pattern recognition molecule that acts as a main component of
the innate immune system. These data suggest that PTX3 can be utilized as a definitive
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biomarker for the prediction of IVIG resistance and subsequent CAL formation in patients
with KD.

Keywords: pentraxin 3, Kawasaki disease, coronary aneurysm, intravenous immunoglobulin therapy, N-terminal
pro-brain natriuretic peptide, presepsin, systemic vasculitis, coronary artery abnormalities

INTRODUCTION formation. Presepsin represents a newly emerging sepsis

Kawasaki disease (KD) is an acute inflammatory disorder of
unknown origin associated with medium-sized vessel vasculitis
(1). However, inflammation of medium-sized arteries
throughout the body, particularly of the coronary arteries, can
occur during the acute phase of KD (2), and coronary artery
aneurysms develop in the subacute phase (3). Coronary artery
lesions (CAL), including dilations and aneurysms, respectively
manifesting in the acute and transient form or persistent chronic
form (designated as persistent CAL; pCAL), constitute the most
serious complication. PCALs are the most common cause of
acquired heart disease in children in developed countries (4, 5).
Coronary artery aneurysms develop in 15-25% of untreated
children and may lead to myocardial infarction, sudden death,
or ischemic heart disease (6). Without treatment, mortality may
approach 1%, usually within six weeks of onset (7).

Timely initiation of treatment with intravenous
immunoglobulin (IVIG) has reduced the incidence of coronary
artery aneurysms from 25% to 4% (8, 9). Even with treatment in
the acute phase of KD with IVIG and aspirin, up to 5% of
patients will develop serious and potentially life-threatening
cardiac complications (10). Several scoring systems have been
developed to identify children at highest risk for coronary artery
abnormalities (11-13) and has been confirmed as a powerful
predictor of coronary artery aneurysms in various Japanese
studies. In other countries, however, it is not followed due to
the imperfect performance of scoring systems (14).

Although the most appropriate treatment for patients who
fail to respond to IVIG remains unclear, several suggestive trials
have been reported. Severe KD that is resistant to IVIG may
benefit from intravenous pulse corticosteroid therapy (15),
infliximab infusion, or plasma exchange (PE) (16, 17). If a
reliable biomarker were to be identified that would make it
possible to distinguish the patients with KD at high risk for CAL
formation, prompt initiation of second line therapy would lessen
the risk of subsequent pCAL formation.

We hypothesized that the plasma concentrations of pentraxin
3 (PTX3), N-terminal pro-brain natriuretic peptide (NT-
proBNP) or the soluble CD14 subtype (Presepsin) in patients
with KD might be increased and thus reflect the severity of KD.
We have expected that at least one of these might serve as a
useful biological marker of CAL formation and prove useful as
an additional part of the scoring systems. PTX3 is one of the
pathogen recognition receptors (18). NT-proBNP is
conventionally utilized as a biomarker to predict CAL

Abbreviations: AUC, area under curve; CAA, coronary artery aneurysm; CAL,
coronary artery lesion; IVIG, intravenous gamma-globulin; KD, Kawasaki disease;
ROC curve, receiver operating characteristic curve.

marker. We examined the correlation between the measured
values of these candidate markers and the rate of IVIG resistance
as well as the incidence of coronary artery lesions.

MATERIALS AND METHODS

Study Population and

Laboratory Evaluation

The study was carried out in accordance with the principles of the
Declaration of Helsinki and approved by the Institutional Review
Board of the Aichi Medical University Hospital. Written informed
consent was obtained from the subjects or their parents. All
children recruited in this study were admitted to Aichi Medical
University (AMU) in the period between January 2013 and March
2015. The children were evaluated by experienced clinicians at
AMU and fulfilled the diagnostic criteria for KD as endorsed by
the Diagnostic Guidelines for Kawasaki Disease (5th revision)
(19). All of the KD patients were treated with oral aspirin (30 mg/
kg per day) and IVIG (2 g/kg per day). 115 cases were registered in
total. 18 cases that presented with fever, but with symptoms that
were not compatible with KD, were excluded. 22 cases of
incomplete KD were also excluded from the outcome analysis.
41 boys and 34 girls fulfilling the standard diagnostic criteria for
KD were analyzed in the study. The plasma samples for research
were collected from a total of 75 patients in three phases: 75
patients at the time of KD diagnosis/disease onset and prior to
IVIG treatment (acute phase), 60 patients at 1 to 2 weeks following
IVIG treatment (sub-acute phase), and 54 patients at 3 weeks to 4
months following disease onset (convalescent phase). There were
61 patients whose samples were obtained in all three phases. Along
with these parameters, additional clinical laboratory data [i.e., ESR,
CRP, the white blood cell (WBC) count, absolute lymphocyte
count (ALC), absolute neutrophil count (ANC), platelet (PLT)
count, D-dimer and alanine aminotransferase (ALT)] were
evaluated for each phase of the disease. Samples from 18
children with fever, but with symptoms incompatible with KD,
were used as febrile non-KD controls. Control plasma was also
obtained from 20 non-febrile healthy control subjects during the
course of the pre-operative evaluation.

Echocardiogram Measurements and
Failure to Respond to IVIG

A complete echocardiogram was conducted as part of the
standard diagnostic evaluation of KD for all patients in each
phase of the disease according to the “Guidelines for Diagnosis

and Management of Cardiovascular Sequelae in Kawasaki
Disease” (JCS 2013) (20).
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Quantification of Biomarker Candidates
Venous blood samples were collected in sterile tubes containing
EDTA-potassium and centrifuged at 2000 g for 10 minutes at 4°C.
The plasma samples were extracted from the aliquots and were
immediately frozen and stored at —80°C until analysis. The plasma
PTX3 and N-terminal pro-brain natriuretic peptide (NT-proBNP)
levels were determined by enzyme-linked immunosorbent assay
(ELISA) (Perseus Proteomics Inc. Tokyo, Japan) (21) and
Biomedica Medizin produkte GmbH & Co KG, Wien,
Germany), respectively following the manufacturers’
instructions. Plates were analyzed in duplicate on a Spark ™
10M multimode microplate reader (Tecan Trading AG,
Switzerland). The plasma Presepsin level was determined usin
a chemiluminescent enzyme immunoassay (CLEIA) (PathfastT ,
Chemical Medience Corporation, Tokyo, Japan) (22).

STATISTICAL ANALYSIS

Statistical analysis was performed using the statistical software
package Prism 8.0 for Windows (GraphPad, San Diego, CA,
USA). Student's t-test was used for comparison between
normally distributed continuous data. One-way or two-way
ANOVA followed by Bonferroni’s comparison was used as a
post hoc test to evaluate the statistical difference between more
than two groups. The t-test analysis was used to evaluate the
statistical difference between two groups. Non-parametric
analysis using the Mann-Whitney U test was utilized for
continuous data that did not follow a normal distribution. The
relationship between quantitative variables was assessed using
the Spearman correlation coefficient. Statistical significance was
taken as p < 0.05. To compare the power of plasma biomarker
candidates to predict IVIG unresponsiveness or CAL formation,
receiver-operating curves (ROCs) were plotted and area under
the curves (AUCs) were calculated. The optimal cut-off points
were determined using ROC curves to maximize the sensitivity
and specificity.

RESULTS

Clinicoepidemiological Characteristics

of the KD Patients

The plasma samples used for research were collected from 75
children enrolled during the study period. One boy had two
episodes of KD and one girl had three episodes of KD. Seven
cases of KD received no IVIG; 45 cases, one dose; 19 cases, two
doses; 4 cases, three doses (Table 1). Among the 68 IVIG-treated
KD patients, 46 cases were IVIG responders and 22 cases were IVIG
non-responders. Infliximab was administered to two patients after
two doses of IVIG. Plasma exchange was performed in two patients
after three doses of IVIG. An elective second line use of steroids was
not employed in this cohort. Of the 75 patients, 24 had transient
coronary artery lesions detected by echocardiography. Ultimately,
three patients had persistent CAL sequelae according to
echocardiography and 72 did not.

TABLE 1 | Clinical characteristics of patients with Kawasaki disease.

Characteristic No. of patients (%)

Total 75
Age (months)
Median 27
Range 3-114
Gender (male/female) 39/36
Intravenous gamma globulin
Yes 68 (90.7)
one dose of IVIG 45
two doses of IVIG 19
three doses of IVIG 4
No 7 (9.9
IVIG treated 68
IVIG responder 46 (67.6)
IVIG non-responder 22 (36.4)
acute coronary artery abnormalities 24 (32.0)
chronic coronary artery abnormalities 3 (4.0
Aneurysms 3(4.0)
Aneurysms & Dilatations 2(2.7)
Follow up (months)
Median 18
Range 5-34
Outcome
Complete recovery without sequelae 72 (96.0)
Persistent aneurysm 3(4.0)

Elevated Levels of PTX-3, NT-proBNP
During Acute KD

The KD patients were evaluated for the respective circulating
levels of PTX3, NT-proBNP and Presepsin throughout the
clinical course of the disease. We set three sampling time
points during the disease course: at the time of onset of KD or
before IVIG (Pre-IVIG), after IVIG (Post-IVIG) and during
convalescence period after resolution of the fever (Conv). The
PTX3 and NT-proBNP levels were significantly higher in the
before-IVIG group compared with febrile non-KD controls
(Figures 1A, B). Both were significantly decreased in the KD
patients after IVIG treatment. The levels of Presepsin in the
patients with KD were not significantly higher than in the febrile
non-KD controls (Figure 1C). Plasma Presepsin was not
upregulated during the acute phase.

The PTX3 levels of healthy controls and febrile non KD
patients on admission were 3.8 + 0.35 ng/ml (n=20) and 11.8 +
2.2 ng/ml (n=18), respectively. The PTX3 levels in the KD
patients (33.4 + 7.3 ng/ml) were significantly higher than those
in the non-KD febrile controls (11.8 + 2.2 ng/ml; p < 0.001). The
PTX3 threshold of >7.92 ng/ml provided a specificity of 88.5 %, a
sensitivity of 94.4 %, and a likelihood ratio as high as 15.92 for
the diagnosis of KD compared with the febrile non-KD controls.
The high levels of PTX3 noted before IVIG treatment decreased
after treatment (Pre-IVIG, 33.4 £ 7.3 ng/ml; Post-IVIG, 9.64 +
3.61 ng/ml; Figure 1A).

Plasma PTX3, NT-proBNP and Presepsin
Levels and Coronary Artery Lesions in
Acute Phase KD

In the acute phase of KD, the high echo density of the
perivascular area of the coronary artery or coronary artery
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FIGURE 1 | Plasma levels of PTX3, NT-proBNP and Presepsin during the disease course of KD. Unpaired Student t-test. Comparison of the level of PTX3 (A),
NT-proBNP (B), and Presepsin (C) in healthy non-febrile controls, non-KD febrile controls, and KD. Between-group differences were determined using ANOVA and
logical regression analysis. A: Circulating levels of PTX3 throughout KD. B: Circulating levels of NT-proBNP throughout KD. C: Circulating levels of Presepsin
throughout KD. ns, not significant; *p < 0.05, **p < 0.01, **p < 0.005, ***p < 0.001. HC, healthy controls; Non-KD, non KD febrile disease; at the time of onset of
KD or before IVIG (Pre-IVIG), after IVIG (Post-IVIG); Conv, convalescent.

dilatation (echocardiographic CAL diagnosis; echoCAL) was
detected in 23 cases by echocardiography (Table 2). There
were no significant differences in the age or the ratio of males
to females between the echoCAL (-) and echoCAL (+) groups.
No significant difference was found for the day of illness at the
time of IVIG administration (5.4 [3-8] and 5.3 [3-12] day) and
the sampling day of the illness (4.5[1-7] and 4.7 [2-12] day).
There were no significant differences in any other of the
examined variables, such as WBC count, serum sodium, CRP,
D-dimer, ALT and Albumin levels between the 2 groups. The
result of using an independent t-test indicated that the p-values
of NT-proBNP and Presepsin were both 0.05 or higher, and there
was thus no statistical significance. The p-value of PTX3 was
considered significant at 0.01

The PTX3, NT-proBNP and Presepsin
Levels Used to Predict IVIG Resistance/
Non-Responders

IVIG resistance was defined as a persistent or recurrent fever for
more than 48 h after completion of the initial IVIG treatment.
Failure to respond is typically defined as persistent or
recrudescent fever >24 hours after completion of the initial
IVIG infusion. Plasma levels were determined in the IVIG
responders (n = 46) and IVIG non-responders with KD (n =
22) in evaluating the IVIG response. Twenty-two of the 68 IVIG-

treated patients were non-responders (IVIG res (-)) (Table 3).
There was no significant difference in sex, the day of illness at the
time of IVIG administration, nor the sampling day of illness
between the IVIG res (+) and IVIG res (-). The number of
patients who developed CAL was not significantly higher in the
IVIG res (+) group (41% in IVIG res (+) vs 50% in IVIG res (-)
group, p=0.49). In addition, no significant differences were
observed for any of the other variables examined, including the
WBC count, serum sodium level, CRP level, ALT and serum
albumin level between the 2 groups. Analyses with an unpaired t
test showed that the P value of NT-proBNP, Presepsin and PTX3
for IVIG resistance vs. responsiveness was 0.19, 0.04 and 0.001,
respectively. PTX3 and Presepsin were significant. PTX3
exhibited a higher degree of significance than either NT-
proBNP or Presepsin. The PTX3 values in the IVIG non-
responders (n = 22) were significantly higher when compared
to the IVIG responders (n= 46) (37.29+31.3 vs. 18.2+12.5;
p=0.001). The threshold of >33.2ng/ml PTX3 provided a
sensitivity of 64.3% (95% CI: 53.35 to 81.83%), a specificity of
83.3% (95% CI: 54.35 t0 95.95%), and a likelihood ratio as high as
12.2 for the diagnosis of “IVIG non-responder”.

Correlation of the PTX3, NT-proBNP and
Presepsin Levels With IVIG Resistance
Figure 2 shows the plasma PTX3 value before IVIG treatment in
patients who required 0, 1, 2, or 3 doses of IVIG to resolve the
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TABLE 2 | Demographic, laboratory characteristics of patients at the time of
diagnosis in the groups without CAL and with CAL.

TABLE 3 | Demographic, laboratory characteristics of patients at the time of
diagnosis in the IVIG responsive group, and the IVIG resistant group.

CAL(-) CAL(+) P value IVIG res(+) IVIG res(-) P value
(n=51) (n=24) (n =46) (n=22)
Age (m) 20.95+2.9 19.38+4.1 0.45 Age (m) 29.05+23.09 21.19+21.93 0.17
[3-72] [2-78] [3-108] [2-96]
Male sex (%)* 0.4 0.4 0.92 Male sex (%)* 0.50 0.67 0.18
Day of illness at the time of 5.4+1.9 5.3+1.2 0.91 Day of illness at the time of IVIG 4.6+1.5 4.8+1.0 0.33
IVIG administration (d) administration (d)
[3-8] [3-12] [3-12] [3-7]
Sampling day of illness (d) 4.5+1.3 4.7+1.8 0.61 Sampling day of illness (d) 4.6+1.5 4.0+1.3 0.09
[1-7] [2-12] [2-12] [1-6]
IVIG non-responder (%)* 12+0.24 10+£0.42 0.04 Complicated with CAL (%)* 0.50 0.41 0.49
WBC count (103/mL) 1332914400 13225+3716 0.92 WBC count (103/mL) 13790+3674 1340514623 0.70
[3090-24900] [6000-23900] [6500-24900] [6000-23900]
Sodium (mEay/L) 136.5+2.89 135.8+2.93 0.23 Sodium (mEg/L) 136.3+2.97 135.3+2.67 0.29
[130-144] [129-141] [130-144] [129-139]
CRP (mg/dL) 5.13+3.31 6.22+4.24 0.23 CRP (mg/dL) 6.71+4.15 7.32+3.24 0.55
[0.36-12.88] [0.99-15.88] [1.26-20.55] [1.7-15.64]
D-Dimer (ng/mL) 2.07+2.26 2.20+1.09 0.85 D-Dimer (ug/mL) 2.01+0.85 2.53+1.49 0.22
[0.9-9.03] [1.01-5.21] [1-4.33] [0.82-5.13]
ALT 62.2+9.6 135.8+£18.5 0.27 ALT 75.8£15.1 116.2+39.0 0.24
[7-422] [7-807] [7-422] [8-807]
ALB 3.82+0.33 3.76+0.30 0.42 ALB 3.81+0.33 3.80+0.30 0.87
[2.9-4.5] [3.1-4.5] [2.9-4.5] [3.1-4.3]
NT-proBNP (pg/mL) 453.2+199.6 831+443.5 0.05 NT-proBNP (pg/mL) 520.8+417.3 785.6+360.1 0.19
[7.4-1659] [6.2-3437] [7.4-3437] [6.2-2010]
Presepsin (pg/mL) 482.7+237.9 818.2+455.6 0.04 Presepsin (pg/mL) 489+217.6 9043.8+463.3 0.04
[74-1943] [103-3437] [103-2552] [131-3437]
PTX3 (ng/mL) 18.16+£11.6 33.21+14.9 0.01 PTX3 (ng/mL) 18.2+12.5 37.29+31.3 0.001
[3.22-5383] [4.4-101] [3.22-65.3] [6.56-101.0]

Presented as the mean +SD with the 5th and 95th percentiles in square brackets. Mann-
Whitney U test. *2-sided x2 test. Echo CAL, high echo density of the perivascular area of
the coronary artery or coronary artery dilatation.

KD. The correlation of the IVIG dose number was obtained
using the IVIG correlation coefficient which is a test of such a
correlation. No significant correlation was found between the
NT-proBNP or Presepsin level and the number of doses of IVIG
needed to resolve inflammation in KD. The PTX3 levels in KD
patients who required zero, one, two, or three doses of IVIG to
resolve the KD were 12.5 + 3.5,21.0 £ 7.8, 35.6 + 27.5, and 72.2 +
32.8 ng/ml, respectively (significantly different according to one-
way ANOVA, p < 0.05). The PTX3 level was also significantly
correlated with the number of IVIG treatments needed to resolve
fever. (p< 0.001). There was a strong correlation between the
PTX3 value and the number of doses administered IVIG; y =
22.18 x - 4.27, R* =0.64.

PTX3 and Coronary Abnormalities

The patients with pCAL had higher PTX3 levels than those
without pCAL (85 + 8.4 vs. 22 + 2.2 ng/ml, p < 0.0001).
The NT-proBNP and Presepsin levels in KD patients with
pCAL were not significantly higher than those without pCAL.
All three cases with pCAL formation were IVIG non-
responders (Figure 3A). The plasma PTX3 values on
admission of these patients were 72.4, 91.8, and 101 ng/ml,
the highest values in this study. Figure 3B shows the AUC and
predictive power for pCAL of the candidate biomarker levels
at the time of admission. The respective AUC value of PTX3,

Presented as the mean +SD with the 5th and 95th percentiles in square brackets. Mann-
Whitney U test. *2-sided x2 test. CAL means echo CAL, high echo density of the
perivascular area of the coronary artery or coronary artery dilatation.

NT-proBNP and Presepsin was 0.99+0.014 (95% CI: 0.96 to
1.00, p=0.005), 0.86+0.054 (95% CI: 0.75 to 0.96, p=0.039),
and 0.67+ 0.15 (95% CI: 0.37 to 0.96, p=0.33). The cut-off
value of 60.8 ng/ml that was used to predict subsequent pCAL
had a sensitivity of 1.00 (95% CI: 29.24 to 100.0%), a
specificity of 0.98 (95% CI: 88.09 to 99.58%), and a
likelihood ratio of 29.0.

DISCUSSION

Prediction of CAL risk has become an important issue in KD
because of recent advances in the therapeutic strategies available,
such as prednisolone therapy (15) or treatment with a tumor
necrosis factor-alpha antagonist (23), advances that enable
stratification of the initial treatment for the patients with a
high level of predicted risk. Thus, we carried out this collateral
analysis to ascertain the diagnostic accuracy of PTX3, NT-
proBNP and Presepsin in detecting CAL before the initial
IVIG treatment.

NT-proBNP has been suggested to be a potential diagnostic
biomarker for KD (24). NT-proBNP as a risk predicter of CAL
after first being reported by Kaneko et al. (25), was suggested to
be associated with the development of CAL. It was shown by a
meta-analysis performed to ascertain the diagnostic value of
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NT-proBNP in detecting CAL in KD that the overall diagnostic
sensitivity and specificity were 0.84 (95% CI: 0.78-0.89) and
0.71 (95% CI: 0.68-0.75), respectively. The area under the
summary receiver operating characteristic curves (SROC)
value was 0.8582 * 0.0531 (24). The AUC value in our study
was 0.6316 + 0.08 (95% CI: 0.47 to 0.79), which is comparable
to that of SROC in terms of meta-analysis. Both AUC values are
still inferior to that of our PTX3 data of 0.9885+0.014 (95% CI:
0.96 to 1.00, p=0.005).

Presepsin is also known as a soluble cluster of differentiation
(CD)14 subtype, which is a humoral risk stratification marker for
systemic inflammatory response syndrome and sepsis. The
results of many clinical studies have indicated that Presepsin is
a useful biomarker not only for early diagnosis, but also for risk
stratification and prognosis prediction for sepsis in adults (26) as
well as children (27). The present study shows that Presepsin
was, as the case in sepsis (28), inferior to PTX3 in predicting
IVIG resistance and/or CAL formation.
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The pathophysiology of the acute phase of Kawasaki disease is
characterized by excessive activation of the innate immune
system and is accompanied by an increase in inflammatory
cytokines and chemokines (29). Furthermore, it is thought that
these factors trigger the induction of the fever, acute phase
protein production in the blood, neutrophil increase, and
vasculitis. PTX3 is a prototypic soluble pattern recognition
receptor in the innate immune system that is expressed at sites
of inflammation and is involved in regulation of the tissue
homeostasis (18). PTX3 has also been studied as a diagnostic
biomarker for sepsis. PTX3 levels are low under normal
conditions (<2 ng/ml in adults, 1.24 ng/ml [0.87-2.08] in
children) (30), but the plasma PTX3 concentrations increase in
certain conditions such as sepsis, small-vessel vasculitis (31), and
acute myocardial infarction (32). In sepsis, PTX3 may serve as an
early marker of the severity and outcome of the disease. PTX3 is
correlated with the severity of sepsis in febrile patients presenting
with the disease in hospital emergency rooms (33). PTX3 levels
also elevated in patients with systemic inflammation (median =
71.3 ng/ml) (34). A role for PTX3 as a sensitive marker of
vascular inflammation has also been proposed (18, 35). The
innate immune system, which is considered to be involved in the
pathogenesis of KD, includes a humoral arm such as PTX3 that is
complementary to cellular recognition and effector function (18).

In this study, we observed the following in patients with KD.
a) The plasma PTX3 and NT-proBNP values were significantly
increased compared with these values in non KD febrile patients
determined before IVIG. Using 25.7 ng/ml as the optimal cut-off,
we identified PTX3 as an excellent biomarker for the purpose of
differentiating KD cases from non-KD cases, including subjects
highly suspected of KD. b) Patients with acute early coronary
lesions presented with a greater increase in the PTX3 plasma
values than patients without any acute early coronary artery
lesions. c¢) Patients who had PTX3 plasma values exceeding
33.2ng/ml exhibited increased risk of IVIG resistance. d) A
significant correlation was found between the levels of PTX3
and the corresponding number of doses of IVIG treatment
needed to resolve the inflammation caused by KD (p < 0.01).
e) The cut-off value of 60.8 ng/ml to predict subsequent CAL had
a specificity of 1.00, sensitivity of 0.98, and a likelihood ratio
of 29.0.

Katsube et al. reported the PTX3 level in 56 patients with KD.
They determined that the PTX3 levels in unresponsive cases
(n=7) were significantly higher than in responsive cases (n=49)
(55.3 vs. 18.9; p<0.01). There were two cases of CAL among the
unresponsive cases, and the PTX3 values in these cases were 63.7
and 89.3 ng/ml (36). These PTX3 values are similar to those of
the three CAL cases in our study. The sensitivity and specificity
of PTX3 in predicting IVIG unresponsiveness were 85.7 and 95.9
% when the PTX3 cut-off value was set at 40 ng/ml (36). In our
study, the cut-off value of 60.8 ng/ml used to predict subsequent
CAL had a specificity of 1.00, sensitivity of 0.98, and a likelihood
ratio of 29.0. A very similar predictive power was observed in an
independent report (37). We also observe that the plasma PTX3
level was elevated in KD before IVIG to 33.4 £ 7.3, more than 10
times higher than the normal value in controls (2.7 + 1.0) (30),

and returned to an improved but still abnormal level of 9.64 +
3.61 during convalescence. Katsube et al also reported the
sustained PTX3 elevation that implies continuing silent
vasculitis even in one month after the onset of KD.

Recently, Ching et al. reported that significantly higher serum
PTX3 levels in patients with CAL compared to patients without
CAL, as well as IVIG resistance during the acute phase of KD.
They concluded PTX3 as a sensitive marker for coronary artery
dilation in KD rather than IVIG resistance (38). Our observation
is consistent with them regarding to coronary artery dilatation
and IVIG resistance. In this study, we found that the elevated
PTX3 level correlated with the number of doses administered
IVIG. In our cohort, there were three cases of pCAL formation
with highly elevated plasma PTX3 level. These results suggested
that the PTX3 is a good marker for pCAL formation and the
severity of KD. Our results further strengthen their
recommendation to utilize PTX3 in assessing KD patients.

The limitations of this study include limited sample size,
particularly within the pCAL group. However, the results clearly
demonstrate a significant elevation of the PTX3 level in KD
patients that is correlated with required IVIG doses for
responsiveness. These data further suggest a specific role for
PTX3 in KD disease severity as well as the treatment response.
Future studies should focus on investigating the underlying
mechanisms by which PTX3 and other innate immunity
proteins are involved in KD pathogenesis and CAL development.

CONCLUSIONS

It is demonstrated that PTX3 is highly useful in the diagnosis of
KD. The PTX3 level before IVIG was a strong and sensitive
predictor of IVIG non-responsiveness and subsequent CAL
formation, and may help identify high-risk patients requiring
additional second-line therapy other than repeated IVIG
treatment alone. According to these results, the prognostic
value of PTX3 as a single biomarker is the best available
when compared with the currently used risk scoring systems
(e.g. the Kobayashi Score) (11), or other proposed predictors
such as NT-proBNP or Presepsin. A particularly high level of
PTX3 is also an independent predictor of CAL formation after
fever resolution.
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PTX3 is a soluble pattern recognition molecule (PRM) belonging to the humoral innate
immune system, rapidly produced at inflammatory sites by phagocytes and stromal cells
in response to infection or tissue injury. PTX3 interacts with microbial moieties and
selected pathogens, with molecules of the complement and hemostatic systems, and
with extracellular matrix (ECM) components. In wound sites, PTX3 interacts with fibrin and
plasminogen and favors a timely removal of fibrin-rich ECM for an efficient tissue repair.
Idiopathic Pulmonary Fibrosis (IPF) is a chronic and progressive interstitial lung disease of
unknown origin, associated with excessive ECM deposition affecting tissue architecture,
with irreversible loss of lung function and impact on the patient’s life quality. Maccarinelli
et al. recently demonstrated a protective role of PTX3 using the bleomycin (BLM)-induced
experimental model of lung fibrosis, in line with the reported role of PTX3 in tissue repair.
However, the mechanisms and therapeutic potential of PTX3 in IPF remained to be
investigated. Herein, we provide new insights on the possible role of PTX3 in the
development of IPF and BLM-induced lung fibrosis. In mice, PTX3-deficiency was
associated with worsening of the disease and with impaired fibrin removal and
subsequently increased collagen deposition. In IPF patients, microarray data indicated
a down-regulation of PTX3 expression, thus suggesting a potential rational underlying the
development of disease. Therefore, we provide new insights for considering PTX3 as a
possible target molecule underlying therapeutic intervention in IPF.

Keywords: PTX3, inflammation, hemostasis, resolution, fibrosis, IPF, humoral immunity
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Could PTX3 Limit the IPF?

INTRODUCTION

Role of PTX3 in Humoral Innate Immunity
The pentraxin family is an ancient group of evolutionarily
conserved proteins belonging to humoral innate immunity that
act as pattern recognition molecules (PRM). PTX3, the prototype
of the long pentraxins arm, differs from the short pentraxins C
reactive protein (CRP) and serum amyloid P component (SAP/
PTX2) in molecular structure, gene organization, cellular source,
and recognized ligands. PTX3 is rapidly produced by
mononuclear phagocytes or stromal cells, including
mesenchymal, smooth muscle, and endothelial cells (ECs) (1-5),
in response to primary proinflammatory cytokines (IL-1f and
TNF-0), TLR agonists, microbial components (LPS or Outer
membrane protein-A) and microbes. The molecule acts as an
opsonin during infections, facilitating phagocytosis and activating
the complement cascade (6). Genetic evidence in mice (7) and
humans (8-15) suggests that PTX3 plays an essential role in
resistance against selected pathogens, in particular A. fumigatus.
In addition, PTX3 is induced in response to tissue injury and,
through the interaction with the complement system and ECM
components, plays non-redundant roles in tissue repair and
cancer (1, 16). The relevance of PTX3 in the assembly of the
cumulus oophorous was the first evidence of its role in ECM.
Female subfertility associated with PTX3-deficiency (2, 6) also
emphasizes the importance of this protein in ECM assembly
and remodeling.

Inflammation activates various tissue response cascades that
lead to ECM re-organization, removal of ECM debris, and
clearance of apoptotic cells, thus favoring tissue healing. In this
context, PTX3 is involved in the turnover of fibrin-rich deposits
at wound sites after tissue injury, and consequent collagen
deposition (16). Furthermore, when the stimuli persist or the
resolution program is broken or stumbled, the inflammatory
response may become chronic, impacting tissue remodeling and
PTX3 expression. Macrophages are susceptible to the
inflammatory environment and are key cells to modulate this
system through PRMs. During the early inflammatory phase,
M1-polarized macrophages accumulate and orchestrate the
inflammatory response. The subsequent switch to an M2-
phenotype is crucial for resolving inflammation and tissue repair
(17-19). M2-macrophages contribute to tissue homeostasis,
dampening inflammation, scavenging ECM debris, and
participating in tissue remodeling and repair (19, 20). On the other
hand, apoptotic cells generated during chronic inflammation trigger
the resolution, with significant changes in macrophage functions.
Opsonization of apoptotic cells by PTX3 promotes their recognition
by macrophages and subsequent efferocytosis (21), contributing to
diverse M2-phenotypes switching (6) and regulating IL-10 and TGF-
B1 production (22). Thus, PTX3 may play a homeostatic role in
orchestrating tissue adaptation by coordinating leukocyte migration,
resolution, and tissue healing.

PTX3 has been considered an essential regulator of airway
mucosal surface homeostasis (23) and is useful as a disease or
prognostic marker. In addition, the protein exerts a role in lung
immunity against immunological dangers such as respiratory
infections, allergy, tissue damage, and malfunction (24). As a

humoral mediator of innate immunity, PTX3 opsonizes
pulmonary pathogens promoting the clearance by phagocytosis
and triggers the mucosal immune response to fungal or bacterial
infections and respiratory viruses. Furthermore, PTX3 also has
relevant roles in non-infectious pulmonary diseases. Altogether,
PTX3 exerts multiple roles in respiratory diseases. However, its
involvement in the development of IPF remains poorly explored.

PTX3 AND LUNG FIBROSIS: LESSONS
FROM EXPERIMENTAL MODELS OF
PULMONARY FIBROSIS

Bleomycin (BLM) is vastly used to investigate the mechanisms
involved in lung fibrosis in mice, and also in the selection of
therapeutic drugs for IPF, including Pirfenidone and Nintedanib
(25, 26). Several studies have addressed the relevance of PTX3 in
different models of pulmonary fibrosis (27-29). Despite the
observation that BLM induces PTX3 expression in murine
models of lung fibrosis (27, 29), a paucity of information exists
on the functional role of the protein in this model. It has been
shown that PTX3 promotes murine fibrocyte differentiation
dependent on FcyRI in vitro (28). In vivo, PTX3 is localized in
fibrotic areas, and its distribution is associated with collagen
deposition in lung parenchyma (28) and with macrophage
infiltration at sites of fibrogenesis (29), revealing an interplay with
macrophages during BLM-induced tissue fibrogenesis. Taking
advantage of transgenic mice overexpressing PTX3 (Tie2-PTX3),
it was recently shown that the protein could limit lung fibrosis,
reducing collagen deposition and fibroblast activation and
decreasing leukocyte recruitment (29). Using the BLM-induced
fibrosis model (3.75 mg/Kg, i.n.), we confirmed macrophage
(Ly6C*CD115"CD11b") accumulation concomitantly with a
progressive increase of PTX3 lung levels (Figure 1A), as
previously described (30). Soon after BLM (2-4 days), RT-PCR
showed an increased expression of M1-macrophage genes, followed
later on (8-16 days) by an increased expression of M2-macrophage
genes (Figure 1B). Therefore, increased PTX3 lung content is
temporarily associated with a macrophage M2-polarization
preceding the pulmonary fibrosis.

In the same model, Ptx3”" mice showed reduced survival
(Figure 1C) and accentuated weight loss (Figure 1C).
Corroborating the results by Maccarinelli et al. (29), lungs from
Ptx3”" mice showed hemorrhagic areas (day-14)(Figure 1C) and
increased fibrosis, as assessed by total collagen content (day-22)
(Figure 1D). In Ptx3”" mice lung homogenates (Figure 1E), fibrosis
was not associated with differences in IL-4, IL-10, IL-6, and CCL2,
thus indicating the independence of PTX3 in the regulation of
inflammation (1,2, 31), while we found increased TGF-B1 in Pix3”"
mice (Figure 1E)(day-14). As described in several models of
vascular pathology or tissue repair (16, 32), PTX3 controls the
thrombotic response by influencing platelet activation and
degranulation. Therefore, it is tempting to speculate that a specific
increase in lung TGF-B1 may be due to a local release derived by
platelet degranulation. PTX3 was found localized in the damaged
alveolar epithelium and interstitial ECM associated with PDGFRo."
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FIGURE 1 | PTX3 protects mice from BLM-induced pulmonary fibrosis. A model of lung fibrosis was induced by BLM instillation (3.75 mg/Kg, .n.) in Wild Type (WT)
and ptx3”" mice (A-E). (A, left), kinetic of macrophage influx in the lungs of WT mice after BLM by FACS analysis. (A, right), kinetic of PTX3 lung content assessed
by ELISA (PTX3 DuoSet® Kit ELISA DY2166, R&D Systems) in tissue homogenates. (B), Transcription analysis of M1 genes (Cd86-Mm00444543_m1, II6-
Mm99999064_m1, Il12a-Mm99999066_m1, Tir4-MmO00445274_m1, Socs1-Mm00782550_s1) and M2 genes (Arg1-Mm00475988_m1, Chi3I3-Mm00657889_mH,
Mrc1-Mm01329362_m1, II1rm-Mm00446185_m1, Timp1-MmO00441818_m1, Mmp12-Mm00500554_m1) markers of macrophage polarization by TagMan probes
(Applied Biosystems) at different days after BLM treatment. (C, D), Susceptibility of Ptx3”~ mice to lung fibrosis induced by BLM instillation. (C, left) survival curve of
mice (100% of WT and 54.5% of Ptx3-/- mice), as defined by humane end-points (e.g., weight loss of more than 25% of initial body weight, anorexia, excessive
decrease in activity, shaggy hair, diarrhea, urinary retention, breathing difficulties). **P=0.01; Log-rank test. (C, middle) monitoring of weight loss. *P < 0.05; unpaired
t-test). (C, right) representative photographs showing the appearance of lung parenchyma and quantification of autofluorescence intensity (excitation 405nm;
emission collection at 550-60nm; CLARIOstar Microplate Reader, BMG Labtech) typically associated to hemoglobin in lung lysates of wt (n=9) and Ptx3” (n=7) mice
(day 14). *P=0.05, unpaired t-test. (D) lung collagen content after 21 days assessed by Sircol assay. (E), measurement of TGF-B+, IL-4, IL-10, IL-6, and CCL2 in
lung lysates of wt (n=7) and Ptx3”" (n=5) mice (day 14 after BLM treatment) by ELISA (R&D Systems). *P=0.05, unpaired t-test. (F), confocal microscopy analysis on
lung specimens (10pm) from WT mice (n=7) 14 days after BLM treatment. (F, upper panels) localization of PTX3 (green), Collagen | (blue), PDGFRo.* (red)
mesenchymal cells and CD11b* (white) immune cells. Representative localization of PTX3 around blood vessels (F, upper, left) or associated with fibrotic ECM and
damaged epithelium (F, upper, middle). (F, lower panels) colocalization of PTX3 (green) with fibrin (white) and plasminogen (red) in fibrotic lung associated with blood
vessels (F, lower, left) or ECM and damaged epithelium (F, lower, middle). Blue, nuclei. Lungs obtained from Ptx3”" mice were used as control (Upper and lower
panels, right). Bar, 100um. The following antibodies were used: collagen |, rabbit polyclonal (5ug/ml; AbCam); PTX3, goat polyclonal (0.5ug/ml; R&D Systems);
PDGFRa, BV421 rat (APAS, 1.5ug/ml; BD Horizon); CD11b, APC-Cy7™ rat (M1/70, 2pg/ml; BD Pharmingen); plasminogen, rat monoclonal (1ug/ml; Cell Sciences);
fibrinogen, rabbit polyclonal (4ug/ml; Dako); species-specific Alexa Fluor 488/568/647- conjugated secondary antibodies were used. (F, right) Rate of colocalization
(% of material; Fiji software) of PTX3 signal with fibrin, plasminogen, collagen | (COL1A), PDGFRo., and CD11b and relative Pearson’s correlation coefficient. Mean +
SEM of 5-8 images acquired for each mouse (n=7). *P < 0.0001, unpaired t-test. (G, upper), Western blot analysis of fibrin in lung lysates (10ug total proteins per
lane on 10% SDS-PAGE) of WT (n=5) and Ptx3”" (n=5) mice at day 7. A polyclonal rabbit anti-fiorinogen was used (3ug/ml; Agilent/DAKO). 1pl of basal mouse
plasma in ACD-A (Anticoagulant Citrate Dextrose Solution) was used as a control for fibrinogen; 1pl of mouse plasma-ACD incubated with thrombin (1U/ml; 1h) was
used as a control for fibrin. A typical band pattern of fibrin (Ac; BB, y-y dimer) is indicated in the fibrin control and lung lysates. Red arrows, lower molecular weight
bands corresponding to degraded fibrin. (G, upper, right), quantification of fibrin bands as relative gray values (Fiji software) on Ponceau red staining. ***P < 0.005,
*P < 0.5; unpaired t-test. (G, middle), Western blot analysis of plasminogen and relative band quantification as gray values (Fiji software) in same lysates (50ug total
proteins per lane on 10% SDS-PAGE, G, middle, right). A polyclonal goat anti-plasminogen was used (0.5ug/ml; R&D Systems). The molecular weight of
plasminogen and plasmin activation bands are indicated. (G, lower), Western blot analysis of the complement component C3 in the same lysates (10ug total proteins
per lane on 10% SDS-PAGE) and relative band quantification as gray values (Fiji software, G, lower, right). A polyclonal goat anti-human/mouse C3 and activation
fragments (1:3000; Merck-Millipore) was used. (H) Effect of PTX3 administration in BLM-induced lung fibrosis. One experiment was performed. Human recombinant
PTX3 (50ug/mouse) was injected i.p. one day after BLM (5 mg/Kg, i.n.) treatment in WT mice. Survival (H, left) (Ptx3-/- mice from 42.8% to 77.8%, and WT mice
from 57.1 to 80% of survival) and body weight (H, 3 panels right) were recorded until day 14. Curves referring to weight loss are shown compared to untreated WT
and Ptx3”" mice (H, first left) or separated by genotype and compared with the correspondent treated group (H, right). *P < 0.05; unpaired t-test. All results were
expressed as mean + SEM. Normalized data were analyzed by One-Way ANOVA with Tukey post-test, using the software GraphPad Prism 8.0. Differences were

considered significant at P < 0.05.

mesenchymal cells, and Ptx3”" mice showed increased interstitial

fibrin deposition and subsequent fibrotic scarring in ALI (acute lung
injury) model (5). Similarly, in the BLM-induced fibrotic lungs
(day-14), PTX3 is localized in damaged epithelium and areas of
ECM rich in collagen-1, preferentially associated with PDGFRo*
mesenchymal cells rather than recruited CD11b" cells (day-7)
(Figure 1F). Moreover, PTX3 is localized around the blood
vessels (Figure 1F). Thus, in line with evidence obtained in
different experimental models of lung injury and repair (16, 33,
34), PTX3 plays a non-redundant and protective role during BLM-
induced pulmonary fibrosis in mice.

PTX3 promotes arterial thrombosis (32) at wound sites
during injury-induced thrombotic response and promotes
healing by interacting with plasminogen, favoring timely fibrin
removal in acidic microenvironments (5, 16, 33, 35). As
presented in Figure 1F, in the BLM-induced fibrotic lungs
PTX3 colocalized with fibrin deposits in ECM and damaged
epithelium closely associated with plasminogen. A similar
colocalization was observed in the endothelium of blood
vessels possibly associated with coagulation sites (day-7)
(Figure 1F). Coagulation proteases are recognized to exert pro-
fibrotic cellular effects via activation of protease-activated
receptors (PARs) (36). Fibrinolysis is also an essential
prerequisite for subsequent tissue remodeling processes leading
to efficient repair (37-40). Therefore, analysis of fibrin and

plasminogen content in lung lysates would address whether a
defective turnover in fibrin removal was present in Ptx3”" mice.
As assessed by Western blot, lungs of Ptx3”" mice showed
increased fibrin deposition and decreased fragments of fibrin
degradation at the inflammatory phase (day-7)(Figure 1G).
Differences in plasminogen deposition and plasmin formation
(day-7)(Figure 1G) observed in the same lung homogenates
suggest an impairment in ECM turnover of fibrin, possibly at the
bases of a subsequent increased lung fibrosis. No evidence of
PTX3 regulation on complement activation was observed in this
model, as no differences were found in C3 deposition in the lung
(Figure 1G). Several reports showed that coagulation cascade
elements are involved in lung fibrosis (41). The deficiency of
components of the fibrinolytic system caused exacerbated lung
injury associated with defective clearance of necrotic tissue and
augmented fibrin deposition and fibrosis (42). Lung fibrosis was
reverted by overexpression of plasminogen activator genes (38,
39). Therefore, the disruption of fibrin removal and altered ECM
turnover with collagen deposition appeared as the central
mechanism underlying the phenotypes associated with Ptx3”"
mice in response to BLM, corroborating the observations from
other models of organ damage (5, 33, 35). TGF-Bl-mediated
elevated PAI-1 levels and defective fibrinolysis have significant
fibrotic consequences for tissue repair (43, 44). Interestingly,
TGF-B1 was found to down-regulate PTX3 at mRNA and
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protein levels in granuloma (45) and mesenchymal cells (our
results, data not shown). TGF-B1 increased ECM deposition
promoting transcription of collagen and protease inhibitors,
including tissue inhibitors of metalloproteases (TIMPs) and
PAI-1 (46). Concomitantly, TGF-f1 decreases the secretion of
proteases responsible for ECM degradation, including activators
of plasminogen (43, 44), thus increasing the overall production
of ECM proteins (47). Therefore, PTX3 down-regulation by
TGF-B1 could inhibit the removal of the fibrin matrix and
increases ECM deposition during experimental fibrosis.

The evidence obtained from the BLM-induced lung fibrosis
model prompted us to evaluate the possible therapeutic effects of
PTX3 treatment in the disease. In a first preliminary experiment,
shown in Figure 1H, a single i.p. injection of recombinant PTX3
(50pg/mouse) one day after BLM (5 mg/Kg, i.n.) was sufficient to
increase survival of Ptx3”" mice, with a weak effect even in WT
mice survival (Figure 1H). PTX3 treatment also attenuated the
weight loss in Ptx3”" mice but not in WT mice challenged with
BLM (Figure 1G), suggesting a potential therapeutic effect of
PTX3 in pulmonary fibrosis. However, the actual evaluation of
potential PTX3 treatment requires more detailed pharmacological
studies on the doses and administration routes.

MECHANISMS OF PTXS IN IDIOPATHIC
PULMONARY FIBROSIS: INTERPRETING
DATA FROM IPF

IPF is a chronic and lethal Interstitial Lung Disease characterized
by fibroproliferation of unknown origin and insensitive to
therapy, associated with excessive ECM deposition in the
pulmonary parenchyma (48-50). Clinical signs include
progressive loss of lung volume, increased respiratory effort,
and abnormal gas exchange, leading to respiratory collapse
(48-50). Currently, some hypotheses have been proposed
about its controversial origin. Among them, clinical data have
revealed a close correlation between pulmonary fibrosis and the
profile of inflammatory mediators released by immune cells (19,
51, 52). Data supports that pulmonary fibrosis is the final result
of previous alveolitis with excessive scarring (19, 52, 53). Current
knowledge about IPF has been derived from detailed
pathological analysis of human lung samples that elucidated its
unique morphological characteristics, together with observations
derived from animal models of disease (26, 52, 54, 55). New
insights raised from genetic and transcriptomic studies on IPF
samples have given a better comprehension of the molecular and
cellular mechanisms determining the lung phenotype of IPF and
patient therapeutics (25, 54, 56).

The physiological role of PTX3 in IPF remains to be
elucidated. However, present results and previous evidence
suggest a role of PTX3 in lung repair in experimental models
of lung injury (16), an association of PTX3 and Primary Graft
Dysfunction (PGD) in IPF recipients after lung transplant (57),
or a potential role of PTX3 produced by fibroblasts and bronchial
epithelial cells in fibrocyte differentiation in vitro (28). In the
lung tissue samples obtained from IPF patients, PTX3 was found

associated with fibrotic areas of ECM, epithelium, and alveolar
leukocytes (28). In order to gain a deeper insight into this
association, we analyzed microarray data of lung samples from
IPF (GEO database: GSE32537) using Phantasus (58), a web
application for visual and interactive gene expression analysis
(https://genome.ifmo.ru/phantasus). Besides upregulated genes
related to fibrosis (COL1A1, FGFR2, TIMP2, and TGF-B2/3;
Figures 2A, C), increased expression of M2-macrophage and
inhibition of M1-macrophage related genes were found in IPF
samples (Figures 2A, C), similarly to WT mice exposed to BLM
(Figure 1B). Moreover, IL-10 and PTX3 expression were down-
regulated in IPF in this set of lung microarray (Figure 2A), as
shown by normalized data (Figure 2C). PLAUR and SERPINE-
1, genes belonging to the fibrinolytic system and related to tissue
repair, were also down-regulated (Figures 2B, C). Thus, PTX3
gene down-regulation in lung samples may be related to active
IPF pathology. This recapitulates the mouse phenotype observed
in vivo, with aberrant collagen deposition in Ptx3”" mice
[Figure 1 (29)], supporting the possibility that endogenous
PTX3 exerts a protective role and may be involved in IPF
disease. Therefore, PTX3 down-regulation could be part of a
TGF-B1 regulatory program leading to fibrinolysis inhibition
and ECM increased deposition, both determinants of IPF
pathogenesis and progression.

THERAPEUTIC OPPORTUNITIES OF PTX3
IN THE CONTEXT OF IPF: WHAT
MECHANISMS WOULD BE INVOLVED?

Data reported by Maccarinelli et al. (29) and our results suggest that
IPF may be related to a low expression of PTX3 in lung tissue.
Therefore, we could consider restoring PTX3 levels exogenously (as
summarized in Figure 1G) as a possible therapeutic approach for
IPF. Different roles of PTX3 could be considered:

PTX3 as a Negative Modulator of Chronic
Airway Inflammation in IPF

Chronic inflammation can lead to an imbalance in soluble factors
production and leukocyte recruitment, turning the healing response
into a pathological fibrotic response (52). Chronic neutrophilic
airway inflammation occurs in IPF and airway neutrophilia, mainly
due to CXCL8 produced by alveolar macrophages (59), and predicts
mortality of IPF patient (60). PTX3 regulates neutrophils influx
through interaction with P-selectin expressed on the surface of ECs
(31, 61), thus, exogenous PTX3 may dampen neutrophil influx into
IPF airways (Figure 2D). Moreover, soluble PTX3 derived from
Human Umbilical Cord Blood-Derived Mesenchymal Stem Cells
(UCB-MSCs) has anti-inflammatory effects in ALI as shown in a
model of neonatal hyperoxia-induced lung injury in rats. Similarly,
adoptive transfer of MSC from WT but not from Ptx3”" mice
improved oxygenation with reduced lung collapse and neutrophils
(33), shaping the differentiation of anti-inflammatory macrophages
(62). On the other hand, Dendritic cells (DCs), activated by the
phagocytosis of apoptotic cells, are described to sustain chroniclung
inflammation in IPF (63). Nevertheless, in the presence of PTX3,
DCs failed to internalize apoptotic cells (21), thus suggesting that
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FIGURE 2 | Impact of PTX3 in Idiopathic Pulmonary Fibrosis and therapeutic opportunities. Microarray analysis of lung samples from IPF (n=119) and healthy (n=50)
individuals from GEO database: GSE32537 were analyzed by Phantasus (58) (https://genome.ifmo.ru/phantasus). (A) Lung expression of PTX3, fibrogenic markers
as COL1A1, FGFR2, TGFB2, TGFB3 and TIMP-2, M1 (SOCS1 and TLR4) and M2 (IL-10, MRC2, IL1RN, and MMP-12) macrophage polarization markers

(B) Expression of coagulation cascade FGA (Fibrinogen alpha-chain precursor), PLG (Plasminogen precursor), PLAT (Tissue-type Plasminogen Activator precursor),
PLAU (Urokinase-type Plasminogen Activator precursor), PLAUR (Urokinase Plasminogen Activator Receptor) and SERPINE1 (PAI-1 Plasminogen Activator Inhibitor-
1) in IPF and health samples. (C) Data table with analysis from GEO database GSE32537 analyzed by Phantasus according to the instructions for the use of the
application. Differences were considered significant at P value <0,05. (D) Possible mechanisms and therapeutic opportunities of PTX3 in the context of IPF. IPF is
characterized by a reduced PTX3 production (red background), however PTX3 may act as an anti-inflammatory as well as a pro-resolutive modulator of chronic
pulmonary inflammation and fibrosis in IPF (blue background) at different levels: (1) Neutrophil influx is facilitated through the interaction with P-selectin expressed on

the surface of ECs, (2) PTX3 could antagonize endothelial P-selectin, dampening neutrophil influx during chronic pulmonary inflammation; (3) the abundance of
apoptotic cells in airways from IPF is related to DC phagocytosis and activation that sustain chronic lung inflammation, (4) PTX3 may block apoptotic cell
internalization and consequent inflammation; (5) FGF2 activates fibroblasts and ECs, (6) however PTX3 interacts with FGF2 reducing its availability for binding to
FGFR2 on fibroblasts and consequent fibrosis; (7) complement and apoptotic cell deposition in the lungs lead to chronic inflammation, (8) on the other side PTX3
may act as a scavenger preventing the excessive deposition of both complement components and apoptotic cells in lungs and consequent attenuation of tissue
damage and inflammation; (9) Alveolar macrophages from IPF display defective efferocytosis and increased TGF-1 production, contributing to tissue fibrogenesis,
(10) while PTX3 may enhance macrophage efferocytosis and M2 polarization and resolution of inflammation by IL-10; (11) Finally, defective PTX3 production in IPF
may increase fibrin deposition and fibrosis, (12) but PTX3 could contribute to the resolution of fibrosis, interacting with fibrin-clots and disorganized collagen fibers in
the lung parenchyma, supporting fibrinolysis and clearance of ECM debris by macrophage phagocytosis, promoting lung tissue healing and repair.

PTX3 may prevent chronic pulmonary inflammation in IPF
(Figure 2D). However, whether endogenous or exogenous PTX3
acts as a tissue-protective or resilience factor stimulating lung tissue
reepithelization remains unexplored.

PTX3 Involvement in Resolution

of Inflammation in IPF

Efficient resolution of inflammation is crucial for the restoration of
tissue integrity. PTX3 has been reported to induce the polarization
of macrophages into anti-inflammatory M2 phenotype and to
stimulate them to secrete the resolutive cytokine IL-10 (62, 64).
Moreover, as mentioned above, PTX3 production by MSC
reinforced M2 macrophage markers, inducing Dectin-1 and IL-
10, and protecting mice from neonatal hyperoxia-induced lung
injury (62). Therefore, PTX3 may contribute to the resolution of
chronic inflammation in IPF via M2-macrophages enhancing IL-
10-dependent anti-inflammatory and resolutive functions, such as
neutrophil apoptosis (Figure 2D). Nevertheless, impaired
efferocytosis can result in inflammation-associated pathologies
(65). Indeed, efferocytosis by alveolar macrophages is impaired in
IPF samples compared with other interstitial pneumonia (66),and a
dysregulated or defective efferocytosis may contribute to the
pathogenesis of IPF (65, 66). Notably, post-efferocytotic, satiated
macrophages [also termed Mres (67)] produce high levels of
TGF-B1 (68). However, this production seems to be functionally
antagonized by the production of IFN-f in these macrophages (69),
that directs their anti-fibrotic phenotype (70, 71). Along these lines,
apoptotic cell instillation after BLM attenuates lung injury (72) and
induces PPARY, promoting lung fibrosis resolution via regulation of
efferocytosis and IL-10 production (73). In this way, PTX3
recognizes apoptotic cells and may facilitate the clearance of dead
or dying cells (1). Therefore, the capacity of PTX3 to affect apoptotic
cell recognition and efferocytosis could represent an additional
mechanism of negative regulation of chronic inflammation in IPF
(Figure 2D) (66). PTX3 enhanced complement-mediated clearance
of apoptotic debris. The protein is recruited by C4 binding protein
(C4BP) on apoptotic cells reducing the deposition of the lytic C5b-9
terminal complex at sites of tissue injury (74), limiting the
complement-mediated tissue damage and inflammation (1), and
possibly tissue fibrosis (Figure 2D).

PTX3 as a Resolutive Modulator

of Tissue Fibrosis in IPF

PTX3 interaction with plasminogen ensures the timely removal of
fibrin deposits in the inflammatory ECM of the lung, allowing for
the proper sequence of processes leading to efficient tissue repair.
TGEF-B1, the major fibrogenic molecule involved in the mechanisms
of excessive ECM deposition in pulmonary fibrosis, negatively
regulates PTX3 and ECM-degrading molecules (e.g., MMPs, uPA)
and up-regulates TIMPs and PAI-1 (45, 75). Thus, defective PTX3-
mediated fibrinolysis may represent a key mechanism underlying
the development of the disease. Therefore, TGF-B1 induces
suppression of PTX3-mediated fibrinolysis and may represent
another mechanism underlying the development of IPF. In other
contexts of tissue repair (16, 33, 35), PTX3 administration reversed
the defective fibrinolysis associated with PTX3-deficiency and this
may represent an important activity underlying PTX3 role in
regulating the evolution towards fibrotic scarring of the lung
(Figure 2D). PTX3 interacts with FGF2 and modulates the
FGFR2-dependent vascularization of tumors and FGFR2-
mediated smooth muscle cell proliferation and artery restenosis
(76, 77). The expression of FGF2/FGFR2 axis is elevated in IPF
samples (78), and FGFR2-dependent signaling is involved in
pulmonary fibrosis (76, 79). Therefore, a down-regulation of
PTX3 in IPF may represent a possible failure to antagonize these
fibrotic pathways (Figure 2D). Finally, PTX3 also interacts with
collagens and our own preliminary results indicate a possible
involvement of collagen remodeling by mesenchymal cells, thus
suggesting an effect in removing the excess of ECM from tissue
parenchyma (Figure 2D) and hence in promoting tissue healing.

CONCLUDING AND REMARKS

Failure to control the overlapping events leading to the healing
process is the cause of the functional tissue replacement by fibrous
scar. Growing evidences indicate that abnormalities in pathways
involving fibroblast activation and coagulation cascade drive
abnormal fibroproliferation and progressive replacement of lung
parenchyma by collagen (37, 80). Understanding the molecules

Frontiers in Immunology | www.frontiersin.org

186

June 2021 | Volume 12 | Article 676702


https://genome.ifmo.ru/phantasus
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Doni et al.

Could PTX3 Limit the IPF?

involved in these pathways during aberrant wound repair may
predict new targets and therapeutic intervention strategies. PTX3,
besides being an essential fluid-phase PRM of the innate immune
system, is involved in the healing at wound sites, favoring timely
fibrinolysis through the interaction with fibrin and plasminogen.
Results reported by Maccarinelli and colleagues and our
observations indicate a protective and regulatory role of PTX3 in
BLM-induced lung fibrosis models of lung injury. Besides IPF, other
pathological conditions can result in pulmonary fibrosis, last but not
least the persistent post-COVID syndrome (81, 82). Many
questions remain open, starting from the therapeutic effect of
PTX3 to the mechanisms involved in the protective role of the
protein and the relationships of PTX3 with the homeostasis of the
airway epithelium and with the collagen fibers of the ECM. Little is
known about the effect of IPF therapy with Pirfenidone/Nintedanib
on PTX3. Further clinical studies will be necessary to answer these
and many other questions. Thus, in summary, we assessed the
involvement of PTX3 in pulmonary fibrosis. Based on the literature
and recent data, we propose that PTX3 may have a physiological
and protective role during IPF, interacting with various circuits and
representing a potential therapeutic target, acting as a pro-resolutive
molecule in the context of pulmonary fibrosis.
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PTX3 is a unique member of the long pentraxins family and plays an indispensable role in
regulating the immune system. We previously showed that PTX3 deletion aggravates
allergic inflammation via a Th17 -dominant phenotype and enhanced CD4 T cell survival
using a murine model of ovalbumin (OVA) induced allergic inflammation. In this study, we
identified that upon OVA exposure, increased infiltration of CD11¢*CD11b™ dendritic cells
(DCs) was observed in the lungs of PTX3”~ mice compared to wild type littermate. Further
analysis showed that a short-term OVA exposure led to an increased number of bone
marrow common myeloid progenitors (CMP) population concomitantly with increased
LyeC"9" CCR2"9" monocytes and CD11c*CD11b™ DCs in the lungs. Also, pulmonary
CD11¢*CD11b* DCs from OVA-exposed PTX3”~ mice exhibited enhanced expression of
maturation markers, chemokines receptors CCR2, and increased OVA uptake and
processing compared to wild type controls. Taken together, our data suggest that
PTX3 deficiency heightened lung CD11c*CD11b*DC numbers and function, hence
exacerbating airway inflammatory response.

Keywords: dendritc cells, allergic inflammation, asthma, monocytes, chemokines, allergen uptake, PTX3 protein

INTRODUCTION

Allergic asthma is a chronic disease of the airways that is characterized by a maladaptive T helper
immune response. Several previously published reports have elaborated on dendritic cells’ crucial
role (DCs) in regulating specific helper T cell phenotype and functions in the lungs in response to
allergens. Upon allergen/antigen exposure, bone marrow releases CCR2"™8" monocytes that circulate
through the blood, reach the pulmonary tissue, and contribute to the generation of inflammatory
monocytes derived CD11c+CD11b+DCs (1).

Airway DCs constitute a network with extended dendrites in the epithelium to capture inhaled
antigen or allergen then migrate to the T cell zone in draining lymph nodes (2). During this process,
immature DCs undergo maturation characterized by upregulation of cell surface expression of
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MHCII, CD40, CD86 and CD80. DCs process aeroallergens and
present allergen peptides to the naive CD4 T cells that initiate
differentiation of naive CD4 T cells to specific Th cells (3). Upon
repeated exposures of allergen, differentiated Th cells return to
the effector site in the lungs and initiate inflammation (4).
During this stage, mature DCs co-localize with effector T cells
in inflammatory areas (1). Deletion of DCs at this stage resulted
in ablation of Th2-dependent inflammatory responses in mice,
suggesting a critical role of such DCs in regulating effector helper
T cell-mediated responses (1).

Pentraxin 3 is a member of a long pentraxin family of pattern
recognition receptors that plays a critical role in tuning
inflammation in several pulmonary diseases (5). Several reports
have shown the production of PTX3 by structural and
inflammatory cells in mice and humans (6). Dendritic cells,
particularly myeloid DCs but not plasmacytoid DCs, are among
the primary producer of PTX3 (5, 6). Furthermore, stimulation
with TLR ligands, CD40L, IL-10 and IL-1B induce PTX3
production by DCs (7, 8). PTX3 binds to the late apoptotic T
cells and inhibits their internalization by human dendritic cells (9).

Exogenous administration of PTX3 during the early stage of
aspergillosis in p47phox”” mice restored anti-aspergillus
resistance (10). PTX3 treatment of DCs down-regulated
production of IL-23 that resulted in a restricted expansion of
IL-23-dependent IL-17A producing ¥ T cells (10). We recently
showed that PTX3 deficiency resulted in an IL-17A dominant
inflammation in the mouse model of allergic inflammation (11).
CD4 T cells exhibited enhanced IL-17A production in
ovalbumin (OVA)-exposed PTX3”" mice than their wild-type
controls. CD11¢"CD11b" DCs from PTX3-/- mice displayed
increased production of Th17 polarizing cytokines, including
IL-6 and IL-23, favoring Th17 CD4 T cells (11). However, the
mechanism governing the PTX3 effect on regulating dendritic
cells in allergic inflammation is not fully understood.

In light of our previous findings (11), we sought to understand
the role of PTX3 deletion in shaping CD11c+CD11b+ DCs
function in the context of allergic inflammation. Our study
identified that OVA exposure induced increased infiltration of
CD11c+CD11b+ DCs in the lungs in PTX3”" mice compared to
wild-type littermate. Upon OVA challenge, PTX3-/- bone
marrow showed increased frequency of common myeloid
progenitors (CMP) population that corresponded with
increased Ly6C CCR2"" monocytes and CD11c+CD11b+ DCs
in the lungs. In addition, pulmonary CD11c+CD11b+ DCs
exhibited enhanced expression of maturation markers upon
OVA-exposed PTX3" mice than their wild-type controls. These
cells also exhibited increased OVA uptake and processing.
Together, our data suggest a differential phenotype and
function of CD11c+CD11b+ DCs in the absence of PTX3.

MATERIAL AND METHODS

Mice
PTX3”/ and littermate PTX3 */* mice (129SvEv/Bl/6
background) were kindly provided by Dr. M. Matzuk (Baylor

College of Medicine, Texas, USA). Animals were housed in
individualized ventilated cages with wooden chip bedding in
enriched environment conditions in the animal care facility, the
University of Manitoba. Animals were maintained in 12 hours
dark-light cycle and supplied with standard chow and water ad
libitum. Animal usage was strictly according to instructed
guidelines by the Canadian Council for Animal Care and the
University of Manitoba Animal Ethics Board (Protocol
Number 15802).

OVA Sensitization and Challenge, and OVA
Uptake and Processing

Six to eight weeks old females PTX3”" and PTX3"* mice were
sensitized by intraperitoneal (IP) injection of OVA (Grade V,
Sigma Aldrich Canada) and alum (Imject Alum, Biotechnology).
In brief, on day 1, mice were sensitized with IP injection of OVA/
alum mixture, 250pl of 8mg/ml alum mixed with 250l of 4ug/
ml OVA dissolved in PBS. On day 11, mice were boosted with IP
injection of OVA/alum mixture, as in day 1, and 50ul of OVA
(Img/ml) administered intranasally (IN). On days 19 and 20,
PTX3”" and PTX3"* mice were challenged with IN
administration of 50ug of OVA in 50ul PBS solution. 48 hrs
after the last challenge, mice were sacrificed, and tissues were
harvested. Naive mice that received PBS only according to the
same protocol were used as controls.

To examine in vivo OVA uptake, OVA-sensitized mice, as
described above, then were challenged intranasally with 50 pg
OVA-DQ (Life technology-Invitrogen, Carlsbad, CA) in 50ul of
PBS at day 19. At the indicated time, the lung tissue and
mediastinal lymph nodes (MLN), were harvested to examine the
uptake and processing of DQ-OVA by DCs using flow cytometry.

In another protocol, mice were IN challenged with 50ul of
OVA (2mg/ml). Mice were then sacrificed at 12 or 24hrs, and
lung tissue, MLN, blood and bone marrow cells were harvested.
Again, naive mice challenged with PBS were used as controls.

Bone Marrow Single-Cell Preparation

Naive and OVA exposed PTX3"* and PTX3” mice were
sacrificed, and tibia and femur bones were collected as
described previously (12). Bones were flushed with 10 ml of
complete media, bone marrow cells were filtered using a cell
strainer, collected cells were centrifuged at 1200 rpm, and the
pellet was resuspended in ACK buffer for 5 minutes to lyse red
blood cells. ACK was neutralized with complete media, and cells
were then centrifuged and resuspended in fresh complete cell
culture media before FACS staining.

Flow Cytometric Analysis of Pulmonary

Dendritic Cells

Pulmonary conventional DC subsets were analyzed by FACS
from PTX3”" or PTX3 **mice after OVA exposure. Briefly, lungs
were removed from mice, and enzymatically digested using 1
mg/ml collagenase IV and 0.5 mg/ml DNase in RPMI 1640
medium, as described previously (13, 14). After Fc blocking,
single-cell suspension was incubated with appropriate antibodies
(see Table 1) followed by acquisition using a BD FACS Canto-II
(BD, San Diego, CA) and analyzed using FlowJo software.
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TABLE 1 | Antibodies used in flow cytometry.

Antibody Clone Company
Lin - PE mix Biolegend, Inc
SCA-1 - FITC D7 Biolegend, Inc
CD16/32 - PE-Cy7 93 eBiosciences Inc
CD34 - PB RAM34 eBiosciences Inc
cKit - APC 2B8 eBiosciences Inc
Ly6C - FITC HK1.4 eBiosciences Inc
CCR2 - APC SA203G11 Biolegend, Inc
CCR5 - APC HM-CCR5 eBiosciences Inc
CCR®6 - PE-Cy7 29-2L17 Biolegend, Inc
CD40 - APC 1C10 eBiosciences Inc
MHC II - PB M5/114.15.2 eBiosciences Inc
CD80 - PE 16-10A1 eBiosciences Inc
CD86 —APC or PE-Cy7 GL-1 eBiosciences Inc
CD45 - PB 30-F11 eBiosciences Inc
B220 - PB RA3-6B2 ebiosciences Inc
CX3CR1 - BV711 SAO11F11 Biolegend, Inc
CD11b - PE-Cy7 or BV711 M1/70 ebiosciences Inc
CD11c - FITC N418 eBioscience, Inc
Gr-1 - PE RB6-8C5 Biolegend, Inc
F4/80 - PE BM8 eBioscience, Inc
Siglec-F - PE E50-2440 BD Biosciences.

Similarly, MLN, bone marrow or blood cells were blocked with
Fc blocker and stained with respective antibodies (Table 1).

For detecting CMP, bone marrow single cells preparation was
labeled with anti-mouse lineage Abs (lin-PE: anti-mouse CD3;
anti-mouse Ly-6G/Ly-6C; anti-mouse CD11b; anti-mouse
CD45R/B220; anti-mouse TER-119), anti-Ly-6A/E- (Scal)
FITC, anti c-kit-APC, anti-CD16/32 PE-Cy7 and anti-CD34
pacific blue. Labeled cells were then acquired on FACS Canto
II (BD Biosciences) and analyzed using FlowJo software.

Survival Assay

Apoptosis/survival of lung DCs were determined by staining
lung cell suspension with annexin V and DAPI using Apoptosis
Detection kit FITC according to manufacturer’s instructions
(eBioscience Inc.) as we described previously (11). Briefly, cells
were first stained with specific fluorochrome-conjugated
antibodies, washed with flow buffer once and then in 1X
annexin V binding buffer. Resuspended cells were then
centrifuged at 1200rpm and stained with FITC labelled
annexin V. These cells were incubated at room temperature for
10-15 minutes, followed by washing in 1X binding buffer. After
washing, cells were resuspended in 100-200pl 1X binding buffer,
to which 1yl of DAPI was added, and incubated at room
temperature for at least 5 minutes. Cells were then acquired on
FACS Canto II (BD Biosciences) and analyzed using
FlowJo software.

Statistical Analysis

Results are shown as mean-/+ SEM, analyzed using two-way
ANOVA (Graph Pad prism 8) and post hoc Tukey’s multiple
comparisons, and the Mann-Whitney test. Unless otherwise
stated, data are collected from at least three experiments; each
experiment contained at least three-five mice in each
experimental group. p-value <0.05 was considered significant
in all quantitative experiments.

RESULTS

PTX3-/- Mice Exhibited Enhanced
Accumulation of CD11¢c+CD11b+ DCs
in the Lungs Upon OVA Exposure
Recently we showed that the deletion of PTX3 resulted in
excessive airway inflammation upon OVA exposure, mainly
characterized by enhanced airway and lung tissue infiltration
by eosinophils and neutrophils (11). OVA-induced IL-17-
dominant inflammation in PTX3”" mice compared to their
PTX3""* counterparts was attributed partly to a preponderance
of IL-6 and IL-23 producing DCs in PTX3” mice (11). However,
whether PTX3 deletion leads to enhanced recruitment of
particular DC subsets in the lung upon OVA challenge is
unknown. Using the OVA protocol described in Figure 1A, we
found that PTX3” mice showed enhanced accumulation of
CD11c* DCs in the lungs compared to PTX3** mice upon
OVA sensitization and challenge (Figures 1B-D). CD11c" DCs
are further characterized as proinflammatory CD11b*/"g"
pulmonary DCs known to transport antigen from lungs to the
lymphoid organs (15, 16). In PTX3”" mice, we observed a
concomitant increase in lung CD11¢"CD11b" DCs upon OVA
exposure compared to their WT littermate (Figures 1E, F).
Next, we were interested in understanding the plausible
mechanism that supported an increased abundance of lung
DCs in PTX3” mice. PTX3”~ CD4 T cells showed enhanced
survival compared to CD4 T cells from PTX3** littermate (11).
Thus, we next examined the survival of PTX3” and PTX3"*
lung DCs ex vivo by staining cells with annexin V and DAPI to
assess whether a similar phenomenon existed for DCs in PTX3”
mice. Interestingly, OVA-exposed PTX3""* and PTX3” lung
DCs showed comparable survival (Supplementary Figure 1),
suggesting that the survival pathway has no role in increased
abundance of DCs in the lungs PTX3”" mice.

PTX3”* Mice Showed Enhanced

Common Myeloid Progenitors

Generation in Bone Marrow

Previously published reports indicated that common myeloid
progenitors (CMP) in the bone marrow efficiently give rise to Ly-
6CM8CD11b" inflammatory monocytes (17). Inflammatory
monocytes emigrate from the bone marrow, circulate through
the blood and rapidly differentiate into CD11¢"CD11b" DCs in
the peripheral tissue under inflammatory conditions (18).
Therefore, we aimed to understand whether augmented
pulmonary accumulation of CD11b*DCs in PTX3” mice was
due to enhanced generation of CMPs, increased recruitment of
Ly-6C™M€"CD11b* monocytes, or differentiation of the latter into
inflammatory DCs in the lungs. PTX3** and PTX3”" mice were
challenged intranasally with 100ug OVA (Figure 2A), and the
frequency of CD11b+CD11c+ DCs in the lungs 12 hrs and 24 hrs
post-OVA challenge were assessed. As observed in the three
weeks OVA sensitization and challenge protocol, short-term
OVA challenge increased accumulation of lung CDI1lc+
CD11b*DCs in PTX3”" mice compared to PTX3+/+ mice
(Figures 2B, C, n=6-8, P< 0.01).

Frontiers in Immunology | www.frontiersin.org

192

July 2021 | Volume 12 | Article 641311


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Balhara et al.

PTX3 Deficiency and DC Function

We then determined how the OVA challenge affected monocytic
lineage progenitors in bone marrow in the presence and absence of
PTX3. In contrast to PTX3"*, CMP cell count in the bone marrow
of PTX3”" mice, gated on Lin- cKit+Scal+ (Figure 3A), showed a
significant increase upon OVA exposure (Figures 3B, C).
Conversely, we observed a slight reduction of bone marrow
monocytes frequency, gated on GR-F4/80-Siglec- (Figure 3D), in
PTX3”" mice 12 hrs post OVA challenge (Figures 3E, F). After 24
hrs of OVA exposure, monocytes frequency in PTX3” mice come
back to the baseline level; however, monocytes accumulated in the
BM in PTX3"* mice (Figure 3F).

To investigate the possibility of BM increased exit to the blood
and attraction toward lung tissue in PTX3 7 mice compared to
WT mice, we analyzed their frequency within the blood and lung
(gated on CD11b+ and Ly6C levels, Figure 4A). At 12hrs upon
OVA challenge, the Ly6C™ CD11b+ blood monocytes frequency
increased compared to the baseline in PTX3”" mice but was
significantly lower than WT mice (Figure 4C). Furthermore, the
frequency of blood and lung CD11b+ Ly6C'™™ cells was similar
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FIGURE 1 | PTX3 deletion results in increased accumulation of CD11c+CD11b+ DCs in the lungs in response to OVA sensitization and challenge. (A) Schematic
diagram showing the protocol of OVA sensitization and challenge. (B) Lung Cells were gated for autofluorescence- Gr-1"Siglec F'F4/80° CD11c* cells (C, D) that were
then gated for CD11b+ cells (E, F). Quantification and statistical analysis of FACS data are shown as graphs. n = 6-8/group, “p < 0.01 using Mann-Whitney test.

between both strains (Figures 4B, E). Conversely, at 24h post
OVA challenge, the Ly6C™ CD11b+lung monocytes frequency
was higher in PTX3”" compared to WT mice, but no difference
was observed in WT mice (Figure 4F). Interestingly, in contrast
to WT mice, no difference on the frequency of Ly6C"€" CD11b+
blood monocytes was detected in the blood of PTX3”" mice
compared to the baseline at 12 and 24hrs post OVA challenge
(Figure 4D). On the other hand, compared to the baseline level,
the frequency of Ly6C™¢" CD11b+ lung monocytes decreased in
both PTX3” and WT mice (Figure 4G).

PTX3-/- Lung DCs Exhibited Increased
Expression of CCR2, CCR5 and CCR6

CCR2, a chemokine receptor, plays a key role in directing DC
precursors to egress from bone marrow to blood, enabling their
migration to the tissue sites upon antigen exposure (19).
Furthermore, CCR2 is highly expressed by Ly-6C"8"CD11b*
inflammatory monocytes compared to Ly-6C°"/™CD11b*
patrolling monocytes (20), and is associated with increased
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FIGURE 2 | PTX3”" mice showed increased accumulation of DCs in lungs after short term OVA exposure. (A) Schematic diagram showing the protocol of OVA
exposure and collection of samples at 12 hrs and 24 hrs. (B) Lung Cells were gated for autofluorescence- Gr-17Siglec F'F4/80° CD11c* cells. (C) Accumulation of
lung CD11c* CD11b* DCs 12 hrs and 24 hrs post i.n OVA exposure was compared with naive lung DCs. (C) Quantification and statistical analysis of Flow cytometry

data is shown as graphs. n = 6-8/group, *p < 0.01 using two-way ANOVA.

differentiation of Ly-6C"8"CD11b* monocytes into pulmonary
CD11c*CD11b* DCs (21). Therefore, we investigated the
regulation of CCR2 expression in OVA- challenged PTX3 7~
mice. Lung DCs from PTX3”" showed increased expression of
CCR2 at naive state and 12 hrs post OVA exposure in
comparison with WT mice (Figures 5A, B) but not at 24 hrs
post OVA challenge.

CCRS5 is expressed by immature DCs that facilitate migration
later to the tissue sites. Immature DCs also express CCR6 that
performs a similar function as CCR5. We evaluated the expression
of both chemokine receptors on lung DCs and found that the
expression of CCR5 (Figures 5C, D, P<0.01) and CCR6
(Figures 5E, F, P<0.01) was more significant on PTX3”" DCs at
naive state as compared to PTX3"* DCs. PTX3” lung DCs,
although it exhibited increased surface expression of both CCR5
and CCR6 24 hrs post OVA challenge compared to PTX3"* lung
DC:s (Figures 5D, F), this expression was not different compared
to the baseline expression for CCR5 or even decrease for CCR6
(Figures 5C-F and Supplementary Figure 2). No apparent
difference in their expression was found on monocytes from
BM, blood and the lungs (data not shown). Altogether our data
demonstrated an inherent increased expression of CCR2, CCR5
and CCR6 on lung DCs PTX3"" mice at the baseline and enhanced
CCR2 expression upon OVA challenge compared to WT mice.

PTX3”- Lung DCs Showed Reduced MHCII
but Enhanced CD86 Surface Expression

In OVA-exposed PTX3”" mice, CD4 T cells exhibited enhanced
activation and IL-17A dominant cytokine production (11).
Given that DCs process and present antigens to T cells and
regulate T cell-dependent inflammatory response through the
expression of costimulatory molecules, such as MHCII, CD80,
CD86 and CD40, we next assessed whether PTX3 deletion

resulted in differential maturation status of DCs, which may
explain the phenotype and functions of CD4 T cells. PTX3”" lung
DCs showed lower surface expression of MHC II (Figures 6A, B)
but an enhanced expression of CD86 (Figures 6A, D) upon
OVA sensitization/challenge (Figure 1A). Surface expression of
CD40 (Figures 6A, C) and CD80 (Figures 6A, E) remained
similar in both genotypes at this time point.

We also determined the surface expression of MHCII, CD80,
CD86 and CD40 at naive state and after short-term OVA
exposure (Figure 2A). Their surface expression was comparable
on naive lung CD11¢*CD11b* DCs in both PTX3”" and WT mice
(Supplementary Figures 3A-D). Interestingly, lung DCs from
PTX3” mice showed an increase in the expression of MHCII,
CD80 and CD86 24 hrs OVA challenge compared to WT mice
(Supplementary Figures 3A, B, D). CD40 surface expression was
similar in DCs isolated from OVA challenged (12 hrs and 24 hrs)
mice of both genotypes (Supplementary Figure 3C).

PTX3** Lung CD11c*CD11b* DCs Exhibit
Enhanced OVA Uptake and Processing as
Compared to PTX3*/* DCs

DCs take up allergen/antigen and process them into
immunogenic peptides for subsequent T cells presentation (1).
To study whether PTX3 deletion affected OVA uptake and
presentation by lung DCs, we used DQ-OVA in vivo. DQ-
OVA is digested proteolytically to release photostable and pH-
insensitive green fluorescent peptides by antigen-presenting cells
(22). The frequency of DCs, which processed OVA, was higher in
PTX3”" mice lungs compared to WT mice (Figures 7A, D).
Similar to total lung DCs, a subset of CD11¢"'CD11b" DCs that
were actively processing OVA showed reduced MHC II
(Figures 7C, F) and increased CD86 (Figures 7B, E) surface
expression in PTX3”" mice.
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Lung DCs transport allergen to mediastinal lymph nodes and  DISCUSSION

present allergen peptides to T cells to generate a specific effector T

cell response (23). Therefore we explored the migration of DQ-OVA ~ DCs are strategically located in the epithelium to capture
containing lung DCs to mesenteric lymph node (MLN). PTX3”  antigens/allergens and orchestrate immune response according
mice showed greater infiltration of processed DQ-OVA containing  to the antigen type (1). They are equipped to process allergens
DCs into the MLN (Supplementary Figure 4A). DCs in MLN also ~ and present them to naive CD4 T cells (4). Recently, we showed
showed reduced MHCII (Supplementary Figure 4B); however,  that deletion of PTX3 resulted in enhanced infiltration of
CD86 expression remained similar (Supplementary Figure 4C). inflammatory cells in the airways and the lungs, increased
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production of IgE and enhanced airway hyperreactivity in
response to OVA challenge. Also, we identified that PTX3
deletion favored IL-17A-dominant inflammation in the lungs
and the draining lymph nodes that is at least in part due to Th17
CD4 T cells (11). In this study, we identified that OVA exposure
induced increased infiltration of CD11c+CD11b+ DCs in the
lungs of PTX3-/- mice compared to wild-type littermate. This
effect is associated with an increased number and frequency of
common myeloid progenitors (CMP) population that may
explain increased Ly6C CCR2"8" monocytes in the blood and
subsequently CD11¢+CD11b+ DCs in the lungs. Significantly,
pulmonary CD11c¢+CD11b+ DCs exhibited enhanced expression
of maturation markers upon OVA-exposed PTX3-/- mice
compared to their wild-type controls and exhibited increased
OVA uptake and processing. Taken together, our data suggest
that PTX3 deficiency mediated increased inflammatory response

in the context of allergic asthma is in part due to enhanced
DCs function.

In this study, we first showed an increase in CD11b+CD11c+
DCs infiltration into the lungs of PTX3”" mice compared to
PTX3"* mice upon OVA exposure. Unlike PTX3”” CD4 T cells
(11), PTX3”" DCs did not show any apparent difference in
survival compared to PTX3"* DCs. A plausible explanation of
such an increase in inflammatory CD11c+CD11b+ DCs could be
enhanced generation of CMP in the bone marrow, which was
observed in PTX3 depleted mice compared to their wild-type
counterparts. Manz et al. (17) reported that CMP in bone marrow
gives rise to granulocyte-monocyte progenitors (GMP), giving
rise to functional DCs in vitro and in vivo. Although in our study,
we did not find any difference in GMP population while CMP
count was significantly increased in PTX3” compared to PTX3""*
mice. Monocytes, an intermediate stage between GMP and tissue
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DCs, give rise to DCs that infiltrate the tissue upon inflammation.
To understand whether the increased accumulation of lungs DCs
depended on monocytes’ differentiation into DCs, we monitored
monocytes in the bone marrow, blood, and the lungs. Reduction
of monocytes in the bone marrow and blood but increase in their
count in the lungs of PTX3”" mice upon OVA exposure partly
explains the increased accumulation of lung CD11c+CDI11b+
DCs. Such monocytes, which can differentiate to functional DCs
upon inflammation, are known as inflammatory monocytes.
These are characterized by high expression of CCR2 in contrast
to Ly6C'®"/™* CCR2'™ patrolling monocytes (24).

CCR2 plays a critical role in facilitating the egress of
inflammatory monocytes from the bone marrow to blood and
from blood to the lungs in response to allergen challenge (19). In
our study, we observed that inflammatory monocytes were
CCR2"%" in both genotypes. As CCR2 expression on monocytes
at basal level was comparable in PTX3” and PTX3""* mice, it rules
out the plausibility of an effect of PTX3 deletion on CCR2
expression in naive state. Although we did not find a significant
difference in the CCR2 expression on BM, blood and lung
monocytes, lung DCs showed upregulation of CCR2 expression

upon OVA exposure. Such observation could stem from two
possibilities. PTX3” lung DCs with increased CCR2 represent
monocytes that had increased CCR2, which upon antigen
encounter differentiated into DCs; and/or the increase in CCR2
in PTX3”" DCs regulates their accumulation in the lungs
independent of its role on monocytes. Previously, diesel particles
induced inflammation was shown to upregulate the expression of
CCR2 in the lungs (25). Recruitment of inflammatory monocytes,
monocyte-derived DCs and induction of subsequent pulmonary
inflammation was also CCR2 dependent (25). Similarly, CCR2-
dependent recruitment of monocytes-derived DCs has also been
reported upon influenza infection, exposure to LPS and particulate
antigens (19, 26). Loss of CCR2 could not be compensated by
other chemokines- chemokine receptor systems (19).

Other chemokine receptors, including CCR5 and CCR6, have
also been involved in directing monocytes to the tissue sites.
These chemokine receptors are expressed on immature DCs and
regulate their immigration to the tissue sites (27, 28). Previously
Norata et al. (8) also showed enhanced CCR5 expression in the
vascular wall of PTX3”" apoE”" mice compared to their PTX3"*
counterpart. In our study, we observed an increased expression
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FIGURE 6 | PTX3 deletion results in reduced surface expression of MHCII but an enhanced surface expression of CD80 and CD86 in response to OVA. After 3 weeks
of OVA sensitization and challenge regimen, lung CD11b+CD11c+ DCs were analyzed for the expression of MHCII (A, B), CD40 (A, C), CD86 (A, D) and CD80 (A, E)
by flow cytometry. Quantification and statistical analysis of Flow cytometry data is shown as graphs. n = 6 mice group, *p < 0.01 using Mann-Whitney test.

of CCR5 and CCR6 on naive supposedly immature lung DCs
in PTX3” mice at steady sate. Surface expression of CCR5 and
CCR6 downregulate as DCs undergo maturation. Similarly,
we found a reduction in CCR6 but not CCR5 expression 12
hrs post OVA challenge for PTX3 -/- mice, suggesting the
possibility of acquiring naive like phenotype by lung DCs 24
hrs after the challenge. Altogether it seems likely that increased
CCR6 on naive PTX3” lung DCs renders them more responsive
to chemokines, which are released immediately after exposure to
OVA. CCR6, on the other hand, regulates the migration of Tregs
and Th17 cells into the inflammatory region (29). CCR5
expression, known to be associated with Thl cells (30), was
not different in both PTX3 and WT mice lung DCs. Whether the
altered expression of these chemokine receptors on lung DCs is
also involved in the regulation of Th17 promoting cytokines
needs further studies.

PTX3 interacts with P-selectin and inhibits the migration of
neutrophils to the peripheral tissues (31). This phenomenon was
reversed upon disruption of PTX3 and P-selectin interaction
either through PTX3 deletion or antibody-mediated inhibition
(32). Furthermore, increased expression of P-selectin has been
observed in PTX3”" mice, further supporting the likelihood of P-
selectin-dependent migration of inflammatory cells in the

absence of PTX3. As monocytes are also dependent on P-
selectin for migration, it is tempting to hypothesize this
pathway’s involvement in enhanced monocytes and CDI1lc+
CD11b+ DCs accumulation in the lungs.

In the lungs, DCs exist in an immature state and initiate their
maturation upon allergen exposure process. Mature DCs process
allergen, present allergen epitopes through MHCII along with
the expression of an array of costimulatory molecules including
CD40, CD80, and CD86, which are well known as maturation
markers of DCs. PTX3”~ CD11c+CD11b+ DCs showed a greater
ability to uptake and process OVA compared to PTX3"* DCs.
Surprisingly, PTX3”" DCs expressed a reduced level of MHCII.
Whether the lower expression of MHCII by PTX3 " DCs was
due to increased recycling of MHCII or reduced biosynthesis or
transport to the membrane is unknown (33). Engagement of
CD80/86 by CD28 induces the production of IL-6 by DCs (34).
In our work, we observed enhanced expression of CD80 and
CD86 by PTX3”~ CD11¢+CD11b+ DCs in contrast to PTX3"*
CD11c+CD11b+ DCs, which is also concurrent with increased
production of IL-6 by PTX3” DCs (11). Consistent with
increased maturation, antigen uptake, and processing, we also
observed more significant migration of OVA peptide containing
CD11c+CD11b+ DCs from lungs to the draining lymph nodes in

Frontiers in Immunology | www.frontiersin.org

198

July 2021 | Volume 12 | Article 641311


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Balhara et al.

PTX3 Deficiency and DC Function

Normalized max

A e

103

Processed OVA

0 ll)2

Normalized max

PTX3** OVA
PTX3"OVA
Isotype Ctl

group, *p < 0.01 using Mann-Whitney test.

D * E F
— s *

+ 450

< 450 1000+ ag=

s 400 —— e —a

350 —hhd—

B & 300 8 350 4 5

n O 8 (@]

209 250 o z

82 500 = < 5004

25 L 250 [

o 3 150 = . = o
S 100 Sagus S

[T 150

= 0 T T T T 0 T T

+/+ -/- ++ -/~ +/+ PTX3'/'
PTX3 PTX3 PTX3 PTX3 PTX3
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PTX3”" mice as compared to their wild type controls. Altogether
our data provide plausible insight into how deletion of PTX3 has
rendered pulmonary DCs hyper mature upon OVA exposure
and affected their function.
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Supplementary Figure 1 | PTX3+/+ and PTX3-/- lung DCs show comparable
survival. (A) Survival of lung DCs (CD11c+CD11b+) was assessed by annexin V and
DAPI staining. % of gated cells is presented as mean+/- SEM in graph (B), n = 8-10/
group. *P < 0.01.

Supplementary Figure 2 | PTX3 deletion affect CCR2 expression on lungs DCs.
Expression of CCR2 (A), CCR5 (B) and CCR6 (C) were assessed by flow cytometry
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on CD11c+CD11b+ DCs from the lungs. Quantification and statistical analysis of
Flow cytometry data was done using two way ANOVA. n = 6/group, p values are
indicated above the graph bars.

Supplementary Figure 3 | Quantification and statistical analysis of the
expression of MHCII (A), CD86 (B), CD40 (C) and CD80 (D) at naive state, 12 and
24 hrs after single i.n OVA challenge. n = 6/group, *p < 0.01.
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A Novel Model Based on Serum
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LiLi T, Rirong Chen T, Yingfan Zhang, Gaoshi Zhou, Baili Chen, Zhirong Zeng,
Minhu Chen and Shenghong Zhang *

Division of Gastroenterology, The First Affiliated Hospital, Sun Yat-sen University, Guangzhou, China

Background: Infliximab is effective in inducing and maintaining remission in patients with
Crohn’s disease (CD), but primary non-response (PNR) occurs in 10-30% of cases. We
investigated whether serum biomarkers are effective in predicting PNR in patients with CD.

Methods: From January 2016 to April 2020, a total of 260 patients were recruited to this
prospective and retrospective cohort study. Serum samples were collected at baseline
and week 2 of infliximab treatment. Serum levels of 35 cytokines were assessed in 18
patients from the discovery cohort and were further evaluated in the 60-patient cohort 1.
Then, candidate cytokines and other serological biomarkers were used to construct a
predictive model by logistic regression in a 182-patient cohort 2. PNR was defined based
on the change of CD activity index or clinical symptoms.

Results: Among the 35 cytokines, matrix metalloproteinase 3(MMP3) and C-C motif
ligand 2 (CCL2) were two effective serum biomarkers associated with PNR in both the
discovery cohort and cohort 1. In cohort 2, serum level of MMP3, CCL2 and C-reactive
protein (CRP) at 2 weeks after infliximab injection were independent predictors of PNR,
with odds ratios (95% confidence interval) of 1.108(1.059-1.159), 0.940(0.920-0.965) and
1.102(1.031-1.117), respectively. A PNR classifier combining these three indicators had a
large area under the curve [0.896(95% CI:0.895-0.897)] and negative predictive value
[0.918(95%ClI:0.917-0.919)] to predict PNR to infliximab.

Conclusions: MMP3, CCL2, and CRP are promising biomarkers in prediction of PNR to
infliximab, and PNR classifier could accurately predict PNR and may be useful in clinical
practice for therapy selection.

Keywords: Crohn’s disease, primary non-response, infliximab, serum biomarkers, prediction
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A Model to Predict PNR in CD

INTRODUCTION

The introduction of infliximab (IFX), a chimeric monoclonal
antibody against tumour necrosis factor (TNF)-o, has
significantly improved therapy to induce and maintain
remission in Crohn’s disease (CD) (1). However, 10-30% of
patients receiving IFX are non-responsive during induction
therapy (primary non-response, PNR) (2). Furthermore, IFX
therapy is expensive and may give rise to some adverse events,
such as infusion reactions and infections (1). Incorrect use of IFX
in PNR patients would delay treatment as well as lead to disease
progression (3). Thus, it is important to explore a method for
precisely predicting PNR in patients of CD.

Previous studies have demonstrated that clinical characteristics
(4, 5), including disease duration, age at diagnosis, concomitant use
of immunosuppressant drugs, and disease location or behaviour,
were associated with the efficacy of IFX. Besides, genetic
polymorphisms (6, 7), microbiome (8) and serum biomarkers (5,
9) have also been studied with regard to response to IFX. Although
some risk factors of PNR were confirmed, the mechanisms
underlying PNR have not been broadly defined. It has been
widely proposed that non-TNF-o. mediated inflammation may
result in PNR to IFX and some pro-inflammatory pathways could
even be regulated by TNFatblockade (10). Therefore, we believe that
the inflammatory state of patients could affect the IFX response, and
alterations of inflammatory cytokines in serum might be an
appropriate biomarker to predict PNR.

Previous studies have shown that inflammatory cytokines,
including TNF-o,, interleukin (IL)-6, IL-1f, IL-17A, IL-23, and
IL-12, may be predictive factors of PNR to IFX (11-13). However,
these studies only found the discrepant expression levels of the
cytokines between the respondent and non-respondent groups, and
none of these cytokines has been widely used in clinical practise.
Thus, identifying effective serum cytokines that affect therapeutic
failure could help select the most appropriate patients for IFX
treatment. In this prospective and retrospective cohort study, we
assessed circulating inflammatory cytokines levels before and after
the administration of IFX to identify potential serum biomarkers,
and then constructed a model in prediction of PNR to IFX in
CD patients.

PATIENTS AND METHODS
Study Design and Patient Population

This was a prospective and retrospective, single-centre cohort
study, approved by the institutional ethics committee (IEC) for
Clinical Research and Animal Trials of the First Affiliated
Hospital of Sun Yat-sen University (No. 2019-383). Informed
consent was obtained from all patients. Patients with a definite
diagnosis of CD and receiving IFX therapy in the First Affiliated
Hospital of Sun Yat-sen University were consecutively included
in the study from January 2016 to April 2020. Other inclusion
criteria were as follows: (1) treatment with 5 mg/kg IFX
intravenously at week 0, 2, and 6; (2) naive to anti-TNF and
other biologicals therapy; and (3) CD activity index (CDAI) of

>150 before IFX treatment. Exclusion criteria included the
following: (1) lack of evaluation for disease activity at baseline
or at week 14 after the first treatment with IFX; (2) unavailable
blood samples at baseline and week 2; (3) delayed infusion;
(4) pregnancy; and (5) lost to follow-up.

The Montreal system was used to classify the location and
behaviour of CD patients (14). The CDAI was calculated for all
patients at baseline and week 14 after IFX therapy. At baseline,
clinical characteristics including sex, age at first IFX therapy, age
at diagnosis, disease duration, body mass index, disease location
and behaviour, presence of extraintestinal manifestations, history
of smoking and surgery, concomitant azathioprine, and CDAI
score were recorded. The endoscopic activity of patients was
assessed using the Simple Endoscopic Score for Crohn’s Disease
(SESCD). C-reactive protein (CRP), erythrocyte sedimentation
rate (ESR), albumin, haemoglobin, white blood cell, neutrophil,
lymphocytes, and platelets counts were assessed at baseline and
week 2 after IFX therapy.

PNR of IFX was defined as a failure of the CDAI to drop more
than 70 points or to <150 at week 14 after I[FX administration.
Situations in which patients received an alternative therapy
schedule such as an escalation of corticosteroid therapy,
switching to other agents or having the surgery before week 14
were also defined as PNR.

In this prospective and retrospective study, a total of 260
patients were eligible (Figure 1). Retrospective single-centre
cohorts were designed to screen (discovery cohort, n=18) and
validate (Cohort 1, n=60) the candidate cytokines. The first 9
primary responders and 9 non-responders constituted a discovery
cohort to identify potential biomarkers associated with PNR.
Serum levels of 35 cytokines at baseline and week 2 after IFX
therapy were examined by the Luminex cytokine multiplex assay
in 18 patients from the discovery cohort. The latter 60 patients
were recruited into cohort 1 to further verify and screen the
candidate cytokines selected from the discovery cohort.
Thereafter, a prospective single-centre cohort (cohort 2, n=182)
was recruited from May 2018 to April 2020 in the First Affiliated
Hospital of Sun Yat-sen University, which were used to construct
a predictive model based on the findings from cohort 1 and do
internal validation through the bootstrap validation approach.

Sample Collection

The blood samples were collected into serum separator tubes
(BD Biosciences, Franklin Lakes, NJ, USA) before intravenous
injection of Infliximab at baseline and week 2. The tubes were
centrifuged at 1900x g for 15 minutes, then the serum samples
were aliquoted with 0.5ml tubes (Ambion, Foster City, CA) and
stored at —80°C until analyses.

Assay for Serum Biomarkers

Serum levels of 35 cytokines, including C-C motif ligand (CCL)2,
CCL4, CCL11, CCL20, CCL25, CCL26, CX3CL1, CXCLS,
CXCL11, ADAMTSI13, adiponectin, a-2-macroglobulin, matrix
metalloproteinase (MMP)3, insulin-like growth factor binding
protein-1, TNF-o,, IL-18, IL-2, IL-4, IL-6, IL-7, IL-10, IL-11, IL-
12 p70, IL-13, IL-17, IL-18, IL-23, IL-27, IL-28A, IL-28B, IL-31,
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336 patients screened

A

A

37 excluded
12 previous anti-TNF exposure

25 disease in remission before IFX treatment

299 received first dose of anti-TNF treatment included in our study

39 exited study
12 lost to follow-up
16 patients withdrawal
6 incomplete data
3 pregnant during follow-up
2 delayed infusion

A 4

18 in discovery cohort
60 in cohort 1
182 in cohort 2

260 assessed for effectiveness

FIGURE 1 | The flow chart of patient recruitment.

IL-33, IL-34, and IL-368, at baseline and week 2 in discovery
cohort were measured using a Luminex cytokine assay kit
(LXSAHM-35) and a Luminex X-200 instrument according to
the manufacturer’s protocol (R&D Systems, Minneapolis,
MN, USA).

Enzyme-linked immunosorbent assay (ELISA) was used to
measure levels of the molecules selected after the analysis of
Luminex results obtained in the discovery cohort. In cohort 1
and 2, serum MMP3 levels were measured using a quantitative
sandwich enzyme immunoassay (R&D Systems) at baseline and
week 2. The serum CCL2 concentration was measured at week 2
using an ELISA kit (Abcam, Cambridge, UK, Ab179886). Serum
IL-7 levels were measured using an ELISA kit (R&D Systems).
Other indicators, such as CRP, ESR, albumin and so on, were
tested with standard institutional protocols by the laboratory
physicians at the First Affiliated Hospital of Sun Yat-
sen University.

Statistical Analyses

Continuous and categorical variables were described as medians
with interquartile ranges and frequency with percentages,
respectively. The non-parametric Wilcoxon and chi-square
tests for continuous and categorical variables, respectively,
were used to assess differences between responders and non-
responders. The False Discovery Rate (Benjaminiand-Hochberg
method) was performed to adjust the p-value in the comparison
of 35 serum biomarkers between primary responders and non-
responders in the discovery cohort. A p-value of <0.05 denoted
statistical significance. Multivariate logistic regression (enter)

was used to evaluate the relationship between the clinical or
serological variables with the significant differences in the
univariate analysis and the outcome of PNR among all patients
in cohort 2, and also in patients with determined response status
by CDAI in cohort 2. The variables with a p-value of <0.05 in the
multivariate analyses were defined as independent predictive
indicators, and were selected to construct a logistic regression
model, the PNR classifier. Multivariate logistic regression was
also performed to calculate the odds ratio (OR) of the
independent predictive indicators and PNR classifier in
predicting PNR. The area under the receiver operating
characteristics curve (AUC), sensitivity, specificity, positive
predictive value and negative predictive value were used to
assess the predictive ability of the model, and their respective
mean [95% confidence interval (CI)] were calculated by
bootstrapping with 2,000 replications. Moreover, the bootstrap
validation approach was also used to assess the internal
validation of the independent predictive indicators and the
PNR classifier for predicting PNR in cohort 2. R software,
version 4.0.0, was used for statistical analyses.

RESULTS

Patients Characteristics

Between January 2016 and April 2020, 260 patients were
included in this prospective and retrospective cohort study
(Figure 1). Baseline characteristics for discovery cohort, and
cohorts 1 and 2 are documented in Supplement Table 1 and
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Table 1, respectively. Only perianal disease (p<0.001) and serum
albumin concentration (p=0.019) were significantly different
between the two cohorts. In PNR patients, only ESR (p=0.015)
was significantly different between cohort 1 and cohort 2
(Supplement Table 2). To evaluate the disease activity at week
14 more objectively, we performed a comparison of CRP, ESR
and SESCD between primary responders and primary non-
responders (Supplement Table 3). The results showed that
primary non-responders had higher CRP, ESR and SESCD
levels than primary responders at week 14 in both cohort 1
(CRP: p<0.001; ESR: p<0.001; SESCD: p<0.001) and cohort 2
(CRP: p<0.001; ESR: p<0.001; SESCD: p<0.001).

Distinct Serum Cytokine Profiles in CD
Patients Receiving IFX Treatment

In the discovery cohort, Luminex multiplex assay was performed
using serum samples collected before IFX treatment and at week 2.
Through non-parametric Wilcoxon test, we found that the serum
CCL2 level at week 2 (p=0.013), MMP3 level at baseline (p=0.050),
MMP3 level at week 2 (p=0.008), and the change of IL-7 from
baseline to week 2 (AIL-7) (p=0.050) were significantly different
between the primary responders and non-responders (Supplement
Table 4). However, after adjusting the p-value by False Discovery
Rate, none of the indicators was significantly different.

TABLE 1 | Baseline characteristics of Cohort 1 and 2.

To verify the discrepant levels of these four serum indicators,
we performed further analyses by ELISA in cohort 1. MMP3 level
at baseline (p=0.040), MMP3 level at week 2 (p=0.004) and CCL2
level at week 2 (p=0.001) showed significant difference between
primary non-responders and responders, while AIL-7 showed no
significant change (p=0.094) (Table 2). Furthermore, we
observed that CCL2 and MMP3 levels at week 2 were
significantly altered in the multivariate analysis; the odds ratios
(ORs) (95% CI) were 0.903 (0.877-0.986, p=0.010) and 1.203
(1.039-1.394, p=0.008), respectively. The receiver operating
characteristics analysis revealed that CCL2 [AUC (95% CI):
0.790 (0.786-0.793)] and MMP3 [AUC (95% CI): 0.764 (0.760-
0.767)] levels at week 2 could better predict PNR than MMP3 at
baseline [AUC (95% CI): 0.683 (0.678-0.687)] and AIL-7 [AUC
(95% CI): 0.632 (0.627-0.637)] (Figure 2).

CCL2, MMP3, and CRP at Week 2 Are
Independently Predictive of PNR
Considering that CCL2 and MMP3 at week 2 were the most
important predictors of PNR to IFX, we further analysed these
two indicators, as well as other clinical and serological markers,
in cohort 2.

Univariate analyses showed that three clinical characteristics
and eight serological indicators, including age at first IFX therapy

Cohort 1 (n=60) Cohort 2 (n=182) P value*
All patients PNR patients All patients PNR patients

Primary non-responders 12 (20) 12 (100) 45 (24.7) 45 (100) 0.489

Failure of CDAI reduction 10 (83.3) 38 (84.4)

Therapy alteration 2 (16.7) 7 (15.6)
Male 47 (78.3) 9 (75.0) 128 (70.3) 32 (71.1) 0.249
Age at 15" IFX therapy (years) 24.5 (18.5-29.0) 24.38 (19.2-34.7) 24.9 (18.0-34.0) 28.8 (22.6-36.5) 0.242
Body-mass index (kg/m?) 17.1 (15.8-19.4) 17.7 (16.0-21.3) 17.7 (16.1-19.2) 17.4 (15.8-18.8) 0.371
Age at diagnosis (years) 21.8(17.4-26.2) 22.6 (18.3-27.0) 22.0 (16.7-29.0) 23.0 (18.3-29.3) 0.775
Disease duration (years) 1.0 (0.5-3.9) 1.3(0.8-8.4) 1.6 (0.7-4.9) 4.6 (1.0-6.9) 0.100
Disease location 0.373

L1 (ileal disease) 6 (10.0) 2 (16.7) 30 (16.5) 11 (24.4)

L2 (colonic disease) 4(6.7) 0(0) 8 (4.4) 1(2.2)

L3 (ileocolonic disease) 50 (83.3) 10 (83.8) 144 (79.1) 33 (73.3)

Presence of upper Gl disease 11 (18.3) 2 (16.7) 42 (23.1) 9(20.2) 0.478
Disease behavior 0.382

B1 (non stricturing, non-penetrating) 37 (61.7) 6 (50.0) 95 (62.2) 13 (28.9)

B2 (stricturing) 18 (30.0) 4(33.9) 62 (34.1) 25 (55.6)

B3 (penetrating) 5(8.3) 2 (16.7) 25 (13.7) 7 (15.6)
Perianal disease 16 (26.7) 4 (33.3) 70 (38.5) 14 (31.1) <0.001
Presence of extraintestinal manifestations 6 (10) 2 (16.7) 34 (18.7) 11 (24.4) 0.160
Previous surgery 8(13.3) 2 (16.7) 40 (22.0) 13 (28.9) 0.191
History of smoking 35 00 15(8.2) 3(6.7) 0.573
Concomitant Azathioprine 32 (63.9) 8 (66.7) 79 (43.4) 19 (42.2) 0.181
CDAl score 251 (199-296) 268 (194-296) 234 (198-282) 232 (198-245) 0.519
C-reactive protein (mg/L) 29.4 (9.7-49.0) 33.0 (19.3-58.6) 21.7 (8.5-39.5) 19.4 (2.3-35.0) 0.154
Erythrocyte sedimentation rate (mm/h) 52.0 (31.3-70.0) 69.0 (47.5-85.8) 42.0 (24.0-72.0) 38.0 (19.5-60.5) 0.253
Albumin (g/L) 32.9 (30.0-36.3) 34.0 (30.8-36.5) 35.0 (31.2-38.9) 35.4 (31.2-38.2) 0.019
Haemoglobin (g/L) 111 (92-124) 113 (100-127) 113 (96-128) 114 (95-135) 0.319
Platelet count (x10%/L) 348 (259-461) 364 (301-442) 350 (280-450) 343 (267-459) 0.910

*The p value was from the non-parametric Wilcoxon test or chi-square test in comparison of baseline characteristics between all patients in cohort 1 and cohort 2.

Continuous variables and categorical variables are described as median (IQR) and n (%), respectively.

IQR, interquartile range; Gl, gastrointestinal; CDAI, Crohn’s disease activity index.
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TABLE 2 | Comparison of serum biomarkers detected by ELISA between primary non-responders and responders in cohort 1.

Univariate analysis

Multivariate analysis

Primary response (n=48) PNR (n=12) P value Odds Ratio (95% Cl) P value
AlL-7 (pg/m) 5.5 (-10.1- -3.2) -4.5 (-6.0- -2.1) 0.095 1.261 (0.948-1.677) 0.111
MMP3 at baseline (ng/mL) 21.4 (13.6-27.0) 26.4 (21.2-35.7) 0.040 0.943 (0.869-1.024) 0.161
MMP3 at week 2 (ng/ml) 13.5 (8.2-18.5) 19.7 (14.2-38.3) 0.004 1.203 (1.039-1.394) 0.013
CCL2 at week 2 (pg/ml) 93.7 (77.3-128.5) 63.6 (59.3-86.7) 0.001 0.903 (0.877-0.986) 0.015

ELISA, Enzyme-linked immunosorbent assay; AlL-7, change of IL-7 from baseline to week 2; CCL, C-C moitif ligand; MMP, matrix metalloproteinase.
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FIGURE 2 | Receiver operating characteristics (ROC) analyses of potential
predictors in cohort 1. ROC Curve of change of IL-7 from baseline to week 2
(AIL-7), matrix metalloproteinase (MMP) 3 at baseline, MMP3 at week 2 and
C-C motif ligand (CCL) 2 at week 2 for predicting primary non-response
(n=12) in cohort 1 (n=60).

(p=0.044), disease duration (p=0.002), CD behaviour (p=0.001),
neutrophil percentage (p=0.010), lymphocytes counts(p=0.042),
lymphocyte percentage (p=0.007), platelet-to-lymphocyte ratio

(p=0.028), neutrophil-to-lymphocyte ratio (p=0.008), CRP
(p<0.001), MMP3 (p<0.001) and CCL2 levels (p<0.001) at week
2, were significantly different between primary non-responders
and responders (Table 3 and Supplemental Table 5).

Multivariate analyses of all patients in cohort 2 revealed that
only CRP [OR 1.102 (95%CI: 1.031-1.117), p=0.004], MMP3
[OR 1.108 (95%CI: 1.059-1.159), p<0.001], and CCL2 levels at
week 2 [OR 0.940 (95%CI: 0.920-0.965), p<0.001] were
independently associated with PNR (Table 3). Another
multivariate analysis was performed in patients with
determined response status by CDAI, and the result was
similar to that obtained while including all patients
(Supplement Table 6).

A Novel Model for Predicting PNR

The predictive values of CRP, CCL2, and MMP3 at week 2 are
shown in Table 4. Both CRP and MMP3 had large specificity
[(95% CI): 0.768 (0.765-0.770) and 0.799 (0.796-0.802),
respectively], whereas CCL2 had high sensitivity [0.783 (0.778-
0.788)], but low specificity [0.687 (0.681-0.692)].

To better predict PNR, we built a PNR classifier combining
serum levels of CRP, CCL2, and MMP3 at week 2 through
logistic regression, and the variance inflation factors of CRP,
MMP3 and CCL2 was equal to 1.004, 1.008 and 1.012,

TABLE 3 | Significant univariate association of clinical characteristics and serological markers for primary non-response in cohort 2.

Univariate analysis

Multivariate analysis

Primary response (n=137) PNR (n=45) P value Odds Ratio (95% CI) P value

Clinical characteristics
Age at 15! IFX therapy (years) 23.6 (18.3-32.6) 28.8 (22.6-36.5) 0.044 1.012 (0.953-1.076) 0.692
Disease duration (years) 1.2 (0.6-4.0) 4.6 (1.0-6.9) 0.002 1.069 (0.964-1.185) 0.205
CD behaviour 0.001 1.540 (0.765-3.099) 0.226

B1 (non stricturing, non-penetrating) 82 (59.9) 13 (28.9)

B2 (stricturing) 37 (27.0) 25 (55.6)

B3 (penetrating) 18 (13.1) 7 (15.6)
Level of serological markers
at weeks 2
Neutrophil percentage (%) 58.6 (561.8-64.1) 63.6 (65.8-71.7) 0.010 1.010 (0.902-1.131) 0.866
Lymphocytes (x10%/L) 1.6 (1.3-2.0) 1.4(1.1-1.9) 0.042 1.658 (0.468-6.064) 0.425
Lymphocyte percentage (%) 30.6 (24.5-35.1) 24.9 (17.8-32.2) 0.007 0.974 (0.838-1.132) 0.727
PLR 180 (142-230) 217 (1562-291) 0.028 1.005 (0.997-1.013) 0.243
NLR 2.0 (1.5-2.6) 2.5(1.7-3.8) 0.008 0.980 (0.301-3.191) 0.947
CRP (mg/L) 1.5 (0.8-3.6) 4.0 (1.0-8.7) <0.001 1.102 (1.031-1.117) 0.004
CCL2 (pg/ml) 98.9 (80.0-120.5) 72.0 (65.7-88.0) <0.001 0.940 (0.920-0.965) <0.001
MMPS (ng/ml) 12.7 (8.1-17.4) 24.7 (16.0-33.6) <0.001 1.108 (1.059-1.159) <0.001
PLR, platelet-to-lymphocyte ratio; NLR, neutrophil-to-lymphocyte ratio; CRP, C-reactive protein; CCL, C-C motif ligand; MMP, matrix metalloproteinase.
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TABLE 4 | The ability of PNR classifier in predicting primary non-response to IFX.

AUC (95% CI) Cut-off value (95% CI)

Sensitivity (95% CI)

Specificity (95% CI) PPV (95% CI) NPV (95% CI)

PNR classifier 0.896 (0.895-0.897) 0.331 (0.327-0.335) 0.758 (0.755-0.762)  0.888 (0.885-0.890)  0.703 (0.699-0.708)  0.918 (0.917-0.919)
CRP at week 2 0.679 (0.677-0.681) 3.79 (3.76-3.82) 0.614 (0.610-0.617)  0.768 (0.765-0.770)  0.468 (0.465-0.471)  0.859 (0.857-0.860)
CCL2 atweek 2 0.781 (0.779-0.782) 84.84 (84.44-85.23) 0.783 (0.778-0.788)  0.687 (0.681-0.692)  0.468 (0.465-0.472)  0.912 (0.910-0.913)
MMP3 at week 2 0.779 (0.777-0.781) 19.15 (19.05-19.25) 0.712 (0.709-0.716)  0.799 (0.796-0.802)  0.548 (0.544-0.551)  0.895 (0.894-0.897)

PPV, Positive predictive value; NPV, Negative predictive value; PNR, Primary non-response; PLR, platelet-to-lymphocyte ratio; CRP, C-reactive protein; CCL, C-C motif ligand; MMP,

matrix metalloproteinase.

respectively. PNR classifier had a large AUC of 0.896 (95% CI:
0.895-0.897) to predict PNR (Table 4). PNR classifier also had
the largest specificity [0.888 (95%CI: 0.885-0.890)], negative
predictive value [0.918 (95%CI: 0.917-0.919)] and positive
predictive value [0.703 (95%CI: 0.699-0.708)] in the prediction
of PNR among these 4 indicators. The OR for getting PNR in
patients with a value of PNR classifier > 0.331 was 6.467 (95% CI:
1.928-21.687; p=0.002), after adjustment for covariates
(Supplement Table 7). Furthermore, patients with serum
concentration of MMP3 > 19.15pg/ml [OR (95% CI): 8.478
(2.307-31.160); p=0.001] or CRP > 3.79 mg/L [OR (95% CI):
6.314 (1.956-20.377); p=0.002] also had the high risk to
getting PNR.

DISCUSSION

IFX therapy is currently an important choice to induce and
maintain remission in CD patients, but approximately 30% of
patients exhibit PNR to IFX (1, 2). To achieve the goal of treating
each patient at the right time with the optimal drug, it is
necessary to detect which group of patients are unlikely to
benefit from IFX treatment. In this prospective and
retrospective cohort study of 260 CD patients, we found that
clinical characteristics such as older age at first IFX therapy,
longer disease duration, and stricturing behaviour were
significantly associated with PNR to IFX. Furthermore, serum
CRP, MMP3, and CCL2 levels at week 2 after IFX injection were
the three independent predictors for PNR. Additionally, to better
monitor CD, we further established a PNR classifier
incorporating these three inflammation mediators, which was
demonstrated to have a larger AUC (0.898 [95% CI: 0.837-
0.947]) in discriminating primary non-responders from primary
responders than using CRP, MMP3 or CCL2 independently.
Thus, it can effectively identify patients who are suitable for IFX
induction therapy.

MMP3 is a pattern of the large family of zinc dependent
matrix metalloproteinases (MMPs), which plays an active role in
the pathogenesis of inflammation in inflammatory bowel disease
(IBD). The expression and secretion of MMPs are sensitive to the
condition of intestinal inflammation, and are either augmented
or moderated by a series of inflammatory cytokines, especially
TNF-a (15). MMP3 is regarded as a crucial effector molecule of
inflammatory cells, while it can also modify cytokines and
chemokines (15). Thus, the up-regulated expression of MMPs
prompts an initiation phase of acute inflammation. In our study,

a high level of serum MMP3 at week 2 from baseline manifested
as an effective predictor of PNR to IFX. Similarly, previous study
had found that a high serum MMP3 concentration at week 14
was associated with a loss of response after 52 weeks of IFX
treatment (16). Biancheri et al. showed that MMP3 was involved
in cleaving anti-TNF agents, such as infliximab, adalimumab,
and etanercept, in the colon mucosa of inflammatory bowel
disease patients (17). This may explain the predictive function of
MMP3 in PNR to IFX. However, whether MMP3 can predict a
loss of response to other anti-TNF drugs has not been studied.

CCL2, namely monocyte chemotactic protein 1, is a CC-type
chemokine that plays an important role in regulating migration
and infiltration of monocytes, lymphocytes, or other
immunocytes to inflammation sites in the pathogenesis of
chronic inflammatory diseases such as CD (18-20). Previous
studies have shown that the expression of CCL2 in intestinal
epithelial cells, mucosa, circulating monocytes, or plasma was
significantly increased in CD patients, especially those with
active CD, compared to healthy individuals (21-23). Thus,
CCL2 may be a pro-inflammatory factor in CD. Swedish
patients with ulcerative colitis responding to infliximab therapy
have been shown to express decreased levels of CCL2 in the
serum at Week 2 (24). However, it is confusing that CD patients
with PNR had lower serum CCL2 concentrations at week 2 after
IFX treatment than responders in our study. A hypothesis that
might explain this phenomenon is that the high serum
concentration of CCL2 in primary responders is attributable to
the decrease in CCR2 expression. A recent study showed that
serum CCL2 was removed in a CCR2-dependent but G-protein
independent manner, and when CCR2 expression decreased,
serum CCL2 concentrations increased (25). Furthermore, anti-
TNF non-responders with inflammatory bowel disease had
upregulated CCR2 expression (26), which might cause lower
serum CCL2 levels than those seen in the responders. Although
this theoretical explanation makes sense, experimental validation
is lacking. Therefore, it is attractive to research the change and
function of the CCL2-CCR?2 axis in CD patients before and after
anti-TNF therapy for further studies.

CRP is one of the most common biomarkers used in clinical
practice and is also useful for monitoring clinical or endoscopic
activity in CD patients (27, 28). Post-injection CRP levels are a
potential predictor for loss of response to anti-TNF therapy (29,
30). However, it remains controversial whether the baseline CRP
level can predict loss of response to anti-TNF therapy in CD (31,
32). Our study found that serum CRP at week 2, but not baseline,
was an independent predictor for PNR. However, CRP reflects
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the status of generic inflammation, not specific inflammatory
pathways. In this study, we combined CRP with MMP3 and
CCL2 levels, which are closely correlated with the pathogenesis
of CD, and developed a well-founded PNR classifier.

Previous studies have demonstrated that the mechanisms
underlying PNR are multifactorial. These mechanisms include
disease characteristics, drug and treatment strategy-related
factors, and inflammation and immune status of the patients
(5). Disease duration, phenotype, and location may contribute to
primary nonresponse. However, the role of patient-related
characteristics was unclear because of controversial outcomes
of different studies (5). Drug related factors includes through
drug levels and the accumulation of anti-TNF antibodies. A
recent study demonstrated that serum trough levels of IFX at
week 2 could predict short-term clinical efficacy of IFX (33).
Moreover, low IFX levels and high anti-TNF antibody levels to
IFX at week 2 could predict PNR to IFX, with AUCs of 0.68 and
0.78, respectively (34). Nevertheless, the response status could be
altered by changing the IFX dose or the combination of
immunosuppressive drugs, and the effect of through drug
levels and the anti-TNF antibodies could not count as primary
mechanisms in the process of PNR. Emerging evidence suggest
that primary nonresponse occurs in the patients with a disease
course of non-TNF-driven inflammatory process. It has been
thought that non-TNF-driven inflammatory processes were
mainly involved in the mechanisms underlying PNR. Our
research mainly focused on the non-TNF-driven inflammatory
processes. We assumed that the changes of inflammatory states,
which is presented by the alterations of the cytokines,
chemokines and other inflammatory related factors, were
significantly different between patients with TNF-driven
inflammatory pathway and those were not. In the end, we
explored MMP3 and CCL2 which were correlated with PNR.

There are some limitations to our study. From an analysis
perspective, the reference cytokine subset we used as the
discovery cohort to identify potential biomarkers is not a
complete compendium of all of the immune related factors in
the CD patients. Nevertheless, these potential factors have all
been previously described in CD, which could compensate for
the selection bias to some extent. In addition, the initial screening
of cytokines in the discovery cohort was based on only 18
patients, which might be insubstantial to yield conclusive data.
However, we screened potential biomarkers through analyses
based not only on these 18 patients but also the patients in
Cohort 1. we verified these potential cytokines selected from the
discovery cohort in cohort 1 by univariate and multivariate
analyses, which could reduce the incidence of false positives to
a certain extent. Moreover, we did not detect IFX trough levels or
anti-TNF antibody concentrations in the patients. These two
indicators were thought to be able to predict loss of response of
IEX (35, 36). However, this study mainly discussed the primary
non-response of IFX, while trough serum concentrations of drug
and anti-TNF antibodies are probably more relevant for the
secondary loss of response (10). Another limitation is that all
patients in our study are Chinese, which might make our results
with limited generalisability.

In conclusion, our prospective and retrospective cohort study
showed that CCL2 and MMP3 at week 2 play important roles in
predicting PNR to IFX in CD patients. Furthermore, a PNR
classifier was developed and proved effective in predicting PNR.
However, further studies need to be performed on other patient
populations to further substantiate our findings.
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