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Mosale Seetharam Sumanth1 Shancy P. Jacob2

Kandahalli Venkataranganayaka Abhilasha1 Bhanu KanthManne3

Venkatesha Basrur6 Sylvain Lehoux7 Robert A. Campbell3 Christian C. Yost3,8

ThomasM.McIntyre9 Richard D. Cummings7 Andrew S.Weyrich3

Matthew T. Rondina3,4,5 Gopal KMarathe1,10

1Department of Studies in Biochemistry,

University ofMysore, Manasagangothri,

Mysuru, Karnataka, India

2Department of Pediatrics, Division of Allergy

and Immunology, University of Utah, Salt Lake

City, Utah, USA

3MolecularMedicine Program, andDepartment

of InternalMedicine and Pathology, University

of Utah, Salt Lake City, Utah, USA

4The Geriatric Research Education and Clinical

Center, Salt Lake City, Utah, USA

5Department of InternalMedicine, George E.

Wahlen VAMC, Salt Lake City, Utah, USA

6Department of Pathology, University of

MichiganMedical School, Ann Arbor,

Michigan, USA

7Beth Israel DeaconessMedical Center,

Department of Surgery, HarvardMedical School,

Boston, Massachusetts, USA

8Department of Pediatrics, University of Utah,

Salt Lake City, Utah, USA

9Department of Cardiovascular &Metabolic

Sciences, Cleveland Clinic Lerner Research

Institute, Cleveland, Ohio, USA

10Department of Studies inMolecular Biology,

University ofMysore, Manasagangothri,

Mysuru, Karnataka, India

Correspondence

GopalK.Marathe,Departmentof Studies in

Biochemistry,University ofMysore,Manasagan-

gothri,Mysuru570006,Karnataka, India.

Email:marathe1962@gmail.com

Abstract
Alpha-1-acid glycoprotein (AGP-1) is a positive acute phase glycoproteinwith uncertain functions.

Serum AGP-1 (sAGP-1) is primarily derived from hepatocytes and circulates as 12–20 different

glycoforms. We isolated a glycoform secreted from platelet-activating factor (PAF)-stimulated

human neutrophils (nAGP-1). Its peptide sequence was identical to hepatocyte-derived sAGP-1,

but nAGP-1 differed from sAGP-1 in its chromatographic behavior, electrophoretic mobility,

and pattern of glycosylation. The function of these 2 glycoforms also differed. sAGP-1 activated

neutrophil adhesion, migration, and neutrophil extracellular traps (NETosis) involving myeloper-

oxidase, peptidylarginine deiminase 4, and phosphorylation of ERK in a dose-dependent fashion,

whereas nAGP-1 was ineffective as an agonist for these events. Furthermore, sAGP-1, but not

nAGP-1, inhibited LPS-stimulated NETosis. Interestingly, nAGP-1 inhibited sAGP-1-stimulated

neutrophil NETosis. The discordant effect of the differentially glycosylatedAGP-1 glycoformswas

also observed in platelets where neither of the AGP-1 glycoforms alone stimulated aggregation

ofwashed human platelets, but sAGP-1, and not nAGP-1, inhibited aggregation induced by PAF or

ADP, but not by thrombin. These functional effects of sAGP-1 correlated with intracellular cAMP

accumulation and phosphorylation of the protein kinase A substrate vasodilator-stimulated

phosphoprotein and reduction of Akt, ERK, and p38 phosphorylation. Thus, the sAGP-1 glycoform

limits platelet reactivity, whereas nAGP-1 glycoform also limits proinflammatory actions of

sAGP-1. These studies identify new functions for this acute phase glycoprotein and demonstrate

that the glycosylation of AGP-1 controls its effects on 2 critical cells of acute inflammation.
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Abbreviation: DEAE-cellulose, diethyl aminoethane-cellulose; MPO, myeloperoxidase;

nAGP-1, neutrophil derived AGP-1; PAD4, peptidylarginine deiminase 4; PAF,

platelet-activating factor; PKA, protein kinase A; PRP, platelet-rich plasma; sAGP-1, serum

Alpha-1-acid glycoprotein; VASP, vasodilator stimulated phosphoprotein.
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1 INTRODUCTION

Alpha-1-acid glycoprotein (AGP-1) is a positive acute phase glyco-

protein with a carbohydrate content contributing to 45% of its total

mass. Hepatic synthesis of AGP-1 increases during an inflammatory

response1,2 and is released to the circulation (serum AGP-1; sAGP-

1). Although numerous activities like immunomodulation and altering

inflammatorymilieu have been ascribed toAGP-1,2,3 its function(s) are

ill defined.Other cell types including humanbreast epithelial cells, lym-

phocytes, and monocytes secrete AGP-1 in response to appropriate

inflammatory stimuli.3–5 In addition, human neutrophils secrete AGP-

1 in response to platelet-activating factor (PAF), LPS, TNF, and PMA.6

AGP-1 undergoes extensive glycosylation and approximately 12–20

different glycoforms of AGP-1 are present in human blood.2,7 Thismay

be an underestimate, as more recent studies indicated that more than

150 isoforms of AGP-1 can occur in human plasma.8,9

This impressive number of glycoforms of AGP-1 is altered during

both acute and chronic inflammation.5,10–13 There is ample evidence

to support the concept that the glycosylation pattern and degree

of chain branching may serve as one of the markers for specific

disease conditions.3,9,10,12–17 Unraveling AGP-1 function(s), in gen-

eral, remains challenging. For example, AGP-1 offers nonspecific

protection against various Gram-negative bacterial infection and

TNF-induced lethality,18–20 but also promotes monocytes to an

anti-inflammatory M2 phenotype rendering them ineffective against

bacterial infections.21 Furthermore, AGP-1 inhibits neutrophil migra-

tion in sepsis,22 contributing to infection. More recently, Higuchi

et al.23 have shown that AGP-1 is also involved in the allograft

rejection after kidney transplantation.

Additionally, AGP-1 is shown to have antiheparin effect leading

to declined anticoagulation of blood.24 Elevated levels of AGP-1 is

correlated with increased incidence of ischemic stroke and carotid

plaques.25 AGP-1 is shown to interact with plasminogen activator

inhibitor type I and stabilizes its activity and is shown to induce platelet

shape change and activation, with an impact on thrombosis.26,27 Con-

tradicting to this, AGP-1 is shown to be a potent inhibitor of platelet

aggregation, shown to have antithrombotic activity and offers pro-

tection against ischemia/reperfusion injury by preventing apoptosis

and inflammation.20,28–30

Earlier studies have shown that activated TLR-4 triggers pro-

thrombotic effects and that TLR-4 signaling is a potential therapeutic

target.31–34 In accordance to this, we previously observed that sAGP-1

preferentially inhibits the TLR-4 agonist bacterial LPS, but not TLR-2

agonist Braun Lipoprotein mediated inflammatory responses both

in vivo and in vitro.35,36 The main aim of this study is to understand

the effect of 2 different glycoforms of AGP-1 on 2 different cell types

of innate immune system. Accordingly, we show that the hepatocyte-

derived sAGP-1 is proinflammatory, whereas the neutrophil-derived

glycoforms (nAGP-1) primarily display anti-inflammatory activity.

As the protein sequences of 2 glycoforms are identical but not the

glycan structure, we conclude that different glycoforms differently

contributes to the inflammatory milieu and may partly be responsible

for the contradictory roles of this acute-phase glycoprotein.

2 MATERIALS AND METHODS

2.1 Chemicals

Cibacron F3GA agarose, DEAE-cellulose gel beads, anti-human

AGP-1 antibody (A5566), anti-mouse-IgG-HRP antibody, commer-

cial AGP-1, FBS, LPS, recombinant IL-8, micrococcal DNase, ADP,

thrombin, apyrase, PGE1, medium-199, poly-L-lysine, HBSS, and

RPMI media were procured from Sigma Chemicals Co., St. Louis, MO,

USA. Phospho-specific antibodies to p38, JNK, ERK, vasodilator-

stimulated phosphoprotein (VASP), 𝛽-actin, and anti-rabbit IgG-HRP

were obtained from Cell Signaling Technology, Danvers, MA, USA.

Neutrophil extracellular traps (NETosis) marker antibodies, that is,

citrullinated histone H3, histone H3, PAD4, and myeloperoxidase

(MPO) antibodies were procured from Abcam, Cambridge, UK. Com-

plete Mini EDTA-free protease inhibitor cocktail tablets were from

Roche Diagnostics, Mannheim, Germany. PVDF membrane was from

BioRad Laboratories, Hercules, CA, USA and thioglycolate media was

obtained from Sisco Research Laboratories, Mumbai, India. Trypsin

was purchased from Promega, Madison, WI, USA. Sytox green, Sytox

orange, Syto green, Calcein 2 AM, and molecular weight markers

were procured from Invitrogen, Carlsbad, CA, USA. Collagen was

from Chronolog, Havertown, PA, USA. PAF was from Avanti polar

Lipids, Alabaster, AL, USA. All the reagents used in the Glycomics mass

spectrometry studies were procured from Sigma–Aldrich Co. except

for PNGaseF, whichwas fromNewEngland Biolabs, Ipswich,MA, USA.

2.2 Serum collection

Bloodwas drawn from healthy volunteers with informed consent. Per-

mission to draw blood was obtained from the Institutional Human

Ethics Committee, University of Mysore, Mysuru (UOM No. 104

Ph.D/2015-16). Briefly, the blood was collected and coagulated blood

was then centrifuged at 600 g for 20 min at 25◦C to collect serum and

stored at −20◦C till further use. All the experiments involving human

bloodwere approved by the Institutional HumanEthics Committees of

University ofMysore and University of Utah.

2.3 Isolation of polymorphonuclear leukocytes

(neutrophils)

Neutrophilswere routinely isolatedbydextran sedimentation and sep-

arated by centrifugation over Ficoll density gradient.37 Neutrophil-

rich pellets from this gradient were suspended in 1 ml of HBSS con-

taining 0.2% human serum albumin (HBSS/A). Neutrophil isolationwas

also carried out by AutoMACS. Briefly, whole blood was labeled with

CD15 microbeads and the neutrophils were positively selected using

AutoMACS. (Miltenyi Biotech, San Diego, CA, USA)

2.4 Secretion of AGP-1 from isolated human

neutrophils

Ten million freshly isolated human neutrophils were stimulated or not

with PAF (10−6 M), LPS (1 µg/ml), TNF (1,000U/ml), and PMA (5 µg/ml)
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F IGURE 1 Stimulated human neutrophils secrete AGP-1 that differs from sAGP-1: (A) freshly isolated human neutrophils secrete AGP-1
after stimulation (for 60min). Secreted proteins were concentrated, resolved, and immunoblotted against AGP-1. Lanes represent: lane 1, sAGP-1
(250ng); lanes 2–7, nAGP-1 secreted from2, 0min control neutropils; 3, 60min control neutrophils; 4, PAF (10−6 M) stimulated neutrophils; 5, TNF
(1,000 U/ml) stimulated neutrophils; 6, LPS (1 µg/ml) stimulated neutrophils; 7, PMA (5 µg/ml) stimulated neutrophils. (B) Secretion of nAGP-1 by
PAF stimulated neutrophils; lane 1, commercial AGP-1 (250 ng); 2, 0min control; 3, 60min control; 4, emptywell; 5, PAF (10−4 M); 6, PAF (10−6 M);
7, PAF (10−8 M); 8, PAF (10−10 M). nAGP-1 is indicated by red arrow

for 60min at 37◦C. In parallel, humanneutrophilswere stimulatedwith

varied concentrations of PAF (10−4 to 10−10 M) for 60 min at 37◦C.

Neutrophil supernatants derived under these conditions were con-

centrated and were immunoblotted against anti-human AGP-1 mon-

oclonal antibody with controls at both “0min” and at “60min.” sAGP-1

(250 ng) isolated previously in our laboratory35 was used as the refer-

ence standard, as commercial AGP-1many times displayed variation in

electrophoretic mobility (Fig. 1B).

2.5 Purification of AGP-1 from

neutrophil supernatant

Purification of AGP-1 from PAF-stimulated neutrophil supernatants

was carried out as described earlier.35 Briefly, pooled neutrophil

supernatants were loaded on to a Cibacron F3GA agarose column

(10 × 1.5 cm) equilibrated with 10 mM phosphate buffer (pH 7.8).

Unbound proteins containing AGP-1 were eluted at a flow rate of

1 ml/min. AGP-1 containing fractions were pooled and concentrated.

The concentrate was then applied to a DEAE-cellulose column

(25 × 0.5 cm) equilibrated with 30 mM acetate buffer (pH 5.0). Frac-

tions were eluted with a sodium chloride gradient (0–2 M) at a flow

rate of 24ml/h. AGP-1 containing fractionswere pooled, concentrated,

and quantified for protein using Lowry’s method.38 The endotoxin

content of purified AGP-1 was assessed by Limulus amebocyte lysate

(LAL) assay (Endochrome – KTM; Charles River, Wilmington, MA, USA)

as per manufacturer’s instructions.

2.6 Western blotting for AGP-1

AGP-1 samples were resolved on a reducing SDS-PAGE (7.5% acry-

lamide) and visualized by Western blotting. Blots were stained using

appropriate primary antibody (anti-human AGP-1 monoclonal anti-

body; 1:10,000 v/v) and secondary antibody (anti-mouse IgGHRP con-

jugate; 1:5,000 v/v). The blots were visualized using freshly prepared

ECL reagent by UV-transillumination (Uvi-Tech, Cambridge, UK).

2.7 Proteinmass spectrometry analysis

Purified samples were resolved by SDS-PAGE, visualized using

Coomassie stain; AGP-1 band was excised and destained with 30%

methanol for 4 h. Upon reduction (10 mM dithiothreitol) and alkyla-

tion (65mM2-chloroacetamide) of the cysteines, proteinwas digested

overnight with sequencing grade-modified trypsin. The resulting pep-

tides were resolved on a nanocapillary reverse phase column (Acclaim

PepMap C18, 2 micron, 50 cm; Thermo Scientific, Madison, WI, USA)

using a 1% acetic acid/acetonitrile gradient at 300 nl/min and directly

introduced into Q Exactive HF mass spectrometer (Thermo Scien-

tific, Madison, WI, USA). MS1 scans were acquired at 60 K resolution

(AGC target = 3e6, max IT = 50 ms). Data-dependent high-energy C-

trap dissociation MS/MS spectra were acquired for the 20 most abun-

dant ions (Top20) following each MS1 scan (15 K resolution; AGC tar-

get = 1e5; relative CE ∼28%). Proteome Discoverer (V 2.1; Thermo

Scientific) software suite was used to identify the peptides by search-

ing the HCD data against an appropriate database. Search parame-

ters included MS1 mass tolerance of 10 ppm and fragment tolerance

of 0.1 Da. False discovery rate (FDR) was determined using Fixed PSM

validator and proteins/peptides with a FDR of ≤1% were retained for

further analysis.

2.8 Glycomicsmass spectrometry analysis

Coomassie-stained AGP-1 protein bands were excised, washed with

400 µl of 50mMAMBIC (ammonium bicarbonate) in 50% acetonitrile,

dried and 200 µl of 10 mM DTT (1,4-dithiothreitol) solution in 50 mM

AMBIC were added and incubated at 50◦C for 30 min. The gel was

washed with 200 µl of acetonitrile and dried. The samples were incu-

bated with 200 µl of 55mM IAA (iodoacetamide) in 50mMAMBIC for

30 min at room temperature in dark. The samples were again washed

with 500µl of 50mMAMBIC for 15min at room temperature followed

by awashwith 200 µl of acetonitrile for 5min. The samples were dried

prior to adding 500 µl of 50 mM AMBIC containing 10 µg of TPCK-

treated trypsin and incubated overnight at 37◦C. The tryptic digestion

was terminated and supernatants were recovered. Further peptides

were recovered by 2 cycles of washes with 200 µl of 50 mM AMBIC,

200 µl of 50% acetonitrile in 50mMAMBIC, and 200 µl of acetonitrile.

All supernatants and washes were pooled in the same glass tube used

and lyophilized. The dried peptides were resuspended in 200 µl of

50mMAMBIC and incubated overnight with 1 µl of PNGaseF at 37◦C.
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The enzymatic reaction was stopped by using 5% of acetic acid prior

to purification of the released N-glycans over a C18 Sep-Pak (50 mg)

column (Waters, Milford,MA, USA) conditionedwith 1 column volume

(CV) of methanol, 1 CV of 5% of acetic acid, 1 CV of 1-propanol, and

1 CV of 5% of acetic acid. The C18 column was washed with 3 ml of

5% of acetic acid. Flow through and wash fractions were collected,

pooled, and lyophilized prior to permethylation. Lyophilized N-glycan

samples were incubatedwith 1ml of DMSO-NaOH slurry solution and

500 µl of methyl iodide for 30min under shaking at 25◦C. The reaction

was stopped with 1 ml of Milli-Q water and 1 ml of chloroform was

added to purify out the permethylated N-glycans. The chloroform

layer was washed 3 times with 3 ml of Milli-Q water and dried. The

dried materials were redissolved in 200 µl of 50% methanol prior to

be loaded into a conditioned (1 CV methanol, 1 CV Milli-Q water, 1

CV acetonitrile, and 1 CVMilli-QWater) C18 Sep-Pak (50mg) column.

The C18 column was washed with 15% acetonitrile and then eluted

with 3 ml of 50% acetonitrile. The eluted fraction was lyophilized

and then redissolved in 10 µl of 75% methanol from which 1 µl was

mixed with 1 µl DHB (2,5-dihydroxybenzoic acid) (5 mg/ml in 50%

acetonitrile with 0.1% trifluoroacetic acid) and spotted on a MALDI

polished steel target plate (Bruker Daltonics, Germany). MS data were

acquired on a Bruker UltraFlex II MALDI-TOF Mass Spectrometer

instrument. Reflective positive mode was used and data recorded

between 1,000 m/z and 5,000 m/z. For each MS N-glycan profiles the

aggregation of 20,000 laser shots or more were considered for data

extraction. Only MS signals matching a N-glycan composition were

considered for further analysis. Subsequent MS post-data acquisition

analysis weremade usingmMass.39

2.9 Human neutrophil adhesion

For assessment of adhesion, the human neutrophil suspension

(1 × 107 cells/ml) was loaded with Calcein-AM to a final concentration

of 1 µM prior to incubation for 45 min at 37◦C. The labeled neu-

trophils (1 × 106 cells/well) were incubated with sAGP-1 or nAGP-1

(25, 50, and 100 µg/ml) in triplicate wells in cell culture plates (Nest

Biotechnology Co. Ltd., China) precoated with 0.2% gelatin. Unbound

neutrophils were removed by washing twice with HBSS/A and the

adherent neutrophils were visualized and photographed at a magnifi-

cation of 10× by fluorescent microscopy (Motic BA410 fluorescence

microscope, Hong Kong; with Nikon DS-Qi2 camera, Japan).36 The

number of cells adhered in each well was determined by counting

the cells adhered in 10 randomly chosen fields using ImageJ software

(ver.1.51j8) and then calculating the average number of cells adhered

per field.

2.10 Neutrophil migration

Neutrophil migration was assessed using Transwell plates (Costar,

Corning Inc., NY, USA) with 5 µm pore size inserts. 1 × 106 (200 µl)

freshly isolated neutrophils in M-199 medium were incubated in

the upper chamber of the Transwell and the chemoattractant, IL-8

(10 ng/ml) and/ or AGP-1 (sAGP-1 and nAGP-1) (25, 50, and

100 µg/ml) were introduced in the lower chamber. The number of

neutrophils migrating to the lower chamber after incubation for 1 h

at 37 ◦C with 5% CO2 were counted with a hemocytometer and

expressed as % neutrophil-migrated using IL-8 as positive control

(100%migration).

2.11 Neutrophil degranulation and estimation

of ROS

Neutrophil degranulation was monitored by the secretion/production

ofMPOby stimulated neutrophils. 1× 106 freshly isolated neutrophils

suspended in HBSS/A were treated with varying concentrations of

sAGP-1 (25, 50, and 100 µg/ml) or nAGP-1 (25, 50, and 100 µg/ml) for

1 h at 37◦C with 5% CO2. LPS (10 µg/ml) was used as positive control.

MPO activity was measured according to the method of Bradley

et al.40 Briefly, after the treatment, neutrophils were pelleted by cen-

trifugation at 300 g for 5 min at 4◦C. The supernatant was separated

from the pellet. The neutrophils pelletwas lysed usingRIPAbuffer con-

taining protease inhibitor cocktail. Both the supernatant and the cell

lysate were used as the source for MPO. Aliquots of the supernatant

(250 µl) and cell lysate (50 µl) weremixedwith 2.9ml of 50mMsodium

phosphate buffer (pH 6.0) containing 167 µg/ml of o-dianisidine (SRL,

Mumbai, India) and 0.0005% H2O2. The change in absorbance at

460 nm was recorded in an UV-Visible spectrophotometer (Biomate

3S; Thermo Scientific, Madison,WI, USA).

For ROS estimation, freshly isolated neutrophils (1 × 106) were

treatedwith different concentrations (25, 50, and 100 µg/ml) of sAGP-

1 or nAGP-1 for 1 h at 37◦C with 5% CO2. Again LPS (10 µg/ml) was

taken as positive control. After treatment, the cells were washed and

loaded with 20 µM DCF-DA and incubated in dark for 15 min. The

fluorescence was measured at an excitation at 488 nm and emission

at 525 nm in a multi-mode plate reader (Thermo Scientific, Madison,

WI, USA ).41

2.12 Assessment and quantification of NETosis

One million freshly isolated human neutrophils were treated with LPS

(10 µg/ml) in the presence/absence of AGP-1 (sAGP-1 and nAGP-1

glycoforms at 25, 50, and 100 µg/ml) before being transferred to poly-

L-lysine-coated coverslips. The neutrophils were incubated at 37◦C in

5% CO2 for 1 h before adding Syto green (cell-permeable) and Sytox

orange (cell-impermeable) fluorescent dye mixture and visualized by

fluorescent microscopy (EVOS Fluorescence microscope; Thermo

Scientific, Waltham, MA, USA). The 2 dye images were merged using

ImageJ software (ver. 1.51j8).

High-throughput NET quantification42 was employed to quantify

neutrophil NETs. For this, 24 well plates were precoated with poly-L-

lysine before neutrophil addition followed by stimulation for 1 h by

indicated agonists at 37◦Cunder 5%CO2. The extracellular trapswere

recovered by treating the neutrophils withMicrococcal DNase and the

DNA stainedwith cell-impermeable Sytox green dye. Theseweremea-

sured with a fluorescent plate-reader with excitation at 485 nm and

emission at 530 nm. Parallelly, NETosis was also quantified by using
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NETosis assay kit (ab 235979; Abcam). Activity of neutrophil elastase

on harvested NET structures was quantified in this method according

to themanufacturer’s instructions.

2.13 Profiling of proteinmarkers of NETosis by

Western blotting

Freshly isolated human neutrophils (1 × 106 cells/ml) were stimulated

for 1 hwith sAGP-1 (25, 50, and 100µg/ml) and highest dose for nAGP-

1 (100 µg/ml) with or without LPS (10 µg/ml). In some experiments,

neutrophils were treatedwith a combination of sAGP-1 (50 µg/ml) and

nAGP-1 (50 µg/ml). Unstimulated neutrophils served as the negative

control. Lysates were prepared by using RIPA buffer containing pro-

tease inhibitor cocktail. Immunoblots were developed using specific

primary and appropriate secondary antibodies for citrullinatedhistone

H3 (R2, R8, and R17) (cit His H3), Histone H3, peptidylarginine deimi-

nase (PAD) 4,MPO, phospho-pERK, and 𝛽-actin (1:1,000 v/v).

2.14 Platelet aggregation usingwashed

human platelets

Blood was drawn from healthy volunteers with informed consent.

Platelet-rich plasma (PRP) was isolated from this blood using the

method previously described by Zhou and Schmaier.43 Briefly, blood

was drawn into citrated tubes (1/9) and centrifuged for 15 min at 45 g

at 25◦C to obtain PRP. The PRP was treated with PGE1 to stop the

activation of platelets. PGE1-treated PRP was centrifuged at 225 g

for 20 min at 25◦C without breaking. The resulting platelet pellet

was resuspended inHEPES-Tyrode’s buffer containing 0.02UApyrase.

Platelet aggregation was performed by using 2 × 108 platelets/ml in a

final reaction volume of 500 µl at 37◦C with stirring at 1,200 rpm. All

assayswere performed using Chrono-log aggregometer and the traces

were recorded using AGGRO/LINK 8 ver.1.0.1 software.

2.15 Signaling by stimulated platelets

Washed platelets (2 × 108 cells/ml) were stimulated for 5 min with

thrombin (0.075 U/assay), PAF (4 µM), or ADP (500 nM) with or with-

out sAGP-1 (50 µg/ml). Unstimulated washed platelets served as the

negative control. Lysates were prepared by using perchloric acid (6 N)

and reducing sample buffer (modified Laemmli buffer). Immunoblots

weredevelopedusing specific primaryandappropriate secondaryanti-

bodies for phospho-p38, phospho-Akt, phospho-ERK, phospho-VASP

(S157), and 𝛽-actin (1:1,000 v/v).

2.16 ELISA for platelet cAMP

cAMP levels in washed platelets were quantified after treatment with

buffer, thrombin (0.075U/assay), ADP (500 nM), or PAF (4 µM)with or

without sAGP-1 using competitive ELISA kit (EMSCAMPL; Invitrogen,

Austria) according to themanufacturer’s instructions.

2.17 Statistical analysis

All experiments are a representative of at least 2 ormore experiments.

The data are represented as mean ± SEM. Analysis between 2 groups

were performed using Student t-test. For analysis of more than 2

groups one-way ANOVA was used. All the statistical analyses were

carried out using GraphPad Prism 5 software.

3 RESULTS

3.1 Neutrophils secrete distinct AGP-1 isoforms

To isolate the extrahepatic secretion of AGP-1, freshly isolated human

neutrophils (1 × 106 cells/ml) (isolated by using both ficoll density

gradient method and CD15 positive selection) were stimulated with

the agonists PAF (10−6 M), TNF (1,000 U/ml), PMA (5 µg/ml), or

LPS (1 µg/ml) and the secreted proteins were immunoblotted against

AGP-1. Unstimulated neutrophils did not secrete detectable AGP-1,

whereas neutrophils stimulated by these agonists did, suggesting the

extrahepatic source of AGP-1 (Fig. 1A). Stimulated neutrophils, how-

ever, secreted both a 43 kDa AGP-1 corresponding to sAGP-1 and

also released more slowly migrating (∼60 kDa) larger form of AGP-

1, which we termed nAGP-1 (Fig. 1B). The ratio of the 2 isoforms

differed according to the inciting agonists. We sought to purify the

higher molecular weight nAGP-1 isoform using conventional chro-

matographic techniques (see section Materials and Methods) and so

stimulated neutrophils with PAF to obtain an AGP-1 corresponding to

both sAGP-1 and nAGP-1. However, only the larger nAGP-1 was iso-

lated by this purification protocol andwas used for further experimen-

tations. Based on immunodetection, we found that neutrophils stim-

ulated with lower concentrations of PAF secreted higher amount of

higher molecular weight (∼60 kDa) nAGP-1 than higher concentra-

tions of PAF (Fig. 1B).

In the next series of experiments, we determined the basis for the

distinct physical properties of the 2 AGP-1 isoforms. Unlike sAGP-

1, nAGP-1 failed to bind to the DEAE-cellulose anion exchange col-

umn and so eluted in the void volume of this chromatographic sepa-

ration (Figs. 2A–2D), whereas sAGP-1 eluted at a salt concentration

of 150 mM. The endotoxin content of both the purified nAGP-1 and

sAGP-1 was <5 EU/mg protein, and so would not be relevant in sub-

sequent biologic analyses. The slow moving nAGP-1 (∼60 kDa) before

purification (Fig. 1B), nowmoved faster than that of the43kDa sAGP-1

after purification (Fig. 2C) on SDS-PAGE, probably due to the dissocia-

tion of the “uncharacterized binding factor(s)” (see sectionDiscussion).

3.2 Glycan and peptide analysis of nAGP-1

bymass spectrometry

The electrophoretic mobility of purified nAGP-1 was slower than that

of sAGP-1 before purification. To understand whether this reflects

size or charge differences, we subjected the 2 isoforms to mass spec-

trometry analysis. We found the sequence of the 2 proteins aligned
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F IGURE 2 Purification and characterization of nAGP-1 in comparisonwith sAGP-1: elution profile of (A) PAF-induced neutrophil supernatant
(nAGP-1) and (B) serum-derivedAGP-1 (sAGP-1) onDEAE-cellulose column. The insets represent the elution profile of nAGP-1 (A inset) and sAGP-
1 (B inset) on Cibacron blue column respectively. The fraction(s) containing the respective AGP-1 is indicated by red arrow. (C) and (D) Western
blotting analysis of different fractions ofDEAE-cellulose column against nAGP-1 and sAGP-1, respectively (2 different gels) indicated by red arrow.
(E) Mass spectral analysis of commercial AGP-1, sAGP-1, and nAGP-1. The data revealed that the protein components of the 2 AGP-1s are identi-
cal. Glycomic analysis of (F) commercial AGP-1 and (G) sAGP-1 showed that these 2 preparations are similar. (H) nAGP-1 differed in glycosylation
complexity and composition when compared with sAGP1. , N-acetyl glucosamine; , mannose; , galactose; , fucose; , sialic acid. (I) % rela-
tive abundance of sialylated, nonsialylated, high-mannose, monosialylated, disialylated, and trisialylated N-glycans present in commercial AGP-1,
sAGP-1, and nAGP-1
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and generated peptides that were identical for the entire sequence

(Fig. 2E). We next examined the glycosylation, more precisely the

N-linked glycans (N-glycans) of sAGP-1 and nAGP-1. sAGP-1 is mainly

glycosylated with complex biantennary and triantennary, sialylated

N-glycan chains. 86% of sAGP-1 N-glycans are sialylated, with the

majority of them being monosialylated and disialylated N-glycans

(Figs. 2G and 2I). This is similar, if not identical, to commercially

available, serum-derived AGP-1 (Figs. 2F and 2I). By contrast, nAGP-1

has different types of N-glycan. The relative abundance of complex

sialylated N-glycans in nAGP-1 was significantly reduced (∼31%), and
these are mainly monosialylated N-glycans (Figs. 2H and 2I). High-

mannose-typeN-glycans are, however,muchmore relatively abundant

among nAGP-1 N-glycans (∼27%) compared with sAGP-1 and com-

mercial AGP-1 N-glycans (<1% for both) (Figs. 2F–2I). As nAGP-1

differs from the sAGP-1 only with respect to N-glycans and not the

protein core, we considered these as distinct glycoforms of AGP-1.

3.3 AGP-1 glycoforms differently stimulate

neutrophils

AGP-1 is elaborated in response to systemic inflammation, but with

incompletely defined biologic effects. To determine whether either

or both of the AGP-1 glycoforms contribute to the inflammatory

responses, we determined whether their undefined functions include

the ability to localize neutrophils to sites of inflammation. Neutrophils

rapidly and avidly adhere in response to inflammatory stimuli.44,45 To

quantify this, we labeled neutrophils with Calcein, a fluorescent vital

dye, and assessed adhesion to a gelatin-coated glass surface that pre-

vents interactionwith unstimulated neutrophils.We foundboth sAGP-

1 and nAGP-1 were agonists for this event, with sAGP-1 ultimately

stimulating twice the number of neutrophils to adhere than nAGP-

1 (Figs. 3A and 3B). At lower concentrations, sAGP-1 also proved to

be a significantly more potent agonist than nAGP-1. We next exam-

inedneutrophil chemotaxis usingTranswell chambers to findmigration

in response to AGP-1 recapitulated adhesion, with sAGP-1 being sig-

nificantly more potent and more stimulatory than nAGP-1 (Fig. 3C).

Thus, although both glycoforms of AGP-1 are neutrophil agonists,

quantitative examination showed that these glycoforms differently

affect neutrophil function, with sAGP-1 acting as a more robust neu-

trophil chemoattractant than nAGP-1. Following this trend, sAGP-1,

but not nAGP-1, induced ROS production (Fig. 3D) andMPO secretion

(Figs. 3E and 3F) in a concentration-dependent manner.

3.4 sAGP-1 induces NETosis, whereas nAGP-1 is

inhibitory

Neutrophils extrude their DNA along with antimicrobial enzymes and

peptides after encountering microbes or during inflammation that

forms a net-like structure to entrap bacteria in a process termed

NETosis.46 We determined whether AGP-1s activate neutrophils to

undergo NETosis to find sAGP-1, but not nAGP-1, induced this

response (Fig. 4A). In fact, the highest concentration of sAGP-1 was

comparable to the level of NETosis induced by the positive control LPS

(Fig. 4B). The concentration–response relationship showed 50 µg/ml

sAGP-1was suboptimal, enabling us to determine the combined effect

of sAGP-1 and nAGP-1 at this concentration.We found nAGP-1 at this

concentration not only failed to induce NETosis, it inhibited the NETo-

sis induced by sAGP-1 (Figs. 4A and 4B inset). Interestingly, sAGP-1

and not nAGP-1 suppressed LPS-induced NETosis in a concentration-

dependent fashion (Figs. 4C and 4D), which is in accordance with our

previous study.35 nAGP-1, in contrast, failed to reduce LPS-induced

NETosis even at 100 µg/ml, where sAGP-1 abolished the NETosis

induced by LPS (Figs. 4C and 4D). We also validated NETosis by mea-

suring the neutrophil elastase bound to the extracellular DNA in a par-

allel experiment (Fig. 5A).

3.5 Analysis of markers of NETosis

To determine the molecular events in play during NETosis, citrul-

linated Histone H3 (cit His H3), PAD4, MPO, and phospho-ERK

were monitored by immunoblotting as these are the key markers of

NETosis.47–49 We found that, the sAGP-1 showed a concentration-

dependent increase in the expression of the key markers of NETosis,

whereas nAGP-1 failed to increase the expression of these proteins

significantly (Figs. 5B–5F). Furthermore, sAGP-1 (100 µg/ml), but

not nAGP-1 (100 µg/ml), inhibited the LPS-induced expression of

cit His H3, PAD4, MPO, and phosphorylation of ERK at the con-

centration tested. In accordance with the previous results (Figs. 4B

inset and 5A), at submaximal concentration nAGP-1 (50 µg/ml)

inhibited sAGP-1 (50 µg/ml)-induced expression of these proteins

(Figs. 5B–5F). Moreover, as sAGP-1 induced phosphorylation of ERK

and ROS production (Fig. 3D), sAGP-1 likely induces NETosis via

Raf-MEK-ERK pathway.

3.6 sAGP-1, but not nAGP-1, suppresses platelet

aggregation induced by incomplete stimuli

To understand whether AGP-1 affect platelets, we examined aggre-

gation of washed human platelets incubated with AGP-1 alone or

together with thrombocyte agonists. We found neither of the AGP-

1 glycoforms stimulated platelet aggregation by themselves (Fig. 6A

inset). Instead, sAGP-1 profoundly suppressed, and ultimately abol-

ished, platelet aggregation induced by either PAF (Figs. 6A, 6E, and 6F)

or ADP (Figs. 6B, 6G, and 6H). In contrast, nAGP-1 was without effect

on stimulated platelet aggregation. Platelet aggregation in response

to the single “strong” platelet agonist thrombin, however, was not

affected by either of the AGP-1 glycoforms (Figs. 6C, 6I, and 6J),

whereas soluble collagen acting on non-G protein-coupled receptors

was only modestly affected (Figs. 6D, 6K, and 6L).

3.7 sAGP-1 stimulates cAMP accumulation in

platelets stimulated by incomplete agonists

To understand the molecular mechanism underlying sAGP-1 inhi-

bition of platelet aggregation, we assessed the effect of sAGP-1

on cAMP, whose levels profoundly affect platelet aggregation. We
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F IGURE 3 sAGP-1 is more potent activator of human neutrophils than nAGP-1: (A) neutrophil adhesion. Neutrophils loaded with Calcein-
AM in HBSS/A were treated with increasing concentrations of sAGP-1 and nAGP-1(5–50 µg/ml) separately. The adherent PMNs were visualized
under fluorescence microscope at a magnification of 10×. PAF (10−7 M) was used as positive control. (B) Quantitation of neutrophils adhesion.
AGP-1-induced PMN activation was quantified by counting the cells per field using ImageJ software as explained under section “Materials and
Methods.” (C) Neutrophil migration. Chemotaxis in response to sAGP-1 and nAGP-1 (25, 50, and 100 µg/ml) was tested using Transwell plates
with 5 µm pore size inserts (Boyden chamber assay). IL-8 (10 ng/ml) served as the positive control. Percentage of neutrophils migrated to the
lower chamber were calculated and plotted. Chemotaxis induced in response to IL-8 was considered 100%. (D) ROS production. Freshly isolated
neutrophils were treated with LPS (10 µg/ml), different concentrations (25, 50, and 100 µg/ml) of sAGP-1 or nAGP-1 for 1 h at 37◦Cwith 5%CO2.
After treatment, the cells were washed; loaded with DCF-DA and the fluorescence was measured using fluorescence multimode plate reader (E
and F) MPO secretion. Neutrophils were stimulated with various concentrations (25, 50, and 100 µg/ml) of sAGP-1 or nAGP-1. Both neutrophils
cell lysate (E) and supernatant (F) were used to assess the MPO activity as described in section “Materials and Methods.” LPS (10 µg/ml) served as
positive control, whereas unstimulated neutrophils served as negative control. The data shown are mean ± SEM. ***P < 0.0001, **P < 0.001, and
*P< 0.01 as determined one-way ANOVA

found sAGP-1 modestly, but not significantly, reduced cAMP levels

in resting platelets, whereas the strong agonist thrombin significantly

reduced cAMP abundance (Fig. 7A). sAGP-1 did not affect thrombin-

suppressed cAMP, but did greatly increase cAMP levels in platelets

stimulated with either PAF or ADP. We next determined whether

sAGP-1 affected kinase signaling, and visualized the phosphorylation

status of Akt, p38, and ERK kinases as well as the actin regulator VASP

that is phosphorylated by cAMP and protein kinase A (PKA). The phos-

phoblot of platelets stimulated in the presence or absence of sAGP-1

showed that thrombin stimulation, like aggregation, was unaffected by

this acute phase protein (Figs. 7B–7F). These experiments also demon-

strated that VASP phosphorylation was increased by sAGP-1 when

cAMP levels increased (Figs. 7A, 7B, and 7F). In contrast, phosphory-

lation and activation of serine kinases by PAF or ADP was reduced by
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F IGURE 4 sAGP-1, but not nAGP-1, induces NETosis: (A) NET formation. Isolated human neutrophils adhering to poly-L-lysine-coated slides
were incubatedwithmedia alone, orwith sAGP-1, nAGP-1, andLPS for 1handwere then stainedwith cell-permeable, SytoGreen, and/ orwith cell-
impermeable Sytox orange to label polymeric DNA. NETs were assessed by live cell imaging using fluorescence microscope at 20×magnification
(Scale: 200 µm). NET formation by LPS (red fluorescence) served as positive control. (B) Concentration–response relationships of NETosis. NETs
were quantified using high-throughputmethod as explained in section “Materials andMethods.” Neutrophils were stimulatedwith sAGP-1, nAGP-1
(25, 50, and 100 µg/ml) or LPS for 1 h before quantifying NETs by fluorometry. In a parallel experiment, neutrophils were incubated with sAGP-1,
nAGP-1, and combination of sAGP-1 and nAGP-1 (inset). LPS served as positive control. (C) Neutrophils were treated respectively with vehicle,
LPS (10 µg/ml) in the presence/absence of sAGP-1 and nAGP-1 (25, 50, and 100 µg/ml). Themixture was incubated for 60min at 37◦C and stained
with Syto green and Sytox orange fluorescent dye mixture. The NETs were visualized under a fluorescence microscope at a magnification of 20×.
sAGP-1 inhibited TLR-4 (LPS)-mediated NETosis, whereas nAGP-1 did not have any effect on LPS-mediated effects. (D) NETosis was quantified
using high-throughputmethod as explained under section “Materials andMethods.” The data shown aremean± SEM. ***P< 0.0001, **P< 0.001, and
*P< 0.01 as determined by one-way ANOVA

sAGP-1 (Figs. 7B–7F). These findings were confirmed by the results of

3 separate experiments that used platelets from different donors. The

totality of these results shows congruence of the effect of sAGP-1 on

aggregation, cAMP accumulation, kinase phosphorylation, and VASP

phosphorylation across a range of agonist effectiveness.

4 DISCUSSION

AGP-1 is an acute phase protein primarily secreted from hepatocytes,

but also secreted from extra hepatic sites.3–5 Our results demonstrate

unique biologic effects of different glycoforms of the acute phase
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F IGURE 5 Profiling of sAGP-1-induced NETosis: (A) Quantification of NETosis. Apart from the high-throughput method, NETosis was also
quantified by usingNETosis assay kit. Neutrophilswere stimulatedwith LPS (10µg/ml), sAGP-1, and/or nAGP-1 (25, 50, and 100µg/ml). In addition,
neutrophils were also treatedwith combination of LPS (10 µg/ml), sAGP-1 (100 µg/ml), and/ or nAGP-1 (100 µg/ml) and submaximal concentration
of sAGP-1 and nAGP-1 (50 µg/ml). (B) Immunoblots for markers of NETosis. Immunoblots for the key markers of NETosis like cit His H3, PAD4,
MPO, and phospho-ERK was performed. sAGP-1-induced the expression of the key markers of NETosis in a concentration-dependent manner,
whereas it inhibited LPS-induced expression of these proteins. Although, nAGP-1 failed to induce expression of these proteins even at highest
concentration (100 µg/ml), submaximal concentration of nAGP-1 (50 µg/ml) inhibited sAGP-1 (50 µg/ml)-induced expression of cit His H3, PAD4,
MPO, and phospho-ERK. (C–F) Densitometric analyses of NETosis immunoblots. Densitometric analysis of blots obtained from 3 experiments was
done using ImageJ software (ver. 1.51j8). The data shown aremean± SEM. ***P< 0.0001, *P< 0.01 as determined by one-way ANOVA

glycoprotein AGP-1, depending on its origin in either serum (sAGP-

1) or from activated neutrophils (nAGP-1). AGP-1 is often considered

as one of the markers of several inflammatory diseases.2,50 Although

AGP-1 levels are elevated during inflammation, its biologic function(s)

arenot completely understood.As there aremore than150glycoforms

of AGP-1 present in the human plasma, thismolecular diversity adds to

the complexity of AGP-1 biology.2,8,13,14,17 To this end, we isolated and

characterized a novel AGP-1 glycoform from PAF-stimulated human

neutrophils (nAGP-1). We were focused in particular on determining

the functional differences between nAGP-1 and sAGP-1, if so, does it
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F IGURE 6 sAGP-1, but not nAGP-1, inhibits stimulated platelet aggregation. Platelet aggregation was induced by indicated amounts of PAF
(A, E, and F), ADP (B, G, andH), thrombin (C, I, and J), or collagen (D, K, and L) with or without sAGP-1 and nAGP-1. (A) inset shows the effect of PAF
(positive control), sAGP-1 andnAGP-1 onplatelet aggregation. Each set of experimentswere carried outwith platelets from the samedonor aswell
as repeated with platelets from at least 3 other donors. All assays were performed using Chrono-log aggregometer and the traces were recorded
using AGGRO/LINK 8 ver.1.0.1 software. Representative trace of 3 independent experiments is shown here. The aggregation traces were merged
usingWacom graphics pad. The data shown aremean± SEM (n= 3). ***P< 0.0001, *P< 0.01 as determined by one-way ANOVA
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F IGURE 7 Inhibition of PAF andADP-induced platelet aggregation by sAGP-1 ismediated by a cAMP-dependent pathway: (A) quantification
of cAMP levels in platelets.Washed platelets were stimulatedwith PAF, ADP, or thrombin with or without sAGP-1. After incubation, the cells were
collected by centrifugation and then assayed for cAMP by ELISA. The data represent results from 2 different experiments. (B) Phosphokinase
Western blot. The phosphorylation status of the stated kinases treated, or not, with the indicated agonist as in the preceding panel was visualized
byWesternblotting. PhosphorylationofAkt, p38, ERK, orVASPwasnormalizedusing total 𝛽-actin. (C–F)Densitometric analyses of phosphokinase
immunoblots. Densitometric analysis of blots obtained from 3 experiments was done using ImageJ software (ver. 1.51j8). The data shown are
mean± SEM. ***P< 0.001, **P< 0.01, and *P< 0.05 as analyzed by one-way ANOVA

play a role during inflammatory responses, a concept not yet examined

in the field.

We determined whether an extrahepatic source of AGP-1 (neu-

trophils) was identical to sAGP-1 in structure and function, or whether

the plethora of glycoforms also contributes to functional diversity. We

found that unstimulated human neutrophils, the first responder of the

innate immune system, secreted little AGP-1, but did so in response to

any of neutrophil agonists. The AGP-1 released from PAF-stimulated

neutrophils consisted primarily of 2 immunoreactive species with dis-

tinct electrophoretic mobilities. One glycoform migrated like sAGP-

1 (43 kDa) (secreted in low concentration), whereas the major prod-

uct when PAF was the stimulus was a slower migrating glycoform

(∼60 kDa). There are previous reports that a higher molecular weight

AGP-1 exists in the secondary granules of both human and bovine

neutrophils.6,51 However, its structural details were not unraveled.

We found AGP-1 secretion from neutrophils in response to PAF

varied with agonist concentration, where more AGP-1 was secreted

with lower concentration of PAF. Although nAGP-1 (both∼60 kDa and
43 kDa glycoforms) eluted together in the void volume of Cibacron

chromatography (data not shown), DEAE chromatography completely

resolved both the slowly and rapidly migrating AGP-1 glycoforms. We

discovered the difference in behavior between the glycoformswas the

inability of the highermolecularweight (∼60 kDa) nAGP-1 to bind pos-
itively chargedDEAE resin but not the lowermolecularweight nAGP-1

(43 kDa). The differences in behavior was not due to protein itself, as

mass spectrometry evidence confirmed that the sAGP-1 retained by

the DEAE column generated the same peptides after trypsin digestion

as that of nAGP-1, and the sameAGP-1 genewas identified by the Pro-

tein Discoverer program for both proteins. The differences between

sAGP-1 and nAGP-1 were found to reside in N-glycans. Analyses

revealed that the glycosylation of nAGP-1 is dramatically different

from that of sAGP-1. nAGP-1 mainly expressed high-mannose, non-

sialylated andmonosialylated N-glycans, as opposed to sAGP-1, which

expressed monosialylated and disialylated N-glycans. In accordance

with this, nAGP-1, which only partially expresses monosialylated

N-glycans, failed to bind to the positively charged DEAE resin.

Furthermore, higher molecular weight (∼60 kDa) nAGP-1 after

DEAE-purification showed faster mobility than that of the abundant

43 kDa sAGP-1 (Fig. 2C). Therefore, we hypothesized the presence

of uncharacterized “AGP-1 binding factor” that may account for the

slower electrophoretic mobility of nAGP-1 before purification as

previously hypothesized by Libert et al.52 This “AGP-1 binding factor”
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might dissociate during the DEAE-purification step and hence the

faster mobility of purified nAGP-1 (∼35 kDa). Although we performed

“add-back experiment” to regain the higher molecular weight fraction

(∼60 kDa) of nAGP-1, these experiments were unsuccessful (data

not shown). It is possible that there may be more than one binding

factor(s) with low abundance. The search for this uncharacterized

“AGP-1 binding factor” is still ongoing. Thus, we conclude that both the

slow (∼60 kDa) and rapidly migrating (∼35 kDa) nAGP-1 species are

glycoforms of the same nAGP-1 protein. However, the less secreted

43 kDa AGP-1, due to its similarity with that of sAGP-1, might bind to

the DEAE resin like that of sAGP-1. Hence, the nAGP-1 thus purified

is homogenous. As the concentration of nAGP-1 secreted from the

stimulated neutrophils is very less (∼0.2–0.5 µg/106 neutrophils)

compared with the abundance of sAGP in serum (∼0.7 mg/ml), several

rounds of purification for nAGP-1were performed. TheDEAE-purified

nAGP-1 (∼35 kDa) was pooled, characterized (for molecular weight

and glycan structure) and used for the functional studies.

Our next question was whether AGP-1 glycoforms differ in their

function. To address this, we first defined relevant functions for AGP-

1 in the inflammatory system. Neutrophils when stimulated/activated

migrate to the site of inflammation and undergo degranulation and

produce ROS. The granules of neutrophils contains many antimicro-

bial proteins and peptides including but not limited to MPO, matrix

metalloproteases, elastases, cathepsins, defensins, and so on.53,54 We

employed neutrophils, as activation of neutrophils and NETosis play

a critical role in various inflammatory processes.55–57 In accordance

with our previous data, sAGP-1-induces concentration-dependent

activation of neutrophil adhesion and migration, suggesting that the

sAGP-1 induces Ca2+ influx to activate neutrophils.58,59 Here, sAGP-

1 is as effective as IL-8, but nAGP-1 is significantly less potent in acti-

vating either of these responses. In addition, sAGP-1 also induced

degranulation of neutrophils (MPO secretion) and ROS production,

whereas nGAP-1 was not an effective stimulator of neutrophils. Sim-

ilarly, we found that although sAGP-1 stimulates NETosis, nAGP-1

does not. Moreover, nAGP-1 suppresses NETosis stimulated by sAGP-

1, whereas sAGP-1, but not nAGP-1, suppresses NETosis induced by

LPS. This effect might be due to direct interaction of AGP-1 with LPS

thereby quenching LPS’s effects as suggested by Huang et al.60 To

check this possibility, we performed binding studies using FITC con-

jugated LPS with sAGP-1. However, we could not see any significant

binding of LPS to sAGP-1 (data not shown). Additionally, the carbo-

hydrate moiety of nAGP-1 might physically prevent recognition of

the carbohydrate structures displayed by sAGP-1 and LPS. NETosis

is of 2 types; suicidal and vital. Regardless of the type, mechanism

of NETosis generally follows the Raf-MEK-ERK pathway that involves

ROS production by NADPH oxidase and MPO.47–49,61,62 We found

that sAGP-1, but not nAGP-1, induced increase in ROS production and

also the expression of the MPO, PAD4, and phosphorylation of ERK in

a concentration-dependent fashion, whereas LPS-induced expression

of these proteins were inhibited by sAGP-1. Hence, we hypothesize

that sAGP-1 may induce NETosis via Raf-MEK-ERK pathway, a hall-

mark of suicidal NETosis. We conclude that plasma sAGP-1 stimulates

leukocyte function, whereas neutrophil-derived nAGP-1 mostly does

not. This difference in biologic function reflects differences in post-

translational modification of these proteins by glycans. Thus, stimu-

lated neutrophils produce an anti-inflammatory glycoform of AGP-1

that counteracts the proinflammatory actions of circulating sAGP-1.

The variations in the effects of AGP-1 glycoforms are also extended

to the responses of platelets, which play a critical role also in

inflammation.63–68 In fact, platelets are considered as immune cells,

besides their role in hemostasis and blood coagulation.69–71 Although

neither glycoforms alone stimulated platelet aggregation, sAGP-1

proved to be a highly effective suppressor of platelets stimulated

by PAF or ADP, less so for those stimulated by soluble collagen, and

was without effect on the strong agonist thrombin. Again, nAGP-1

differed in function from sAGP-1 and had no effect on stimulated

platelet aggregation. The concentration-dependent inhibitory effect

of sAGP-1 on platelet function induced by PAF or ADP correlated to

a sharp increase in intracellular cAMP levels. In contrast, thrombin-

induced aggregation and cAMP levels were not affected by sAGP-1.

Phosphorylation of VASP is dependent on cAMP and the PKApathway

it controls,72,73 and sAGP-1 up-regulated phosphorylation of VASP

in PAF- or ADP-stimulated platelets, but not in thrombin stimulated

cells. sAGP-1 reduced PAF- and ADP-stimulated phosphorylation and

activation of Akt, ERK, and p38 kinases, but again thrombin stimula-

tion of these enzymeswere unaffected by sAGP-1. These results, then,

suggest that sAGP-1 inhibits platelet aggregation by weaker agonists

via cAMP–PKA-mediated signaling (Fig. 8), supporting the claim that

AGP-1 demonstrates antithrombotic effects.28–30

Previously, AGP-1 is shown to act via, a family of receptors called

Sialic acid binding immunoglobulin like lectins (Siglec), Siglec-5.

Siglec-5 receptor signaling, although not well understood, demon-

strates both activating as well as inhibitory inflammatory signaling in

neutrophils.58,74–76 Moreover, we show the involvement of sAGP-1

in the cAMP pathway in platelets, which is a characteristic feature of

GPCRs and not of the Siglec receptors.27,77,78 Put together all these

findings, we propose that sAGP-1 and nAGP-1 might act via differ-

ent or related receptors and also that sAGP-1 might have different

receptors on different cells.

In conclusion, our studies demonstrate that AGP-1 displays struc-

tural heterogeneity in its glycan structures associatedwith differences

in physiologic functions. Isolation and characterization of a glycoform

ofAGP-1 released fromPAF-stimulated humanneutrophils represents

a nonhepatic source of extracellular AGP-1, which is less proinflam-

matory than hepatic sAGP-1 on platelets and neutrophils. The basis

for these differences is the distinct carbohydrate chain composition

and structure incorporated by the 2 cell types rather than the AGP-1

protein itself. Furthermore, our studies demonstrate that the AGP-1

glycoform released from stimulated neutrophils in the early phases

of inflammation is not an effective positive acute phase protein, but

instead counteracts the hepatic sAGP-1 glycoform. These findings in

part explain the contradictory role of AGP-1 in various inflammatory

processes. This, in turn, identifies a need for future investigations to

determine functions of the multitude of other AGP-1 glycoforms and

there is a need to differentially quantify AGP-1 glycoforms rather

than just AGP-1 protein in health and diseases, which can be an
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F IGURE 8 Proposed action of sAGP-1-induced inhibition of PAF- and ADP-mediated platelet aggregation: sAGP-1 up-regulates cAMP lev-
els in PAF or ADP activated platelets, thereby activating PKA. This then activates VASP and inhibits Akt phosphorylation and activation thereby
inhibiting downstream signaling and platelet aggregation. The illustration was createdwith BioRender.com

insurmountable task. The other greatest challenge lies in identifying

appropriate receptors (Fig. 8) for AGP-1 glycoforms that ligate and

alter intracellular signaling pathways.
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