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Background: LILRA3 is a soluble receptor with unknown functions that is abundantly present in human serum.
Results: Optimally glycosylated recombinant LILRA3 protein produced only in a mammalian system binds potential ligands
and suppresses monocyte function.
Conclusion: LILRA3 suppresses LPS-mediated TNF production, suggesting that it is a new anti-inflammatory
protein.
Significance: This work provides first insight into the biochemical characteristics and functions of LILRA3.

The leukocyte immunoglobulin-like receptor (LILR) A3 is a
member of the highly homologous activating and inhibitory
receptors expressed on leukocytes. LILRA3 is a soluble receptor
of unknown functions but is predicted to act as a broad antago-
nist to other membrane-bound LILRs. Functions of LILRA3 are
unclear primarily because of the lack of high quality functional
recombinant protein and insufficient knowledge regarding its
ligand(s). Here, we expressed and characterized recombinant
LILRA3 (rLILRA3) proteins produced in 293T cells, Escherichia
coli, and Pichia pastoris. We found that the purified rLILRA3
produced in the mammalian system was the same size as a
70-kDa native macrophage LILRA3. This is 20 kDa larger than
the calculated size, suggesting significant post-translational
modifications. In contrast, rLILRA3produced inE. coliwas sim-
ilar in size to the unprocessed protein, but yeast-produced pro-
tein was 2–4 times larger than the unprocessed protein. Treat-
ment with peptide-N-glycosidase F reduced the size of the
mammalian cell- and yeast-produced rLILRA3 to 50 kDa, sug-
gesting that most modifications are due to glycosylation. Con-
sistent with this, mass spectrometric analysis of themammalian
rLILRA3 revealed canonical N-glycosylation at the predicted
Asn140, Asn281, Asn302, Asn341, and Asn431 sites. Functionally,
only mammalian cell-expressed rLILRA3 bound onto the sur-
face of monocytes with high affinity, and importantly, only this
significantly abrogated LPS-induced TNF� production by
monocytes. Binding to monocytes was partially blocked by
�-lactose, indicating that optimally glycosylated LILRA3 might
be critical for ligand binding and function. Overall, our data
demonstrated for the first time that LILRA3 is a potential

new anti-inflammatory protein, and optimal glycosylation is
required for its functions.

Leukocyte immunoglobulin-like receptor (LILR)4 A3 be-
longs to a family of highly homologous activating and inhibitory
receptors that are primarily co-expressed onmonomyeloid leu-
kocytes and are increasingly recognized to regulate innate
immune responses (1). Activating LILRs (LILRAs) have a short
cytoplasmic tail that links to the intracellular immunoreceptor
tyrosine-based activation motifs of the common � chain of Fc
receptors and transduces activating signals via protein tyrosine
kinases (2). Inhibitory LILRs (LILRB) have a long cytoplasmic
tail that contains two to four immunoreceptor tyrosine-based
inhibitory motifs that recruit SH2-containing inhibitory phos-
phatases such as SHP-1 (3). Co-engagement by shared ligands
may regulate the threshold and amplitude of leukocyte activa-
tion. LILRA3 is a soluble protein with unknown function but
bears close sequence homology to the extracellular domains of
activating LILRA1 and LILRA2 and thus may act as a soluble
antagonist (4, 5). We showed previously that LILRA3 is abun-
dantly present in normal serum and is significantly increased in
sera of patients with rheumatoid arthritis (6).We proposed that
LILRA3 may antagonize the effects of LILRA2, which is
increased in highly inflamed synovial tissue (7). Interestingly,
absence of a functional allele due to a natural gene deletion (4)
has been shown to be strongly associated with increased inci-
dence of multiple sclerosis (8, 9) and Sjögren syndrome (10),
both characterized by excessive inflammation, suggesting that
LILRA3 may play a key role in the pathogenesis of chronic
inflammatory diseases. Consistentwith this, LILRA3 is strongly□S This article contains supplemental Figs. 1–3.
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up-regulated by the anti-inflammatory cytokine IL-10 and
down-regulated by proinflammatory cytokine TNF� (6). How-
ever, the exact in vivo and in vitro functions of LILRA3 are
poorly established primarily due to inadequate knowledge
about its ligand(s). The major impediments for comprehensive
identification of high affinity LILR ligand(s) and understanding
functions in vivo are the lack of properly folded and post-trans-
lationally modified, full-length recombinant LILR proteins and
absence of robust protocols capable of simultaneously identify-
ing ligands and/or co-ligands. The former is particularly rele-
vant because LILRs are predicted to be highly glycosylated and
have multiple disulfide bonds; thus, recombinant LILRs pro-
duced in non-eukaryotic cells are likely to be unsuitable for
functional assays.
In this study, we produced high quality, properly folded, full-

length rLILRA3 protein with or without C-terminal a placental
alkaline phosphatase tag in a mammalian system using 293T
cells. More importantly, rLILRA3 protein produced in 293T
cells was successfully used to screen specific binding of this
protein to various cell types. We show for the first time that
LILRA3 strongly and specifically bound onto the surface of the
monocytic cell line U937 and primary peripheral blood mono-
cytes, suggesting expression of LILRA3 ligand(s) on these cells.
Moreover, treatment of primary monocytes with purified
mammalian recombinant LILRA3 significantly suppressed
LPS-mediatedTNF�production, indicating functional interac-
tion of LILRA3 with its yet uncharacterized ligand. By contrast,
full-length rLILRA3 produced in bacteria or yeast had poor
binding and failed to suppress LPS-induced activation ofmono-
cytes. This variability in binding and function might be due to
the optimal post-translational modification of the rLILRA3
produced in 293T cells. Indeed, rLILRA3 protein produced in
293T cells showed five N-glycosylation sites that likely have
contributed to its superior ability to functionally bind to its
potential ligand(s). Consistent with this finding, pretreatment
of cells with �-lactose partially abrogated binding of rLILRA3
to the surface of monocytes. Taken together, recombinant
LILRA3 that can be used for screening and identification of its
ligand(s) and characterization of functions is best produced in
higher eukaryote expression systems.

EXPERIMENTAL PROCEDURES

Cloning of LILRA3 cDNA into Mammalian, Bacterial, and
Yeast Expression Vectors—Full-length LILRA3 cDNA was
amplified from PBMCmRNA and inserted into pCR2.1 vector
(Invitrogen). This was used for further subcloning into mam-
malian (pAPtag-5, GenHunter), bacterial (pET30/LIC, Nova-
gen), and yeast (pPICZ�, Invitrogen) expression vectors. In
brief, a full-length LILRA3 without signal peptide was reampli-
fied using 5�-AAGCTTTAAGGACCCACGTGCAGGC-
AGG-3� forward primer and 5�-AAGCTTCCCACTCACCAG-
CCTTGGAGTC-3� reverse primer containing HindIII restric-
tion sites. This was inserted into HindIII-digested pAPtag-5
(GenHunter) vector to generate mammalian rLILRA3 protein
with heat-resistant placental alkaline phosphatase andHis6 tags
on its C terminus (rLILRA3-APtag-His). Mammalian rLILRA-
3-His proteinwithoutAPtagwas generated by introduction of a
new His6 sequence and a stop codon using 5�-CCGAAGCTT-

TAAGGACCCACGT-3� forward primer and 5�-GGCCTCG-
AGTCAATGATGATGATGATGATGCTCACCAGCCTTG-
GAG-3� reverse primer and directionally subcloned to pAPtag-
5 vector, linearized with HindIII and XhoI. To generate
rLILRA3-His protein in Escherichia coli, rLILRA3 without sig-
nal peptide was amplified using 5�-GACGACGACAAGACC-
AGGACCCACGTG-3� forward primer and 5�-GAGGAGAA-
GCCCGGTCACCAGCCTTGG-3� reverse primer and ligated
into pET30 EK/LIC expression vector (Novagen). rLILRA3-His
was produced in yeast after subcloning LILRA3 without signal
peptide from pPIC9k vector using 5�-CCGCTCGAGAAAAG-
AGGGCCCCTCCCCAAGCCC-3� forward primer and 5�-
CCACTCGTAGTAGTAGTAGTAGTAACTGAGCTCCGG-
3� reverse primer and inserted into pPICZ� expression vector
at the XhoI cloning site. See supplemental Fig. 1 for illustration
of the recombinant proteins.
Production of Secreted Recombinant LILRA3 and Placental

Alkaline Phosphatase in a Mammalian System—The LILRA3
with or without APtag in pAPtag-5 vector alone was stably
transfected into the 293T cell line using Lipofectamine LTX
reagent (Invitrogen), cultured in DMEM �10% FBS, and
selected with 300 �g/ml Zeocin (Invitrogen). During each
weekly passage, secreted recombinant LILRA3-APtag-His and
APtag-His alone were detected in culture supernatants using a
simple alkaline phosphatase activity assay as described (11).
Secreted fusion proteins were further confirmed by Western
blotting 15 �l of culture supernatants usingmouse anti-human
placental alkaline phosphatase mAb (GenHunter). Production
of rLILRA3-His without APtag protein was detected in culture
supernatants by Western blotting using mouse anti-human
LILRA3 mAb (Abcam). Cells that produced a high level of
recombinant LILRA3 proteins were gradually adapted to
DMEM containing 1% FBS, and selection was maintained with
30 �g/ml Zeocin. Cells were then grown to confluence in 1 liter
of the serum-minimized medium, recombinant protein-con-
taining culture supernatants were collected, and debris was
removed by high speed centrifugation at 330 � g for 30 min at
4 °C followed by filtration with 0.22-�m filters. Culture super-
natants were then buffer-exchanged and concentrated to 150
ml in binding buffer (20 mM Tris, pH 7.4, 150 mM NaCl, 5 mM

imidazole) using an Amicon ultrafiltration system with a
30-kDa-cutoff membrane (Millipore). Buffer-exchanged pro-
teins were loaded onto 1 ml of cobalt-immobilized metal affin-
ity resin (Clontech) and connected to a BioLogic DuoFlow
FPLC (Bio-Rad). The column was then stringently washed at a
flow rate of 2 ml/min with 20 bed volumes of 20 mM Tris, pH
7.4, 150 mM NaCl (wash buffer) containing 10 mM imidazole
for the APtag-His column or wash buffer containing 20 mM

imidazole for rLILRA3-APtag-His and rLILRA3-His columns.
Finally proteins were stepwise eluted with 5� 2-ml fractions of
20mMTris, pH 7.4, 300mMNaCl elution buffers containing 50,
150, and 300 mM imidazole. rLILRA3-APtag-His and rAPtag-
His proteins in each eluted fraction were quantitated by com-
paring placental alkaline phosphatase (AP) activity using AP
standards (Sigma), and the purified rLILRA3 without APtag
was quantitated using a standard BCA assay (Pierce). Proteins
were further quality-controlled by silver staining of SDS-PAGE
and Western blots, and their identities were verified by mass
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spectrometry. Fractions that contained a high concentration of
high quality proteins were pooled, dialyzed into sterile LPS-
minimized TBS (20 mM Tris, 150 mM NaCl, pH 7.4), and
requantitated. The resulting estimates of specific activity for
the dialyzed rLILRA3-APtag-His and rAPtag-His proteinswere
960 and 1500 units/mg, respectively. The concentration of the
dialyzed rLILRA3 protein without APtag-His was 0.4 �g/ml.
Totals of 750, 1000, and 400�g of rLILRA3-APtag-His, rAPtag-
His, and rLILRA3-His, respectively, were produced from 1 liter
of culture supernatants. These proteins were stable at 4 °C for
several months.
Production of Recombinant LILRA3 in E. coli—LILRA3 in

pET30 EK/LIC in BL21-DE3 with 50 �g/ml kanamycin selec-
tion was induced with 0.1 mM isopropyl 1-thio-�-D-galactopy-
ranoside when it reached optimal growth (A600 of 0.7–1.0).
After overnight culture, the solubilization and refolding of the
recombinant protein from E. coli inclusion bodies were custom
optimized by Protein’eXpert (Grenoble, France). In brief, the
bacterial cell pellet from 1 liter of culture was lysed by sonica-
tion and washed twice with cold TBS, and the inclusion body
was solubilized in 40 ml of 50 mM Tris, pH 8.5, 500 mMNaCl, 6
M guanidine, 10 mM �-mercaptoethanol overnight at 4 °C. Sol-
ubilized protein was separated by centrifugation at 21,000 � g
for 30 min at 4 °C and dialyzed three times against 1 liter of
buffer A (50 mM Tris, pH 8.5, 500 mM NaCl, 8 M urea, 1 mM

glycine, 10 mM �-mercaptoethanol) each time using a 10,000-
dalton-cutoff membrane (Pierce). After dialysis, Sarkosyl was
added to a final concentration of 0.3%, and the solution was
incubated for 4 h at 4 °C, sonicated five times, and centrifuged
at 21,000 � g for 20 min. The soluble fraction was then loaded
overnight at 4 °C onto 1-ml cobalt-containing metal affinity
resin (Clontech) connected to an FPLC (Bio-Rad). The column
was washed with buffer A containing 0.3% Sarkosyl and eluted
with TBS buffer containing 150mM imidazole (5 � 5ml). Frac-
tions of the eluted proteins with high purity and concentration
were pooled (20 ml), dialyzed three times over 12 h against 1
liter of cold buffer B (50 mM Tris, pH 8.5, 500 mM NaCl, 1 M

urea, 25 mM CaCl2, 10 mM �-mercaptoethanol, 0.1% Brij35),
and finally centrifuged at 21,000� g for 20min, and the soluble
fraction was collected. This was then refolded by gradual dial-
ysis into four changes (1 liter each) of cold 50 mM Tris, pH 8.5,
200 mMNaCl, 1 mMDTT over a period of 18 h and centrifuged
at 21,000 � g for 45 min to remove aggregated protein. The
refolded soluble protein was quality-controlled by HPLC and
quantitated using the BCA assay. Up to 15 mg of refolded pro-
tein was produced from 1 liter of bacterial culture. To prevent
oxidation and aggregation, protein was stored under argon gas
at �80 °C in small aliquots in silicon-coated sealed vials at 1.3
mg/ml.
Production of Recombinant LILRA3 in Pichia pastoris—

LILRA3 in pPICZ�-B vector was linearized with the restriction
enzyme PmeI and transfected to P. pastoris (X33) by electropo-
ration. Yeast strains showing single crossover recombination
were selected to grow onminimal dextrosemedium, and trans-
formants showing aMut� phenotype were picked and cultured
on minimal methanol agar plates. An rLILRA3-expressing col-
ony was selected and grown in BMGY agar (100 mM potassium
phosphate, pH 6.0, 1% (w/v) yeast extract, 2% (w/v) peptone,

1.34% (w/v) yeast nitrogen base, 4 � 10�5% (w/v) biotin, 1%
(v/v) glycerol, 200 �g/ml Zeocin) at 30 °C until a 1:10 diluted
culture had an A600 of 1.6–2.0. The culture medium was
changed to BMMYbroth (1% (w/v) yeast extract, 2% (w/v) pep-
tone, 100 mM potassium phosphate, pH 6.0, 1.34% (w/v) yeast
nitrogen base, 4� 10�5% (w/v) biotin) and cultured at 30 °C for
24 h. Cells were then induced with 0.5% (v/v) methanol every
24 h until a total of 96 h. The induced culture supernatant was
harvested by removing cells with centrifugation at 3000 � g for
20 min at 4 °C and filtration using 0.22-�m-cutoff filter. The
filtrate was then diluted 1:1 with binding buffer containing 50
mM sodiumphosphate, pH8.0, 300mM sodiumchloride, 10mM

imidazole and loaded onto a nickel-MAC cartridge column
(Novagen) at a flow rate of 1 ml/min (ÄKTA purifier, GE
Healthcare). The columnwas washed with 40 bed volume of 50
mM sodium phosphate, pH 8.0, 300 mM sodium chloride, 20
mM imidazole and eluted with 10 ml of elusion buffer (50 mM

sodium phosphate, pH 8.0, 300 mM sodium chloride, 250 mM

imidazole). Approximately 250 �g of protein was produced
from 1 liter of yeast culture. The protein was stored at 4 °C and
used for up to 1 month.
Deglycosylation of Recombinant LILRA3 Produced in 293T

and P. pastoris—To determine the extent of LILRA3 glycosyl-
ation, the mammalian cell- and yeast-produced recombinant
proteins were treated with PNGase F according to the manu-
facturer’s instructions (New England Biolabs). In brief, 2 �l of
10� glycoprotein denaturing buffer was added to 2.5 �g of
protein in 20�l of buffer and incubated at 95 °C for 10min. 3�l
of G7 reaction buffer, 3 �l of Nonidet P-40, and 1 �l (500 units/
�l) of PNGase F were then added to each reaction mixture,
and samples were incubated at 37 °C for 1 h. Changes in the
deglycosylated rLILRA3 size and isoelectric focusing were
determined by Western blotting of membranes from one-
and two dimensional SDS-PAGE gels, respectively, and mass
spectrometry.
Generation of Primary Human Macrophages in Vitro—Pe-

ripheral blood mononuclear cells from two healthy subjects
were suspended at 5 � 106/ml in RPMI 1640 medium contain-
ing 2 mM L-glutamine, 10 units/ml penicillin, 100 mg/ml strep-
tomycin (all from Invitrogen), and 10% autologous sera and
seeded onto 6-well Costar� plates. Cells were incubated at
37 °C in a humidified atmosphere of 95% air and 5%CO2 for 2 h,
and non-adherent cells were removed by two washes with
phosphate-buffered saline (PBS). The adherent cells were then
cultured in 3 ml of medium supplemented with 25 ng/ml GM-
CSF (Invitrogen) for 3 days before washing twice in PBS and
culturing for another 3 days in culture medium without GM-
SCF but containing a 1:1000 dilution of brefeldin A solution
(BioLegend, SanDiego, CA). Cells were thenwashed twice with
PBS, lysed in radioimmune precipitation assay buffer (1%Non-
idet P-40, 0.5% sodium deoxycholate, 50 mM Tris, pH 8, 2 mM

EDTA, 0.5 mM sodium orthovanadate, 5 mM sodium fluoride,
protease inhibitors), and stored at �80 °C until used for West-
ern blotting to detect native LILRA3.
Western Blotting and Silver Staining ofOne- andTwo-dimen-

sional Gels—For one-dimensional gels, 10 �g of purified
recombinant proteins or in vitro derived primary human
macrophage (�1� 104 cells) lysates were resolved by 10% SDS-
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PAGE under reducing and non-reducing conditions before and
after treatment with PNGase. Gels were either silver-stained or
transferred onto PVDF membranes for Western blotting. In
brief, PVDF membranes were rinsed with TBS and blocked in
5% skim milk in TBS for 1 h at room temperature. Membranes
were then probedwith a 1�g/ml concentration of eithermouse
anti-LILRA3 mAb (clone 2E9, Abnova) or rabbit anti-AP anti-
body (GenHunter) for 2 h at room temperature andwashed 4�
5 min with TBS � 0.1% Tween 20. This was followed by incu-
bation of membranes with horseradish peroxidase (HRP)-con-
jugated anti-mouse or anti-rabbit antibody (Bio-Rad) for 1.5 h
at room temperature, 3 � 5-min washes, development with
ECL reagent (PerkinElmer Life Sciences), and imaging with
ImageQuant LAS 4000 (GE Healthcare). For two-dimensional
gel electrophoresis, PNGase F-treated and -untreated rLILRA3
proteins were precipitated with 20% acetone for 1 h at �20 °C.
The precipitated proteins were air-dried for 10 min and rehy-
drated overnight at room temperature with IPG buffer (8 M

urea, 2% (w/v) CHAPS, 10mMDTT). The next day, 2% ampho-
lyte was added to the rehydrated mixture. Isoelectric focusing
of the denatured samples was determined by running a 13-cm
pH 3–10 Immobiline dry strip (GE Healthcare) for a total of
9350 V. After focusing, the strips were equilibrated in 50 mM

Tris, pH 6.8, 6 M urea, 30% glycerol, 2% SDS containing 2%DTT
for 10 min. The reduced proteins were alkylated by incubation
in the same buffer containing 2.5% iodoacetamide and electro-
phoretically separated by layering the strips onto 10% poly-
acrylamide gels, and resolved proteins were visualized by silver
staining.
Identification of Glycosylation Sites on the Recombinant

Mammalian LILRA3 by Nano-liquid Chromatography Tan-
demMass Spectrometry (Nano-LC-MS/MS)—In brief, 10 �g of
purified rLILRA3-His from 293T cells was deglycosylated, sep-
arated under reducing conditions by 10% SDS-PAGE, and sil-
ver-stained. Specific bands were then excised, reduced, alkyl-
ated with iodoacetamide, and dehydrated with acetonitrile.
In-gel proteins were digested with 2 ng/�l trypsin, 6 ng/�l chy-
motrypsin, or 6 ng/�l Glu-C. Treated gel bands were incubated
in 1% formic acid and 3 � 100 �l of acetonitrile at room tem-
perature. Pooled supernatants from each digest were dried. The
dried residues were resuspended in 15 �l of 0.05% heptafluoro-
butyric anhydride and 1% formic acid and injected into a fritless
Nano column (75 �m � 10 cm) of an Ultimate 3000 HPLC and
autosampler system (Dionex, Amsterdam, Netherlands). Pep-
tideswere then eluted using a linear gradient frommobile phase
A (0.1% formic acid in H2O) to mobile phase B (0.1% formic
acid in 80% acetonitrile) over 35min at a flow rate of 0.3�l/min.
Positive ions of tryptic digests were generated by electrospray,
and a survey scan (m/z 350–1750) was acquired in the Fourier
transform ion cyclotron resonance cell of an LTQ-FTUltramass
analyzer (Thermo Electron, Bremen, Germany). For chymo-
trypsin and Glu-C digests, an Orbitrap mass analyzer (Thermo
Electron, Bremen, Germany) was used. Peak lists of MS/MS
data were generated using Mascot Daemon/extract_msn
(Matrix Science, London, UK), interrogated using Mascot ver-
sion 2.1 (Matrix Science), and searched against Homo sapiens
proteins in the Swiss-Prot protein database (version 80). Pre-
cursor tolerances were 4.0 ppm, and product ion tolerances

were �0.4 Da. Modifications accounted for were acrylamide
(Cys), carbamidomethyl (Cys), deamidation (Asn or Gln), and
oxidation (Met) with a maximum of one missed cleavage per-
mitted. Enzyme specificity was trypsin and semitrypsin for
tryptic digests, V8-DE and no enzyme for Glu-C digests, and
chymotrypsin and no enzyme for chymotryptic digests.
Acceptable cutoff scores for individualMS/MS spectra were set
to 20. Comparisons of experimental and theoretical tandem
mass spectra were automatically performed byMascot and ver-
ified manually. PNGase F-treated and -untreated E. coli-pro-
duced rLILRA3 and PNGase F-untreated 293T rLILRA3-His
proteins were used as negative controls.
Prediction of N-Glycosylation Sites in LILRA3—TheN-glyco-

sylation analysis tool NetNGlyc-1.0 retrieved April 17, 20135
set at a threshold of 0.25–0.5 was used to predict N-linked
glycosylation sites in LILRA3.
Quantitative Assay for rLILRA3-APtag-His Binding to Poten-

tial Ligand(s) on Cell Surface—To assay for rLILRA3-APtag-
His binding, over 25 cell lines fromdifferent lineage and periph-
eral blood leukocyte subsets were initially screened using 100
nM purified protein or control rAPtag-His. We consistently
found specific high affinity binding toU937 cells and peripheral
blood monocytes. The U937 cells were used for subsequent
kinetic studies, competition experiments, and in situ staining.
In brief, cell lines were cultured in their suitablemedia contain-
ing 10% FBS, and primary mononuclear leukocytes were puri-
fied by density gradient centrifugation followed by negative
selection ofmonocytes, T cells, B cells, andNK cells usingmag-
netic beads (Miltenyi Biotech, Germany) (6). Primary polymor-
phonuclear cells (�80%neutrophils) were enriched fromwhole
blood by 4.5% dextran in PBS precipitation (Sigma) followed by
density gradient centrifugation (13). Cells were washed twice
with PBS and once with HBHA buffer (Hanks’ balanced salt
solution (Sigma) containing 0.5mg/ml BSA, 0.1%NaN3, 20mM

HEPES, pH 7.0) and transferred to 1.5-ml Eppendorf tubes at
5� 106/ml ofHBHAcontaining 100 nM rLILRA3-APtag-His or
rAPtag-His control. Cells were incubated for 90 min at room
temperature followed by four washes with 1.5 ml of cold
HBHA and centrifugation at 200 � g at 4 °C for 5 min and
aspiration of supernatant. Cell pellets were lysed with 400 �l
of 1% Triton X-100 in 10 mM Tris-HCl, pH 8.5. Lysates were
then vortexed vigorously, the nuclei were spun out, and sol-
uble lysates were collected. After heat inactivation of endog-
enous phosphatases at �65 °C for 15 min, the soluble lysates
were assayed in duplicate for alkaline phosphatase activity as
described (11).
For competition assays, 5 � 106 U937 cells in 1 ml of HBHA

buffer were preincubated with increasing concentrations
(0–300 nM) of untagged purified recombinant LILRA3 proteins
for 1 h at room temperature. Cells were spun at 200 � g for 5
min, unbound proteinwas aspirated, and cells werewashed one
time with cold HBHA buffer. Each cell pellet was then resus-
pended in 1 ml of HBHA buffer, and binding to an optimal
concentration of rLILRA3-APtag-His (30 nM)was performed as
described above. To determine whether glycosylation contrib-

5 R. Gupta, E. Jung, and S. Brunak (2004) Prediction of N-glycosylation sites in
human proteins, unpublished data.
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utes for ligand binding, U937 cells were preincubated with 0.1–
0.2 M �-lactose or control sucrose or NaCl (Sigma) for 1 h at
37 °C followed by a brief washwith coldHBHAbuffer and bind-
ing to 30 nM rLILRA3-APtag-His or rAPtag-His control per-
formed as described (14, 15).
In Situ Staining of U937 Cell with rLILRA3-APtag-His—

U937 cells were washed twice with PBS and once with HBHA
buffer. Aliquots of 3 � 106 cells in 300 �l of HBHA buffer were
then dispensed into 1.5-ml Eppendorf tubes and incubatedwith
100 nM purified rLILRA3-APtag-His or rAPtag-His control
proteins inHBHAbuffer for 90min at room temperature. Then
rLILRA3-APtag-His and rAPtag-His control treated cells were
washed four times with 1.5 ml of cold HBHA buffer with gentle
vortexing and centrifugation at 200 � g at 4 °C for 5 min and
resuspended in HBHA buffer at 5 � 104/ml. 200 �l (1 � 104) of
cells from each treatment were then cytospun at 800 rpm for 5
min onto silanized Superfrost� glass slides; fixed in 60% ace-
tone, 3% formaldehyde, 20 mM HEPES for 30 s; and washed
twice in 150 mMNaCl, 20 mMHEPES. Endogenous phosphata-
ses were inactivated by heating slides in 150 mM NaCl, 20 mM

HEPES at 65 °C for 10 min. This was followed by rinsing slides
with 100 mM Tris-HCl, pH 9.5, 100 mMNaCl, 5 mMMgCl2 and
incubation for 15min with alkaline phosphatase substrate con-
taining 10mM L-homoarginine, 0.17mg/ml 5-bromo-4-chloro-
3-indolyl phosphate, and 0.33 mg/ml nitro blue tetrazolium in
the same buffer (BCIP/NBT Substrate Kit IV, Vector Laborato-
ries, Burlingame, CA).
Inhibition of LPS-induced Monocyte Activation by Recombi-

nant LILRA3—PBMCs from three healthy donors were seeded
in duplicate in 96-well flat bottom plates at a concentration of
4 � 105 monocytes/well in 200 �l of RPMI 1640 medium con-
taining 10% fetal calf serum. Cells were treated with or without
100ng/ml LPS and in the presence of 0–280nMpurified recom-
binant LILRA3 produced in 293T cells or E. coli for a dose
dependence study. PBMCs froma further five donorswere used
for repeat studies using the optimal concentration of rLILRA3
(70 nM) and 100 ng/ml LPS. Culture supernatants were col-
lected 24 h post-treatment, and levels of secreted TNF-� were
measured by sandwich ELISA according the manufacturer’s
instructions (DuoSet, R&D Systems).

RESULTS

HighQuality, Full-length Recombinant LILRA3Was Success-
fully Produced in Mammalian Cells, E. coli, and Yeast—Stable
transfected 293T cell lines constitutively secreted rLILRA3
with or without APtag-His proteins to culture supernatants.
These were purified by cobalt column affinity chromatography
to 95–98% purity (Fig. 1, A and C). Similarly, 85–90% pure,
full-length rLILRA3 was produced in methanol-induced yeast
culture supernatants (data not shown) and in inclusion bodies
of transformed E. coli (Fig. 1E) using one step cobalt column
affinity chromatography. Most of the latter protein remained
soluble during sequential dialysis and refolding. A typical yield
of purified rLILRA3-APtag-His and rLILRA3-His from1 liter of
293T culture supernatant was 0.75 and 0.4 mg, respectively.
Similarly, the amount of rLILRA3 produced from1 liter of yeast
culture was a modest 0.2 mg. In contrast, up to 15 mg of cor-
rectly refolded rLILRA3 protein was purified from a liter of
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FIGURE 1. Representative silver staining and Western blotting of
rLILRA3 from 293T cells and E. coli showing high quality protein pro-
duction. A, silver staining of culture supernatant from rLILRA3-APtag-His-
overexpressing 293T cells showing abundant expression of protein (lane
1) and sequential fractions of cobalt column-purified proteins from the
same culture supernatant eluted using 50 mM imidazole (lanes 2 and 3)
and 150 mM imidazole (lane 4) showing highly purified protein. B, Western
blotting of cobalt column-purified rLILRA3-APtag-His proteins using
anti-AP antibody showing a single band under reduced conditions with
DTT (lane 1) but some dimerization under non-reduced conditions (lane 2).
C, silver staining of culture supernatant from rLILRA3-His-overexpressing
293T cells showing abundant expression of protein (lane 1), unbound pro-
tein after cobalt column affinity binding (lane 2), and sequential fractions
of cobalt column-purified proteins from the same culture supernatant
eluted using 50 mM imidazole (lane 3) and 150 mM imidazole (lane 4) show-
ing highly purified protein. D, Western blotting of cobalt column-purified
rLILRA3-His proteins using anti-LILRA3 mAb showing a single band under
reduced conditions (lane 1) but some dimerization under non-reduced
conditions (lane 2). E, Coomassie staining of rLILRA3 in inclusion body of
E. coli after solubilization with 8 M urea (lane 1) and after purification with
a cobalt affinity column (lane 2) followed by dialysis in buffer B (lane 3) and
refolding in buffer A (lane 4). F, Western blotting of refolded rLILRA3 from
E. coli using anti-LILRA3 mAb showing a single band under reduced con-
ditions (lane 1) and some dimerization under non-reduced conditions
(lane 2).
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isopropyl 1-thio-�-D-galactopyranoside-induced E. coli cul-
ture. The apparent molecular masses of rLILRA3 from 293T
cells with (Fig. 1, A and B) or without (Fig. 1, C and D) rAPtag-
His, rLILRA3 from E. coli (Fig. 1, E and F), and rLILRA3 from
yeast (data not shown) on SDS-PAGE under reducing condi-
tionswere�130, 70, 50, and 65� kDa, respectively. The sizes of
the rLILRA3proteins produced in the 293T cells and yeastwere
substantially larger than their respective calculatedmass of 110
kDa for rLILRA3-APtag-His and 46.61 kDa for the rLILRA3s
without tag, whereas the size of the rLILRA3 produced inE. coli
was similar to the calculated mass of 52.36 kDa, suggesting sig-
nificant post-translational modification in recombinant pro-
teins produced by themammalian and yeast cells. Interestingly,
under non-reducing conditions, rLILRA3 proteins produced in
all systems exist as both monomeric and dimeric forms (Fig. 1).
This is not surprising as LILRA3 contains 12 cysteine residues
that potentially can form homodimers through multiple disul-
fide bonds.
The Increase in the Molecular Mass of LILRA3 Produced in

Mammalian and Yeast Expression Systems Is Due to Extensive
Glycosylation—PNGase F cleaves between N-acetylglucos-
amine (GlcNAc) and asparagine (Asn) residues on N-linked
high mannose glycans, hybrid glycans, and complex glycans
(16). Treatment of recombinant LILRA3 produced in 293T
cells and P. pastoris with this enzyme reduced their molecular
mass to a size similar to the non-glycosylated rLILRA3 pro-
duced in E. coli (Fig. 2A). This strongly indicates that carbohy-
drates added to rLILRA3 during post-translational modifica-
tions are responsible for the marked increase in mass by more
than 15 kDa (Fig. 2A). As expected, the size of native LILRA3 in
primary macrophages was similar to the recombinant LILRA3

produced in 293T cells but larger than the protein produced in
E. coli (Fig. 2A). However, the protein produced in yeast was
significantly larger than the native LILRA3 (Fig. 2A). This sug-
gests that different expression systems produce highly varied
rLILRA3 proteins that may potentially alter LILRA3 character-
istics such as its ability to bind its potential ligands and the
ability to modulate cell functions in vitro. Because rLILRA3
produced in E. coli lacks post-translational modifications,
whereas rLILRA3 produced in the lower eukaryote (P. pastoris)
is possibly hypermannosylated, these recombinant proteins are
likely to be functionally inferior to rLILRA3 produced in the
higher eukaryotic 293T cells with complex N-glycosylation
similar to the native protein.
Glycosylation Contributes to the Properties of LLRA3—The

glycosylated rLILRA3 protein was focused on a spectrum of pH
ranging from 6 to 9 with the majority focusing at around 7
despite having the same molecular weight (Fig. 2B, upper
panel). Treatment with PNGase F reduced the wide pI spectra
of the untreated protein to a single focusing at pI 7 (Fig. 2B,
lower panel). This suggests that the addition of highly charged
N-glycan sugarmoieties led to the alteration in the charge of the
unprocessed protein that has a calculated pI of 8.43. The wide
range of isoelectric focusing found on the glycosylated recom-
binant LILRA3 from 293T cells (Fig. 2B, upper panel) indicates
the presence of a mixture of proteins with varying degrees of
glycosylation.
Identification of N-Glycosylation Sites to the Predicted

Canonical N-Glycans in LILRA3—The N-glycosylation analysis
tool NetNGlyc-1.0 predicted five N-linked glycosylation sites in
LILRA3atAsn140,Asn281,Asn341, andAsn431,whereasAsn302was
predicted at a lower threshold value of 0.25 (supplemental Fig. 2).

FIGURE 2. N-Glycosylation altered the molecular mass and biochemical properties of LILRA3. A, Western blotting of PNGase F-treated (P�) and PNGase
F-untreated (P�) rLILRA3 from 293T cells and P. pastoris using anti-LILRA3 mAb showed a substantial reduction in molecular mass of both eukaryotic
cell-produced recombinant proteins following deglycosylation. Recombinant LILRA3 produced in E. coli served as a control for non-glycosylated protein.
Non-PNGase F-treated LILRA3 from native macrophages (Macs) of two individual donors (lanes 1 and 2) is shown as positive references to optimally glycosy-
lated protein. B, silver staining of two-dimensional gel of non-deglycosylated purified rLILRA3 from 293T cells showed a spectrum of isoelectric focusing with
pI ranging from 6 to 9 (upper panel), but upon deglycosylation using PNGase F, it was reduced to a single focus with a pI of 7 (lower panel).
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Sites at Asn140, Asn281, Asn302, and Asn341 were predicted with
an analysis threshold of 0.5, whereas Asn431 was predicted at a
lower threshold value of 0.25 (supplemental Fig. 2). Experimen-
tally, PNGase F-treated recombinant LILRA3 from 293T cells
was digested with trypsin, chymotrypsin, or Glu-C, and pep-
tides were analyzed using tandem nano-LC-MS/MS (Fig. 3).

Digestion with Glu-C identified 3 deamidated residues at
Asn140 (Fig. 3Ai), Asn281 (Fig. 3Aii), and Asn431 (Fig. 3Aiii),
trypsin digestion identified 2 deamidated asparagine residues at
Asn281 (Fig. 3Bi) andAsn431 (Fig. 3Bii), and chymotrypsin iden-
tified 2 deamidated residues at Asn281 (Fig. 3Ci) and Asn341
(Fig. 3Cii). It is noteworthy that some sites were identified by
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FIGURE 3. Representative nano-LC-MS/MS of PNGase F-deglycosylated tryptic-digested peptides of mammalian rLILRA3 confirmed four predicted
N-glycosylation sites. A, in-gel peptide digestion of deglycosylated rLILRA3 with Glu-C showed deamidation of asparagine to aspartic acid at Asn140 (panel i),
Asn281 (panel ii), and Asn431 (panel iii) indicating N-linked glycosylation of these sites. B, digestion with chymotrypsin showed deamidation at Asn281 (panel i)
and Asn341 (panel ii). C, digestion with trypsin detected Asn281 (panel i) and Asn431 (panel ii). It is noteworthy that some sites were detected in peptides digested
by more than one enzyme, and none of the enzymes provided full peptide coverage. The predicted Asn302 was not detected. The sequence of the peptide, the
fragmentation pattern, and the detected fragment ions are shown at the top right in each panel. b ions contain the N-terminal region of the peptide; y ions
contain the C-terminal region of the peptide. Deamidation of asparagine to aspartic acid is designated as “N” with an underscore.
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more than one enzyme (Fig. 3). Deamidation of the predicted
Asn302 site was not found in the initial experiment (Fig. 3). In
two subsequent experiments, in addition to confirming the
findings on the Glu-C- and chymotrypsin-digested peptides,
digestion of peptides with trypsin detected all the predicted
sites including Asn302 (Fig. 4) (Table 1). Importantly, we found
�2% deamidation (1 in 54 occurrences) of any sites in E. coli-
produced rLILRA3 control with or without PNGase F treat-
ment followed by peptide digest (Table 1) (supplemental Fig. 3).
As expected, rLILRA3 produced in the mammalian 293T cells
not treated with PNGase F did not generate matching peptides
to the PNGase F-treated protein due to the presence of the large
N-glycans (Table 1).

Screening for LILRA3 Binding on Cell Surface Using Placental
Alkaline Phosphatase-tagged Recombinant LILRA3—Surface
binding of rLILRA3-APtag-His to primary leukocytes subsets
and cell lines was screened using a simple and highly sensitive
method (11). The U937 monocytic cell line showed the highest
binding to rLILRA3-APtag-His with�80microunits of specific
alkaline phosphatase activity followed by Raji B cells (�50
microunits), PBMCs (�37 microunits), and HL-60 myeloid
cells (�14 microunits) (Fig. 5A). There was little or no binding
of rLILRA3-APtag to THP-1 cells, Jurkat T cells, and NK-92
cells (Fig. 5A). Among the primary leukocytes, purified primary
monocytes showed the strongest binding to rLILRA3-APtag-
His with net alkaline phosphatase activity of�90microunits as
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FIGURE 4. Repeat nano-LC-MS/MS of PNGase F-deglycosylated trypsin-digested mammalian rLILRA3 confirmed all five predicted N-glycosylation
sites. In-gel peptide digestion of deglycosylated rLILRA3 with trypsin showed deamidation of asparagine to aspartic acid at Asn140 (A), Asn281 (B), Asn302 (C),
Asn341 (D), and Asn431 (E) indicating N-linked glycosylation of these sites. The sequence of the peptide, the fragmentation pattern, and the detected fragment
ions are shown at the top right in each panel. b ions contain the N-terminal region of the peptide; y ions contain the C-terminal region of the peptide.
Deamidation of asparagine to aspartic acid is designated as “N” with an underscore.
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compared with polymorphonuclear leukocytes that showed
moderate binding (�24 microunits). In contrast T, B, and NK
cells showed minimal binding to rLILRA3-APtag-His (Fig. 5B).

None of the 20 cell lines of epithelial or mesenchymal lineage
tested showed significant binding to rLILRA3-APtag-His
except for a neuronal cell line (SKNSH) that showed substantial

TABLE 1
LC-MS/MS summary of N-linked glycosylation sites on PNGase F-treated, trypsin-digested recombinant LILRA3 produced in 293T cells showing
deamidation of all five predicted sites as compared with <2% spontaneous deamidation (false positive) in E. coli-produced protein
Non-PNGase F-treated, trypsin-digested recombinant LILRA3 produced in bothmammalian cells and E. coliwas used as relevant negative controls. The peptide fragments
containing Asn were given an ion score and analyzed for deamidation. Positive deamidation is designated as “Yes,” and no deamidation is designated as “No.” If no peptide
was detected, it is designated as “ND.”

PNGase F-treated Non-PNGase F-treated

Mammalian E. coli Mammalian E. coli

Asn
site

Ion
score

Deamidation
(yes/no)

Ion
score

Deamidation
(yes/no)

Ion
score

Deamidation
(yes/no)

Ion
score

Deamidation
(yes/no)

140 51 Yes 66 No ND ND 47 No
25 Yes 68 No 45 No

80 No

281 26 Yes 52 No 60 No 41 No
28 Yes 55 No 85 No
109 Yes 90 No 34 No
32 Yes 29 No 30 No
110 Yes 42 No 65 No
76 Yes 34 No 23 No
30 Yes 57 No 32 No
91 Yes 59 No 39 No
53 Yes 64 No 78 No
20 Yes 42 No 51 No
77 Yes 59 No 26 No
57 Yes 54 No 58 No

56 No 29 No
48 No 71 No
32 No 43 No
30 No 73 No
24 No
91 No
39 No
33 No

302 49 Yes 44 No ND ND 45 No
95 Yes 81 No 79 No

55 No

341 64 Yes 20 No ND ND 30 No
28 Yes 49 No 39 No
33 Yes 21 No 24 No
42 Yes 28 No 50 No
53 Yes 60 No 23 No
65 Yes 57 No 44 No
72 Yes 43 No 34 No
38 Yes 36 No 5 No
39 Yes 53 No 56 No

60 No 53 No
84 No 56 No
61 No 64 No
55 No 40 No
39 No 63 No
27 No 46 No
33 No 24 No

47 No
56 No
42 No
39 No
71 No
61 No
35 No

431 51 No 53 No 31 No 25 No
54 Yes 31 No 49 No
38 Yes 36 No 34 No
52 Yes 30 No 25 No
31 Yes 23 No 31 No
30 Yes 38 No 48 No
22 Yes 43 No 45 No
29 Yes 49 No 38 No
21 Yes 30 No 67 No
44 Yes 29 Yes 100 No

30 No
36 No
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binding (data not shown). In situ staining of U937 cytospins
using rLILRA3-APtag-His or rAPtag-His control showed cell
surface staining only on cells incubated with rLILRA3-APtag-
His but not rAPtag-His (Fig. 5C), suggesting expression of
LILRA3 ligand(s) on the surface of these cells. Binding of
rLILRA3-APtag-His toU937 cells was competitively blocked by
preincubation of cells with untagged rLILRA3 but not buffer
control in a dose-dependent manner (Fig. 5D), confirming spe-
cific binding. Interestingly, preincubation of U937 cells with a
10-fold excess of recombinant LILRA3 produced in yeast
poorly blocked rLILRA3-APtag-His binding by only 20% (data
not shown), and E. coli-produced rLILRA3 totally failed to
inhibit binding in contrast to �90% blocking by mammalian
cell-produced untagged protein (Fig. 5E). These results suggest

that optimal post-translational modification in themammalian
expression system is required for binding of LILRA3 to its
potential cell surface ligand(s).
LILRA3 Glycosylation Contributes to Effective Ligand Bind-

ing—Given that glycosylation was the major post-translational
modification that altered the physical properties of the mam-
malian rLILRA3 (Figs. 2–4), the effects of these modifications
on its ability to bind U937 cells were assessed by pretreatment
of cells with �-lactose. Preincubation of cells with 0.1 or 0.2 M

�-lactose blocked rLILRA3 binding by an average of 10 � 0.3
and 40 � 0.5%, respectively (Fig. 5F), but control sucrose or
NaCl did not (Fig. 5G), indicating thatN-glycosylation partially
played a role in its ability to bind ligand(s). These results
strongly complement our observation that E. coli-produced

E

0

20

40

60

80

100

120

LILRA3-APtag

293T rLILRA3

E. coli rLILRA3

+ + +

- + -

- - +

L
IL

R
A

3 
bi

nd
in

g 
+

SE
M

**

NS

D

293T rLILRA3
Buffer control

Protein nM

O
D

 4
05

 n
M

+
SE

M

0

0.2
0.4

0.6

0.8

1.0

1.2

1.4

0 0.3 3 30 300

**
*

A

O
D

 4
05

nM
 +

SE
M

0

0.5

1.0

1.5

2.0

2.5

U
93

7

R
aj

i

H
L6

0

N
K

-9
2

TH
P-

1

Ju
rk

at

PB
M

C

LILRA3-APtag
APtag

B

O
D

 4
05

nM
 +

SE
M

0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

Mono PMN CD19 CD3 CD56

LILRA3-APtag
APtag

C

0

0.5

1.0

1.5

2.0

2.5

O
D

 4
05

nM
 +

SE
M

β-lactose (M)
0 0.1 0.2

*

F **

0

0.5

1.0

1.5

2.0

Buffer NaCl Sucrose β-lactose

O
D

 4
05

nM
 +

SE
M

G
**

*

FIGURE 5. High affinity binding of rLILRA3 to the surface of monocytes and partial blocking of binding by �-lactose. A, screening of leukocytic cell lines
and PBMCs showing strong surface binding of purified rLILRA3-rAPtag-His on the surface of PBMCs, U937 monocytic cell line, and Raji B cell line. There was
minimal binding to rAPtag-His control protein (n 	 6). B, binding assay using purified primary leukocyte subsets showing significant binding of purified
rLILRA3-APtag-His on the surface of monocytes (Mono) and neutrophils (polymorphonuclear leukocytes (PMN)) but limited binding to T cells, B cells, or NK cells
(n 	 3). C, representative in situ staining of U937 cells using purified rLILRA3-APtag-His or rAPtag-His alone showed strong surface staining/binding of
rLILRA3-APtag-His (left) but not rAPtag-His alone (right) as detected by 5-bromo-4-chloro-3-indolyl phosphate/nitro blue tetrazolium alkaline phosphatase
substrate stained in blue and neutral red nuclear counterstain (250� magnification; n 	 5). D, binding of 30 nM purified rLILRA3-rAPtag-His to U937 cells was
competitively blocked with preincubation of cells with untagged rLILRA3 in a dose-dependent manner, confirming binding specificity (n 	 3) (one-way
ANOVA; *, p � 0.05; **, p � 0.01 as compared with corresponding buffer control). E, binding of 30 nM purified rLILRA3-APtag to U937 cells was blocked by a
10-fold excess of untagged purified rLILRA3 from 293T cells but not E. coli recombinant LILRA3 (n 	 3) (one-way ANOVA; *, p � 0.05 compared with rLILRA3-
APtag alone; NS, not significant). F, binding of 30 nM purified rLILRA3-APtag to U937 cells was partially blocked by �-lactose in a dose-dependent manner,
suggesting that the sugar moiety components may be required for ligand binding (n 	 3) (one-way ANOVA; *, p � 0.05 compared with buffer (PBS) control).
G, 0.2 M �-lactose but not 0.2 M sucrose or 0.2 N NaCl in PBS blocked rLILRA3-APtag (30 nM) binding to the surface of U937 cells, confirming specificity (n 	 5)
(one-way ANOVA; *, p � 0.05; **, p � 0.01 compared with PBS (buffer) control). Error bars represent S.E.
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non-glycosylated rLILRA3 (Fig. 5E) and yeast-produced “inap-
propriately” glycosylated rLILRA3 (data not shown) do not
competitively block binding.
Mammalian but Not E. coli-derived Recombinant LILRA3

Down-regulates LPS-mediated TNF� Production in PBMCs—
Incubation of freshly isolated normal PBMCs with 100 pg/ml
LPS in vitro induced high levels of TNF� production ranging
between 5500 and 9000 pg/ml (Fig. 6). Simultaneous treatment
of cells with 17–280 nM recombinant mammalian LILRA3 sig-
nificantly abrogated LPS-induced TNF� production in a dose-
dependent manner (Fig. 6A). Treatment of cells with the opti-
mal dose of rLILRA3 consistently suppressed TNF production
by up to 60% in a dose-dependent manner (Fig. 6A) in multiple
donors (Fig. 6B). However, equivalent amounts of recombinant
LILRA3 produced in E. coli did not suppress LPS-induced TNF
production in all donors (data not shown). This is consistent
with the ability of mammalian cell- but not E. coli-derived
rLILRA3 to bind to the surface of PBMCs and modulate
function.

DISCUSSION

In this study, we have successfully generated recombinant
LILRA3 proteins in E. coli, yeast, and 293T cells and assessed
their yield, properties, and biological functions. We found that
P. pastoris and 293T cells but not E. coli produced rLILRA3 of a

substantially larger size than the calculatedmass of the unmod-
ified protein, indicating marked post-translational modifica-
tions (Figs. 1 and 2). Treatment with PNGase F reduced yeast-
and mammalian cell-produced proteins to a size equivalent to
the expected unmodified protein, suggesting that both proteins
underwent N-glycan modifications but with varied outcomes.
N-Glycan modification in all eukaryotic cells starts as a com-
mon Man8GlcNAc2 precursor produced after some initial
processing, but in higher eukaryotes, the �-1,2-mannose resi-
dues are removed, and complexN-linked glycosylated proteins
are formed (17). By contrast, Man8GlcNAc2 in yeast are further
elongated by several mannosyltransferases, resulting in the for-
mation of large hyperglycosylated or hypermannosylated prod-
ucts of native (18) or complex foreign proteins (19). Hence, the
significantly larger molecular mass of rLILRA3 produced in P.
pastoris as compared with native LILRA3 is likely due to hyper-
glycosylation or hypermannosylation (Fig. 2A), whereas the
mammalian cell-produced proteinmay have undergone appro-
priate glycosylation and is thus structurally and functionally
closer to native LILRA3. Consistent with the latter, we showed
that native LILRA3 from primary macrophages was the same
size as recombinant protein produced in mammalian cells but
not in yeast or E. coli (Fig. 2).

LILRA3 produced in the mammalian system showed multi-
ple isoelectric focusing but upon treatment with PNGase F
reduced to a single pI (Fig. 2), indicating that changes in the
biochemical property of this protein were due to addition of
highly chargedN-glycans. This is similar to previous data show-
ing that glycosylation significantly alters the pI of other similar
glycoproteins (20, 21). Moreover, glycosylation can provide
conformational and structural stability (22, 23) and may facili-
tate correct folding (23, 24) and importantly modulate ligand
binding and functions (20, 25, 26).We found that rLILRA3 in its
non-glycosylated form required extensive refolding steps, was
highly susceptible to aggregation/oxidation, andwas non-func-
tional despite being of high purity and high yield (up to 15
mg/liter). Similarly, production of hyperglycosylated rLILRA3
in yeast may have altered its biochemical property that contrib-
uted to its low production efficiency (0.25 mg/liter) and poor
function. By contrast, optimal glycosylation of the mammalian
cell-produced rLILRA3 proteinmay have facilitated its efficient
folding, sufficient production (0.4–0.8 mg/liter), high stability,
and excellent biological functions (Figs. 5 and 6).Our successful
blocking experiment using �-lactose further supports the sug-
gestion that ligand binding and possibly suppression of TNF�
production were at least partially dependent on optimal glyco-
sylation (Fig. 5).Therefore, we were compelled to identify the
specific N-glycosylation sites as a prelude for future functional
characterization using site-targeted mutagenesis.
LILRA3 is predicted to contain five N-glycosylation sites

on specific asparagine residues within NX(S/T) consensus
sequences (X is any amino acid other thanPro) (27).Weutilized
a combination of electrophoresis and nano-LC-MS/MS and
identified all five N-glycosylated sites at Asn140, Asn281, Asn302,
Asn341, and Asn431. This is the first study that has experimen-
tally mapped specific glycosylation sites on any LILR protein.
Recently it has been reported that deglycosylationwith PNGase
F can lead to false positive assignments ofN-glycosylation sites
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FIGURE 6. Recombinant LILRA3 produced in 293T cells suppressed LPS-
mediated TNF� production by PBMCs. A, simultaneous treatment of
PBMCs with increasing concentrations of purified rLILRA3 and 100 ng/ml LPS
for 24 h caused dose-dependent suppression of TNF� production. Cells
treated with rLILRA3 alone produced minimal TNF� (n 	 3) (one-way ANOVA;
*, p � 0.05; **, p � 0.01 compared with no rLILRA3 control). B, treatment of
PBMCs from five healthy subjects with 100 ng/ml LPS and the optimal con-
centration of rLILRA3 (70 nM) for 24 h consistently showed 35– 45% suppres-
sion of TNF� production. Cells treated with rLILRA3 but not LPS showed min-
imal TNF production (one-way ANOVA; *, p � 0.05 compared no rLILRA3
control). Error bars represent S.D.
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(28). False positive deamidation commonly occurs in small and
hydrophilic amino acids such as glycine and serine at positionX
of the NX(S/T/C) consensus sequence (16). Although LILRA3
does not contain such consensus sequences, we performed
stringent control experiments using E. coli-produced rLILRA3
with or without PNGase treatment and PNGase-untreated
mammalian rLILRA3-His. As expected, E. coli-produced
rLILRA3 with or without PNGase F treatment or untreated
mammalian cell-derived rLILRA3 showed negligible spontane-
ous deamidation with a false discovery rate of �2%, indicating
specificity. Initially, three different peptide digestion enzymes
were required to map four of the five sites: Asn281 was detected
with all three enzymes, Asn140 and Asn341 were apparent with
Glu-C or chymotrypsin digest, and Asn431 was detected in both
trypsin- and Glu-C-digested peptides (Fig. 3). This is in agree-
ment with reports showing that bottom-up proteomics would
generate different peptide coverage depending on the choice of
enzyme (29, 30). Interestingly, in subsequent experiments,
digestion with trypsin alone was sufficient for full peptide cov-
erage and detected all five N-glycosylation sites including
Asn302 (Fig. 4). The Asn302 site could not be detected initially
possibly due to the inability to generate enough peptides for full
coverage as a result of the use of an insufficient amount of
rLILRA3.
It is noteworthy that LILRA3 is also predicted to have up to

eight potential O-linked glycosylated sites (NetOGlyc 4.0 anal-
ysis tool) (31) that may contribute to its structure and/or func-
tions. This will require future investigation.
Our data demonstrate that production of optimally glycosy-

lated LILRA3 in the mammalian system was necessary for its
high affinity binding to its potential ligand(s) (Fig. 5). However,
most studies of the LILR family to date did not consider the
likely importance of appropriate glycosylation to high affinity
ligand binding and function. To date, LILRB1, LILRB2,
LILRA1, and LILRA3 have been shown to bind various classical
and non-classical MHC class I molecules (32–34) and a viral
homolog, UL-18 (32). However, these are mostly low affinity
interactions with varied dissociation constants ranging from 2
to 12 �M (35, 36). These studies also lack robust functional data
possibly due to the use of truncated extracellular domains of
LILRs produced in E. coli that are inefficiently folded and
not appropriately post-translationally modified. Alternatively,
LILRs may have hierarchical tissue-specific interactions with
multiple ligands in vivo, or MHC class I molecules might be
co-ligands, an issue grossly overlooked so far. Indeed, recently
several LILRs were also shown to functionally bind non-MHC
class I molecules with much higher affinity than binding to
MHC class I molecules. These interactions include binding of
Nogo-66 (37) and ANGPTL5 (38) to LILRB2 and binding of
BST-2 to LILRA4 (39).
In this study, we presented a simple robust approach for

rapid high throughput screening and in situ localization of
LILRA3 cell surface binding. The additional advantages for the
use of mammalian LILRA3 protein tagged to placental alkaline
phosphatase include the high specific activity of the mamma-
lian enzyme, its high stability including placental isoenzyme
stability to heat, the availability of isoenzyme-specific inhibi-
tors, the availability of a variety of indicator substrates for alka-

line phosphatase (11), and the availability of high quality anti-
placental alkaline phosphatase antibodies (GenHunter). This
provided us with key tools for future simultaneous identifica-
tion of LILR ligands and co-ligands using selected LILRA3-
binding cells. Moreover, the rapid screening of rLILRA3-
APtag-His-binding proteins allowed us to objectively select
suitable cells for our functional studies.
We showed that LILRA3 preferably binds on the surface of

monocytes and themonocytic cell line U937. This suggests that
LILRA3 may predominantly regulate monomyeloid cells. We
showed for the first time that LILRA3 abrogated LPS-mediated
TNF� production, suggesting a direct inhibitory effect trans-
duced through a yet unknown surface ligand(s). LILRA3 may
also exert its effects by competitively antagonizing closely
related cell surface activating LILRs. A recent study showed
that LILRA3 and LILRA1 (88% homology) may share common
MHC class I ligand(s) (34), although the functional conse-
quence of this needs to be defined. We propose that LILRA3 is
a novel anti-inflammatory protein that directly suppresses
excessive leukocyte activation and/or acts as a soluble antago-
nist to activating LILRs akin to the soluble TNF� receptor and
IL-6 receptor (40, 41). This is consistent with our recent finding
of the presence of abundant LILRA3 protein in sera of healthy
individuals and its significant up-regulation by the anti-inflam-
matory cytokine IL-10 (6). This is further supported by recent
reports showing an association of a lack of LILRA3 with an
increased incidence of multiple sclerosis (8, 9) and Sjögren syn-
drome (10), diseases characterized by chronic inflammation.
Interestingly, we found a significant increase in LILRA3 in sera
of patients with active rheumatoid arthritis (6) together with
increased expression of activating and inhibitory LILRs in syno-
vial tissue (7). This may suggest that an increase in LILRA3
opposes the ongoing inflammation or that a proportion of the
high level of LILRA3 in patient sera might be aberrantly glyco-
sylated, leading to poor function. Abnormal ligand binding and
functions due to altered glycosylation of endogenous proteins
such as IgG have been reported in rheumatoid arthritis (12, 42).
Whether LILRA3, which has structural similarities to IgG, also
displays abnormal glycan modifications that alter its function
requires further investigation.
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