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Serum amyloid A promotes LPS clearance and
suppresses LPS-induced inflammation and
tissue injury
Ni Cheng1 , Yurong Liang1, Xiaoping Du1 & Richard D Ye1,2,*

Abstract

Lipopolysaccharide (LPS) is a major microbial mediator for tissue
injury and sepsis resulting from Gram-negative bacterial infection.
LPS is an external factor that induces robust expression of serum
amyloid A (SAA), a major constituent of the acute-phase proteins,
but the relationship between SAA expression and LPS-induced
tissue injury remains unclear. Here, we report that mice with indu-
cible transgenic expression of human SAA1 are partially protected
against inflammatory response and lung injury caused by LPS and
cecal ligation and puncture (CLP). In comparison, transgenic SAA1
does not attenuate TNFa-induced lung inflammation and injury.
The SAA1 expression level correlates inversely with the endotoxin
concentrations in serum and lung tissues since SAA1 binds directly
to LPS to form a complex that promotes LPS uptake by macro-
phages. Disruption of the SAA1-LPS interaction with a SAA1-derived
peptide partially reduces the protective effect and exacerbates
inflammation. These findings demonstrate that acute-phase SAA
provides innate feedback protection against LPS-induced
inflammation and tissue injury.
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Introduction

Host response to microbial infection utilizes a multitude of innate

and specific mechanisms that collectively constitute antimicrobial

immunity. Whereas T and B lymphocytes are primary cells for adap-

tive immunity with their characteristic memory and specificity,

innate immune cells such as macrophages and neutrophils recog-

nize pathogen-associated molecular patterns using pattern recogni-

tion receptors such as the Toll-like receptors. Innate immunity is

found not only in mammals but also in lower species such as Droso-

phila [1]. One of the conserved host responses to infection, trauma,

and environmental stress is the acute-phase response [2], which is a

systemic reaction characterized with enhanced expression of a set of

acute-phase proteins [3]. Induced expression of major acute-phase

proteins such as serum amyloid A (SAA) and C-reactive proteins

(CRP) is robust, with serum concentrations of these proteins rising

as high as 1,000-fold [4]. Studies have shown that elevated expres-

sion of SAA and CRP is characteristic of all inflammatory diseases

[3]. In addition, SAA expression is highly induced following surgery

and severe tissue injury, and in late-stage malignancy [5]. Despite

wide acceptance of SAA and CRP as major biomarkers of inflamma-

tory diseases and malignance, the biological functions of these

proteins remain poorly understood [6,7].

SAA refers to a family of proteins encoded by several different

genes. In humans, the SAA proteins are encoded by two inducible

genes, SAA1 and SAA2, and a constitutively expressed gene, SAA4.

In mice, an additional gene, SAA3, encodes an inducible form of

SAA with high structural similarities to other SAA proteins [8].

Acute-phase human SAA, referring to the inducible forms of SAA,

are proteins of 103–104 amino acids consists of four alpha-helices

that bundle together to form hexamers [9]. A variety of cells, includ-

ing hepatocytes, macrophages, and colon epithelial cells, produce

SAA proteins upon stimulation with infectious and inflammatory

factors such as LPS, IL-1b, and IL-6 [4]. Secreted SAA proteins func-

tion in a paracrine manner in inflammatory tissues [10] and bind to

high-density lipoprotein (HDL) in the plasma [11]. In addition to

these properties, SAA is a precursor of amyloid A that deposits

to major organs and causes secondary amyloidosis [2,12].

The biological functions of SAA in host defense and immunity are

ambiguously defined. SAA has been shown to be chemotactic to

phagocytes and T lymphocytes [13], although its structure is comple-

tely different from chemokines and classic chemoattractants such

as C5a [9]. In vitro studies have shown that SAA stimulates a variety

of leukocytes to secrete cytokines including IL-1b, IL-6, and TNFa
[14], but unlike these inflammatory factors, SAA is not generally

considered a cytokine [10]. Recent identification of acute-phase SAA

as a mediator of local effector Th17 response driven by gut micro-

biome [15,16] has prompted a careful examination of SAA for its
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cytokine-like activities, tissue expression profile, signaling proper-

ties, and in vivo functions in host defense and inflammation. It is

notable that the majority of the published reports on the proin-

flammatory activities of SAA were generated using recombinant

human SAA that is a hybrid of the SAA1 and SAA2 isoforms

expressed in Escherichia coli [17]. Therefore, the in vivo functions of

SAA in inflammatory diseases remain to be investigated. To this end,

we prepared transgenic mice that express human SAA1 under the

direction of the scavenger receptor A promoter–enhancer for macro-

phage-selective expression [18,19]. A preferential and inducible

expression of SAA1 in the lung tissue was observed. The SAA1 trans-

genic mice were characterized in peritonitis and acute lung injury

models. Contrary to the widely claimed proinflammatory activities of

SAA, transgenic mice expressing SAA1 did not develop spontaneous

inflammation and instead showed reduced inflammatory cytokine

expression, diminished neutrophil infiltration in the lungs, improved

survival and significantly reduced endotoxin levels when challenged

with LPS or cecal ligation and puncture (CLP). We found that SAA1

binds LPS to form a complex that promotes LPS clearance by macro-

phages. Administration of an SAA1-derived peptide that disrupts

SAA1 binding to LPS reversed the protective effect and caused

elevated endotoxin levels in the lungs and in serum, suggesting that

acute-phase SAA is a host-derived anti-LPS protein.

Results

Transgenic expression of human SAA1 in mice

Elevated expression of acute-phase SAA may result from Gram-

negative bacterial infection and exposure to LPS, but whether and

how SAA regulates LPS-induced inflammatory response remains

unknown. To evaluate the in vivo functions of acute-phase SAA in

inflammation, we generated transgenic (Tg) mice expressing human

SAA1 (hSAA1) using the enhancer and promoter from macrophage

scavenger receptor A (SR-A) [18,19] (Fig 1A). A total of 98 founders

and F1 progeny mice were analyzed, and three original founders

were chosen for further characterization. Transgenic expression of

human SAA1 was determined at the mRNA level in mouse macro-

phages (Fig 1B) and various mouse tissues (Fig 1C) using specific

oligonucleotide primers. The human SAA1 transcript was most abun-

dant in the lungs and testes based on the results of RT–PCR (Fig 1C).

Using an antibody selectively detecting human SAA1, the transgene

product was found at high abundance in the lungs and testes, and at

lower levels in other mouse tissues based on Western blotting

(Fig 1D). Bronchial lavage macrophages from the Tg but not the WT

mice expressed the human SAA1 (inset, Fig 1D). Staining of lung

tissue sections found colocalization of human SAA1 protein with the

macrophage marker CD68 in the Tg mice (Fig 1E). Immunofluores-

cent staining of lung lavage macrophages confirmed the expression

of human SAA1 (green) in CD68-positive cells (red, Fig 1F).

Human SAA1 was found at the basal level of 37 � 4.12 ng per

milligram of lung tissue proteins in the SAA1-Tg mice without chal-

lenge (Fig 1G). Consistent with the inducible nature of the SR-A

promoter [18,19], LPS administration (i.p. and i.t.) and cecal liga-

tion and puncture (CLP) further increased the expression levels of

SAA1 in the lung tissue (Fig 1G) and in serum (Fig 1H). These find-

ings demonstrated that the transgenic mice retained the feature of

inducible SAA1 expression as seen in humans during acute-phase

response. The SAA1-Tg mice were therefore used for further evalua-

tion of the in vivo functions of acute-phase SAA.

Transgenic SAA1 partially protects mice against CLP- and LPS-
induced acute lung injury

CLP results in polymicrobial infection of the peritoneal cavity that

can lead to sepsis, major organ failure, and death [20]. We

compared the survival rates between WT and SAA1-Tg mice in a

CLP sepsis model. Ninety-six hours after CLP, 86% of the WT mice

were found dead, whereas 55% of the Tg mice survived (P = 0.0137

between groups) and all control mice with sham operation survived

the procedure (Fig 2A). An examination of the lung histology found

markedly reduced neutrophil infiltration and well-preserved alveo-

lar structure in the SAA1-Tg mice compared to WT littermates 24 h

after CLP (Fig 2B). Lung tissue expression of mouse IL-6 and TNFa,
major inflammatory cytokines produced during systemic inflamma-

tion and acute lung injury, remained low in unchallenged SAA1-Tg

mice (Fig 2C, Ctrl) despite published reports that SAA1 could induce

the expression of these proinflammatory cytokines in vitro (re-

viewed in Ref. [10]). CLP increased the expression levels of both

IL-6 and TNFa, but a significantly lower level of expression was seen

in the Tg mice compared with the WT mice (P < 0.01). Of interest,

the transcript of IL-10, an anti-inflammatory cytokine [21], was

significantly higher in the lungs of the Tg mice than the WT litter-

mates (P < 0.01). Similar changes in the expression of these cytoki-

nes were observed at the protein level in serum samples, although

the difference in IL-10 expression was not statistically significant

(Fig 2D, third bar graph). These observations suggest that transgenic

expression of human SAA1 did not induce spontaneous inflamma-

tion in unchallenged mice, but suppressed the inflammatory

response resulting from CLP-induced polymicrobial infection.

To further understand the mechanisms for SAA1-mediated

suppression of lung inflammation, LPS-induced acute lung injury

was performed on the SAA1-Tg mice and their WT littermates.

Intraperitoneal administration of LPS (i.p., 5 mg/kg) led to abun-

dant neutrophil infiltration into the lungs of WT mice (Fig 3A, lower

left panel), as quantified by an elevated lung myeloperoxidase

(MPO) activity (Fig 3B). In comparison, the SAA1-Tg mice showed

fewer neutrophils in lung tissue sections (Fig 3A, lower right panel)

and significantly lower levels of the MPO activity (Fig 3B). At a

higher dose, LPS (15 mg/kg) caused a significant elevation in lung

vascular permeability, as evidenced by increased leakage of Evans

blue albumin (EBA) into the lung tissue. In contrast, the Tg mice

showed lower basal levels of lung EBA content, and there was no

significant increase in EBA in the lung tissue after LPS stimulation

(Fig 3C). Similar to what was seen in the CLP model, administration

of LPS resulted in higher levels of TNFa and IL-6 expression in WT

mice than in SAA1-Tg mice, whereas changes of IL-10 expression

was in an opposite direction in the lungs (third bar graph in Fig 3D)

and in serum (third bar graph in Fig 3E).

Transgenic SAA1 offers no protection against TNFa-induced
lung inflammation

To investigate whether transgenic expression of human SAA1

provides a general anti-inflammation mechanism, SAA1-Tg mice
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and their WT littermates were given intratracheal instillation of

TNFa and the resulting lung inflammatory response was

compared. Histological examination of mouse lung tissue sections

identified damaged alveolar structure and increased neutrophil

infiltration in both WT and Tg mice with no discernable dif-

ference (Fig 4A). Moreover, both Tg and WT mice showed similar

A

C
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G H

D

B

Figure 1. Transgenic expression of human SAA1 in mice.

A Schematic representation of the hSAA1 transgene (Tg) using the scavenger receptor A (SR-A) enhancer and promoter.
B RT–PCR analysis of human SAA1 transcripts in macrophages from WT (W) and SAA1-Tg (T) mice. M, molecular weight markers. GAPDH was used as a control.
C Comparison of SAA1 transcript in different tissues of the Tg mice (n = 5) using qPCR. The SAA1 transcript level in the heart was set as 1 (baseline), against which

the relative expression levels of SAA1 in other tissues were compared.
D Representative Western blots showing SAA1 protein expression in different tissues of the Tg mice. Five mice were examined, and the relative expression levels of

SAA1 are shown in bar chart below, using the expression level in the heart as baseline for comparison. Inset: Western blot detection of human SAA1 (S) in alveolar
lavage macrophages from WT (n = 2) and Tg (n = 3) mice. GAPDH (G) was used as a loading control.

E Immunohistochemistry staining of human SAA1 and CD68 in serial sections of lungs from WT and Tg mice. Three mice in each group were analyzed, and a
representative set of images is shown. Scale bar, 200 lm.

F Immunofluorescence staining of SAA1 (green) and CD68 (red) in lung lavage macrophages from the Tg mice (n = 5). A representative set of images is shown. Scale
bar, 20 lm.

G, H Expression levels of human SAA1 in the lungs (G) and serum (H) of WT and SAA1-Tg mice (five in each group) without and with LPS stimulation (i.p. and i.t.). Data
information: Data shown in (C, D, G, H) are means � SEM based on triplicate measurements. *P < 0.05, **P < 0.01, and ***P < 0.001 relative to baseline (C, D) or
when compared with WT samples (G, H).

Source data are available online for this figure.
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changes in MPO activity when challenged with TNFa (Fig 4B),

and TNFa administration increased lung microvascular permeabil-

ity in Tg mice and their WT littermates to a similar extent

(Fig 4C). The lack of the protective effect was not due to insuffi-

cient induction of the transgenic human SAA1, as the serum level

of hSAA1 rose significantly in the Tg mice following TNFa
administration (P < 0.01, Fig 4D). Despite a marked induction of

human SAA1 expression, there was no significant increase in IL-6

and IL-1b expression levels in the serum of TNFa-treated mice

(Fig 4E and F), suggesting that i.t. instillation of TNFa did not

induce a systemic inflammatory response despite marked rise in

SAA1 production. Taken together, these results indicate an

absence of protection against TNFa-induced acute lung injury that

was expected from transgenic expression of SAA1 should it

produce a general anti-inflammatory effect.

SAA1 binds LPS and reduces serum endotoxin level

The serum endotoxin levels in mice receiving CLP (Fig 5A) and

intraperitoneal LPS administration were determined (Fig 5B).

Both procedures caused a marked increase in serum endotoxin

levels within 24 h, but the increase was significantly less in

SAA1-Tg mice than in their WT littermates (P < 0.01). Based on

these findings, we postulated that overexpression of SAA1 might

A

C

D

B

Figure 2. SAA1 protects mice against CLP-induced lung inflammation and death.

A Survival of the SAA1-Tg mice (closed red circles) was significantly better than their WT littermates (closed black circles) after CLP. All mice in sham groups (up-
pointing open triangles for WT sham and down-pointing open triangles for Tg sham) survived. Sample size was predetermined with a priori power analysis and
marked next to each sample group. Significance analysis was determined by log-rank (Mantel-Cox) test using the GraphPad Prism software.

B Representative images of H&E stained lung sections from WT and SAA1-Tg mice (n = 5 each) 24 h after CLP, showing alveolar structures and leukocyte infiltration.
Scale bar, 200 lm.

C Expression of selected cytokines at the mRNA level in mouse lung tissues 24 h after CLP (n = 5 for each group).
D Expression of selected cytokine at the protein level in mouse serum measured by ELISA 24 h after CLP (n = 4 for sham control group, n = 8 for CLP group).

Data information: Data shown in (C, D) are means � SEM based on triplicate measurements. **P < 0.01 and n.s. not significant, using two-way ANOVA for multiple
comparisons.
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alleviate acute lung injury by targeting LPS. To further explore

this possibility, binding assays were conducted to determine an

interaction between SAA1 and LPS. It was found that recombi-

nant SAA1 purified from E. coli overexpression system or trans-

fected human HEK293 cells could bind biotinylated LPS in a

dose-dependent manner (Fig 5C and D). To confirm complex

formation between SAA1 and LPS, native polyacrylamide gel

electrophoresis and Western blotting were performed (Fig 5E).

Biotin-LPS was detected by streptavidin-HRP (upper panel), while

SAA1 was detected with an anti-SAA1 antibody (middle and

lower panels). In addition to SAA1 monomers and oligomers, an

SAA1 species that overlapped with the high molecular weight

LPS species was detected by the anti-SAA1 antibody in the pres-

ence of LPS but not in its absence, suggesting formation of an

SAA1-LPS complex. Using surface plasmon resonance (SPR) anal-

ysis, a direct interaction between SAA1 and LPS was confirmed

(Fig 5F).

Using flow cytometry, we observed that SAA1 binding to LPS

promoted macrophage uptake of FITC-LPS, as seen with an

increased mean fluorescent intensity in the presence of SAA1 vs. its

absence, after removal of cell surface-bound FITC-LPS (Fig 5G).

SAA1 also facilitated the uptake of FITC-labeled LPS by CD68-

positive cells (macrophages, red fluorescence) as observed using

fluorescent confocal microscopy (Fig 5H).

A

D

E

B

C

Figure 3. Transgenic SAA1 protects mice against LPS-induced acute lung injury.

A Representative images showing H&E stained sections from WT and SAA1-Tg mice (n = 5 each type) 24 h after i.p. injection of LPS (5 mg/kg). Scale bar: 200 lm.
B Lung MPO activity in WT and SAA1-Tg mice 24 h after i.p. injection of LPS (5 mg/kg).
C Evans blue content in the lungs of WT and Tg mice 6 h after i.p. injection of LPS (15 mg/kg).
D Expression of selected cytokines at the mRNA level in mouse lungs 24 h after i.p. injection of LPS (5 mg/kg).
E Expression of selected cytokines at the protein level in mouse serum 24 h after i.p. injection of LPS.

Data information: Data shown in (B–E) are means � SEM based on three experiments (n = 6 mice/group). **P < 0.01 between groups using two-way ANOVA for
multiple comparisons.

ª 2018 The Authors EMBO reports 19: e45517 | 2018 5 of 14

Ni Cheng et al Serum amyloid A promotes LPS clearance EMBO reports



Blocking SAA1-LPS interaction exacerbates acute lung injury

The above findings suggest that SAA1 interacts directly with LPS

and promotes LPS uptake, thereby contributing to the reduction in

LPS concentration in the lung tissue and in serum. To further examine

the biological functions of the SAA1-LPS interaction, a peptide-

mediated competition approach was developed. Five peptides cover-

ing the entire lengths of mature SAA1 protein were prepared

(Fig 6A). In vitro characterization of these peptides in SAA1-LPS-

binding assays identified Pep 2 (a.a. 32–47) as being most potent in

disrupting the interaction between SAA1 and LPS, in binding assays

with a fixed concentration of the peptides and variable concentra-

tions of LPS (Fig 6B) or a fixed concentration of LPS and variable

concentrations of the peptides (Fig 6C). To examine its in vivo

effect, Pep 2 or a control peptide with scrambled sequence was

injected i.v. into SAA1-Tg mice immediately following CLP, and

serum endotoxin levels were measured 24 h after the procedure. As

shown in Fig 6D, SAA1-Tg mice receiving Pep 2 had significantly

higher levels of endotoxin in serum than mice receiving the control

peptide. There were also higher concentrations of serum IL-6

(Fig 6E) and TNFa (Fig 6F) in the Tg mice receiving Pep 2

compared to mice receiving the control peptide. Pep 2 had similar

effects in WT mice under the same experimental conditions

(Fig 6G–I). Mice receiving Pep 2 following CLP showed markedly

increased MPO activity (Fig 6J) and increased production of IL-6

(Fig 6K) and TNFa (Fig 6L) in the lung tissue than mice receiving

the control peptide. To determine whether Pep 2 could disrupt

SAA1-LPS interaction in vivo, biotin-LPS was diluted with unconju-

gated LPS and i.p. administered. Either Pep 2 or the control peptide

was then given i.v. to these mice. After 24 h, plasma SAA1 protein

was captured by an immobilized anti-SAA1 antibody and the bound

biotin-LPS was detected by streptavidin-HRP. As shown in Fig 6M,

Pep 2 administration significantly reduced the amount of SAA1-

bound biotin-LPS compared with the control peptide. Meanwhile,

the plasma endotoxin level in mice receiving Pep 2 was higher than

that in mice receiving the control peptide (Fig 6N). These findings

demonstrate in vivo disruption of SAA1-LPS interaction by Pep 2,

which led to changes in plasma endotoxin levels.

Effect of transgenic SAA1 on phagocyte response to LPS

Experiments were conducted to identify potential mechanisms, in

addition to promoting macrophage uptake of LPS, that might contri-

bute to the protective effect of the transgenic SAA1. The ability of

A

D E F

B

C

Figure 4. Transgenic SAA1 does not protect against TNFa-induced lung injury.

A Representative H&E stained lung sections from WT and SAA1-Tg mice (n = 5 in each group examined) 6 h after intratracheal instillation of mouse TNFa (20 lg/kg,
same below). Scale bar: 200 lm.

B Lung MPO activity in WT and SAA1-Tg mice 6 h after i.t. injection of mouse TNFa.
C Evans blue content in the lungs of WT and SAA1-Tg mice 6 h after i.t. injection of mouse TNFa.
D–F Serum levels of human SAA1 (D), mouse IL-6 (E), and IL-1b (F) determined 24 h after i.t. administration of TNFa as described above.

Data information: Data shown (B–F) are means � SEM based on three measurements with five mice in each group; ***P < 0.001, n.s., not statistically significant with
two-way ANOVA for multiple comparisons.

6 of 14 EMBO reports 19: e45517 | 2018 ª 2018 The Authors

EMBO reports Serum amyloid A promotes LPS clearance Ni Cheng et al



A

E F G
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Figure 5. SAA1 binding of LPS promotes LPS clearance.

A, B Serum endotoxin levels were lower in SAA1-Tg mice than in WT littermates (n = 5 in each group) 24 h after CLP (A) or i.p. injection of LPS (B, 5 mg/kg).
C, D Biotinylated LPS interacts with human SAA1 expressed in Escherichia coli (closed red squares) or in transfected HEK293T cells (closed blue circles) as a function of

LPS concentrations (C) or SAA1 concentrations (D) (n = 3). The SAA1 concentration used in (C) was 1 lg/ml. The LPS concentration used in (D) was 10 ng/ml.
E Complex formation between human SAA1 and LPS. Biotin-LPS was solubilized by sonication in PBS and incubated with human SAA1 for 2 h at room temperature.

The mixture was loaded onto a 7.5% native polyacrylamide gel for electrophoresis. Western blots were prepared, and LPS was detected using streptavidin-HRP
(upper panel). Human SAA1 was detected with an anti-SAA antibody (middle panel). As a control, SAA1 was also detected by Western blotting after SDS–PAGE to
verify its integrity and equal loading.

F Surface plasmon resonance (SPR) analysis of SAA1-LPS interaction. Binding signals were detected by injecting various concentrations of LPS (3.13–400 ng/ml) over
immobilized SAA1 that contains six histidines in its C-terminus and amine-coupled to the sensor chip. A representative sensorgrams showed the association and
dissociation of LPS to/from SAA1. The lower panel shows control tracings recorded using GST instead of SAA1 for surface coating.

G Enhanced uptake of FITC-labeled LPS (LPS) by BMDMs in the absence or presence of human SAA1 (1 lM, 4 h). Cell surface FITC-LPS was then removed by
proteinase K treatment for 30 min, and internalized FITC-LPS was determined by flow cytometry. Shown in upper panel is a representative histogram from five
independent experiments. Shown in lower panel are normalized median fluorescence intensities (MFI, with background fluorescence subtracted) from the five
experiments.

H Representative confocal fluorescent micrographs (n = 3) showing FITC-LPS (green) internalization by BMDMs treated with PBS or SAA1 (1 lg/ml FITC-LPS, 1 lM
SAA or PBS, 4 h). CD68 (red) and nuclei (blue) were also stained. Scale bar, 10 lm.

Data information: Data shown (A–D, G lower panel) are means � SEM based on three measurements. **P < 0.01 between different groups with two-way ANOVA for
multiple comparison.
Source data are available online for this figure.
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the LPS-SAA1 complex to induce macrophage activation was

compared with that of LPS or SAA1 alone in BMDMs based on

induced phosphorylation of ERK and p38 MAPK. As shown in

Fig EV1, cells stimulated with LPS plus SAA1 responded with ERK

and p38 MAPK phosphorylation to the same extent as cells receiving

LPS and SAA1 alone. The results suggest that the LPS-SAA1

complex retained BMDM-activating capability, but did not produce

an additive or synergistic effect that could result from the abilities of

SAA1 to activate these cells through TLR4 and TLR2 [22,23]. To

determine whether exposure to the transgenic SAA1 led to desensiti-

zation of TLR4, mouse BMDMs were preincubated with a sub-

activation dose of SAA1 (10 nM) before stimulation with LPS

(100 ng/ml). As shown in Fig EV2, preincubation with SAA1 poten-

tiated the LPS-induced phosphorylation of ERK and p38 MAPK.

Similar results were obtained from studies of bone marrow-derived

neutrophils. In the latter cells, preincubation with SAA1 at a sub-

activation dose (10 nM) did not desensitize subsequent response to

WKYMVm (W-pep, a potent agonist for the formyl peptide receptors

1 and 2; [24]) based on the induced phosphorylation of ERK and

p38 MAPK (Fig EV3). Finally, transgenic expression of human SAA1

in mice did not abrogate migration of neutrophils and lymphocytes

to peritoneal cavity in response to WKYMVm or SAA1 (Fig EV4).

These results indicate that low-level expression of transgenic SAA1

in unchallenged mice did not alter host phagocyte response to LPS

or WKYMVm through desensitization.

Discussion

Different models of SAA expression have been established to mimic

SAA production during acute-phase response. Webb et al [25]

conducted adenovirus vector-mediated expression of SAA1 in apoA-

I-deficient mice. The adenoviral vector-mediated expression results

in systemic elevation of SAA in the plasma and is therefore suitable

for studies of SAA interaction with plasma components. Because

acute-phase SAA is found in all inflammatory tissues, studies of

SAA in these tissues have drawn increasing attention after reports of

its immunomodulatory activities in the intestine [15,16]. The

present study uses a transgenic approach to generate mice with

inducible expression of acute-phase SAA1 in macrophages in order

to study the regulatory functions of SAA1 in tissues where macro-

phages are abundant and contribute to local inflammation and

immunity. In addition to the inducible feature, our approach allows

for the production of lipid-free or lipid-poor SAA1 proteins that are

crucial to studies of its interaction with cell surface receptors and

pathogen-derived molecules such as LPS. The forms and sites of

SAA production are important to experimental design, given that

SAA in lipid-bound and lipid-free forms may produce different

biological functions [26,27].

Using the SAA1 transgenic mice, we report for the first time that

acute-phase SAA1 offers partial protection against LPS-induced

inflammation and acute lung injury through direct binding to LPS

and promotion of its clearance. Of interest, the protective effect was

observed in mice undergoing CLP or receiving LPS administration,

but not in mice receiving i.t. instillation of TNFa. Corroborating

these observations, in vitro assays demonstrate binding of SAA1

with LPS and formation of a complex between SAA1 and LPS. The

SAA1-Tg mice had lower plasma endotoxin level and higher

survival rate than the WT mice following CLP, demonstrating a

protective effect of the transgenic SAA1. Further supporting a

protective role for SAA1, disruption of the SAA1-LPS interaction by

a SAA1-derived peptide exacerbated lung inflammation and elevated

serum endotoxin level following CLP. These observations show that

inducible expression of acute-phase SAA1 may protect host against

Gram-negative bacterial infection by reducing LPS-induced tissue

injury.

A prominent feature of the SAA1-LPS interaction is the resulting

complex that promotes LPS uptake by macrophages. Accelerated

removal of LPS contributes to attenuated lung inflammatory cyto-

kine expression, reduced neutrophil infiltration and microvascular

leakage, and improved survival following CLP and systemic admin-

istration of LPS. Binding of SAA1 to LPS is shown using biotin-LPS

and SAA1 produced in both E. coli and HEK 293 cells, suggesting

that the source of the recombinant SAA1 is not critical to the interac-

tion of SAA1 and LPS. In addition, surface plasmon resonance anal-

ysis has confirmed a direct interaction between SAA1 and LPS.

◀ Figure 6. Blocking LPS interaction by Pep 2 partially reverses the protective action of SAA1.

A Sequence of mature human SAA1 showing positions of the five peptides.
B, C Peptide blockade of biotin-LPS interaction with SAA1 as a function of different LPS concentrations (B, with each peptide used at 10 lM each), and by different

concentrations of the peptide tested (C, with biotin-LPS used at 10 ng/ml). Human SAA1 was used at a concentration of 1 lg/ml. Data shown are means � SEM
based on three measurements.

D–F SAA1-Tg mice (n = 5 in each group) that underwent CLP or sham operation were given i.v. Pep 2 or a peptide with scrambled sequence (N-KNADFDRKRYANRDYY-
C) at 50 lg/mouse. After 24 h, serum levels of endotoxin (D), IL-6 (E) and TNFa (F) were measured.

G–I Same as in (D–F) but the procedures were carried out in WT mice (n = 5 each group).
J–L Lungs were removed from WT mice that underwent CLP and received either Pep 2 or the control peptide, as described above for (D, E and F). Lung tissue MPO

activity (G), lung tissue IL-6 (H), and TNFa (I) were determined as described in Materials and Methods.
M, N In vivo effect of disrupting LPS-SAA interaction by Pep 2. To test in vivo the effect of Pep 2 on SAA1-LPS interaction (M), biotin-LPS was diluted with unconjugated

LPS (2:13) and injected i.p. into WT C57BL/6 mice (n = 10) at a dose of 15 mg LPS/kg body weight. Either Pep 2 or the control peptide with scrambled sequence
(50 lg/mouse) was given i.v. immediately following LPS administration. After 24 h, mouse plasma was collected and SAA protein was captured in a 96-well plate
pre-coated with an anti-SAA1 antibody (clone 202D7, see Materials and Methods). After incubation for 2 h, unbound SAA1 and LPS were removed, and
streptavidin-HRP was used for detection of the biotin-LPS bound to the captured SAA1. As a control, plasma was collected from mice receiving unconjugated LPS
(15 mg/kg) without peptide injection. The amount of bound biotin-LPS was measured at OD450 and normalized against the amount of captured SAA protein which
was determined using ELISA. In (N), the endotoxin levels in the three testing groups described above were detected using an LAL kinetic kit as described in the
Materials and Methods.

Data information: Data shown in (D–L) are means � SEM based on three independent experiments and with five mice in each testing group. *P < 0.05 and **P < 0.01
between groups receiving Pep 2 and the control peptide, with one-way ANOVA for multiple comparisons. Data in (M, N) are shown as mean � SEM. **P < 0.01,
*P < 0.05, determined with unpaired two-tailed Student’s t-test.
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Finally, native polyacrylamide gel electrophoresis identifies an

SAA1-LPS complex that migrates at reduced speed and overlaps

with the expected position of LPS in the gel. Flow cytometry anal-

ysis and fluorescent confocal microscopy demonstrate enhanced

uptake of FITC-LPS by macrophages in the presence of SAA1. The

improved LPS uptake by tissue macrophages is consistent with

reduced serum endotoxin levels in Tg mice receiving CLP. SAA1-

LPS interaction is important for improved LPS clearance, as a

SAA1-derived peptide has been shown to inhibit SAA1-LPS-

binding in vitro and partially negates the endotoxin-lowering effect

in vivo.

In addition to facilitating LPS removal through SAA1-LPS

complex formation, there may be other mechanisms that contribute

to the observed anti-inflammatory and tissue-protecting effects of

the transgenic SAA1. Our study investigated the possibility that

SAA1 binding neutralizes the proinflammatory activities of LPS.

However, incubation of LPS with SAA1 under conditions that

promote complex formation did not abrogate their ability to induce

macrophage response such as agonist-induced phosphorylation of

ERK and p38 MAPK. It is notable that although both LPS and SAA1

can activate TLR4 and SAA1 can additionally activate TLR2, no

additive or synergistic effect was observed when both LPS and

SAA1 were used together. These findings suggest that SAA1 may

serve as an LPS antagonist or blocker. The possibility that sustained

exposure to transgenic SAA1 leads to desensitization of TLR4 signal-

ing was excluded since exposure of BMDMs to a low dose of SAA1

did not reduce LPS-stimulated phosphorylation of ERK and p38

MAPK, and preincubation with SAA1 potentiated LPS-induced ERK

phosphorylation. Similar results were obtained in bone marrow-

derived neutrophils, in which SAA1 preincubation did not attenuate

subsequent response to WKYMVm, a potent agonist of the formyl

peptide receptor 2 (FPR2) that is also a receptor of SAA1. Finally,

increased IL-10 production in the lung tissue of CLP- and LPS-

treated mice may contribute to the observed anti-inflammatory

effect of SAA1; however, its role seems to be limited to the specific

organ and tissues as the serum level of IL-10 was not significantly

increased in the Tg mice.

Published studies have shown that SAA1 is proinflammatory and

its expression is expected to exacerbate tissue inflammation and

injury [10,28]. However, transgenic expression of SAA1 did not

induce spontaneous inflammation, nor did it raise the basal level of

endogenous proinflammatory cytokines in the present study. In

contrast, the transgenic mice receiving CLP or LPS administration

showed lower expression levels of TNFa, IL-6, and IL-1b than the

WT mice. It is notable that the majority of studies showing the

proinflammatory properties of SAA was conducted in vitro using a

recombinant human SAA protein containing an added methionine at

the N-terminus and two swapped amino acids from SAA2 at posi-

tions of 60 and 71. These substitutions may have altered the proper-

ties of the recombinant SAA protein [17,29,30]. Another study

showed that SAA1 proteins purified from patients lacked the ability

to induce proinflammatory cytokine expression but could induce G-

CSF expression in mouse monocytic cells in a TLR2-dependent

manner [26]. It is important to note that the biological activities of

SAA1 are subject to regulation by factors present in specific tissue

microenvironment. For example, binding to plasma HDL abrogates

the cytokine-like activities of SAA proteins [26]. Moreover,

increased secretion of proteases such as cathepsin B and cathepsin

D in inflammatory tissues may accelerate proteolysis of mature SAA

proteins [31], resulting in SAA fragments with properties that differ

from those of full-length SAA [32,33]. These findings suggest that

acute-phase SAA may play different roles in different tissue

microenvironment.

The structural basis for SAA1 interaction with LPS has not been

identified. Mature SAA1 is a 104-amino acid peptide with four

alpha-helices [9]. The well-documented beta-pleated sheets in

amyloid A were, however, entirely missing from the solved crystal

structure. A recent study reports that, under low pH conditions

(pH 3.5–4.5), SAA1 forms soluble oligomers that undergo an a-
helix to b-sheet conversion catalyzed by lipid vesicles [27]. Pep 2

(a.a. 32–47) that disrupts SAA1-LPS interaction overlaps with the

second helix of mature SAA1, suggesting that helix II or a 3D

structure containing helix II is involved in LPS binding. In addi-

tion, the sequence of Pep 2 partially overlaps with SAA fragments

(e.g., a.a. 11–58) that were found recently to suppress LPS-

induced inflammatory response [33]. Based on available informa-

tion, it is predicted that the amphipathic helical domains of SAA1

located in the N-terminal half of mature SAA1 are responsible for

its lipophilic interaction including LPS binding. In addition, SAA

has been reported to bind bacterial outer membrane protein A

[34] and serves as an opsonin for bacterial clearance [35]. This

property of SAA may contribute to the reduced inflammatory

response in CLP-induced acute lung injury. In addition, SAA has

been shown to potentiate neutrophil superoxide generation

through activation of NADPH oxidase, thereby promoting killing

of invading bacteria [36].

The present study may be physiologically relevant since LPS is

one of the potent inducers of acute-phase SAA such as SAA1, and

elevated SAA1 may bind LPS and promotes it clearance through a

feedback mechanism. During acute-phase response, large amounts

of SAA proteins are produced by hepatocytes and are subsequently

released into blood circulation, where the newly synthesized SAA

displaces ApoA-I and becomes a major apoprotein of HDL3 [37].

HDL is a major plasma protein that binds LPS and plays an impor-

tant role in LPS removal [38,39]. In addition, expression of acute-

phase SAA by tissue macrophages may promote LPS clearance,

thereby reducing plasma endotoxin levels. Rapid LPS removal

occurs in the liver through HDL interaction with receptors on liver

sinusoidal endothelial cells, whereas macrophage uptake provides a

sustained means for LPS removal from tissues infected with Gram-

negative bacteria [39,40]. The scavenge receptor SR-BI [41,42], that

is one of the SAA receptors, has been shown to mediate internaliza-

tion of the SAA1-LPS complex [43]. Collectively, our findings

suggest that tissue expression of SAA1 promotes clearance of LPS

in infected tissues, thereby contributing to reduced endotoxin levels

in the plasma. Future studies will be extended to sepsis patients in

order to confirm a physiological role for acute-phase SAA in LPS

clearance.

In conclusion, the present study has led to the identification of

acute-phase SAA1 as an LPS-binding protein that limits the proin-

flammatory activities of LPS in mouse models of acute lung injury.

Unlike HDL, a major LPS-binding protein with reduced concentra-

tion in septic plasma, SAA expression is markedly increased

following bacterial infection and therefore can play an active role

in LPS binding and removal. The present study is limited only to

one of the inducible acute-phase SAA proteins. It is therefore
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unclear whether other forms of SAA proteins, including SAA2 and

SAA3, are also involved in LPS binding and clearance. Studies of

different subtypes of SAA proteins have been conducted using

mouse models of colitis and SAA gene knockout mice. These stud-

ies have shown that SAA1/2 and SAA3 display similar functions in

host defense but the pattern of their induced expression is dif-

ferent. As a result, SAA1/2 and SAA3 play different but partially

overlapping roles in the maintenance of antimicrobial activity and

epithelial integrity, respectively [44,45]. Additional studies using

SAA gene knockout mice will likely identify the different functions

of these SAA subtypes in lung physiology. Despite these limita-

tions, the findings of this study provide a clearer although no less

complicated picture of SAA as an endogenous protein produced

under various stress conditions that protects host against environ-

mental insults. Future studies will focus on the mechanisms under-

lying the differences between in vitro assays of SAA1 and in vivo

studies of the SAA1-Tg mice, including possible cleavage of SAA

at sites of inflammation, the functional difference of SAA mono-

mers and oligomers and the resulting preference for different SAA

receptors. Understanding the protection mechanisms of acute-

phase SAA may help to develop novel therapies for infectious and

inflammatory diseases.

Materials and Methods

Animal studies

All procedures involving mice were carried out at the University of

Illinois at Chicago and were approved by the Institutional Animal

Care and Use Committee (IACUC) of the university. For all experi-

ments with transgenic mice, WT littermate controls of both genders

were used. A randomized approach of choosing mice was used

throughout the study, using all mice with the correct genotype with-

out bias.

Reagents

Rabbit anti-human SAA antibody (H-84, sc-20651) was purchased

from Santa Cruz Biotechnology. Rat anti-CD68 antibody (FA-11,

ab53444) was obtained from Abcam. Mouse cytokines IL-6 and

TNFa ELISA kits were obtained from Invitrogen (Carlsbad, CA,

USA). Anti-mouse SAA1 monoclonal antibody (clone 202D7) was

made in house against recombinant mouse SAA1 protein. Rabbit

anti-Phospho-p44/42 MAPK (ERK1/2, Thr202/Tyr204) (197G2)

monoclonal antibody, rabbit anti p44/42 MAPK (ERK1/2) antibody

(9102S), rabbit anti-Phospho-p38 MAPK (Thr180/Tyr182) antibody

(9211S), rabbit anti-p38 MAPK Antibody (9212S), and anti-GAPDH

antibody (5174S) were purchased from Cell Signaling Technology

(Danvers, MA, USA). LPS and FITC-labeled LPS from E. coli O111:

B4, and 3,30,5,50-tetramethylbenzidine for myeloperoxidase activity

determination assay were purchased from Sigma-Aldrich (St. Louis,

MO, USA). Biotinylated LPS from E. coli O111:B4 (LPS-EB Biotin)

was obtained from InvivoGen (San Diego, CA, USA). Peptides used

in the study were synthesized at the Protein Research Laboratory of

the University of Illinois at Chicago, with purity of 95% or above

tested by HPLC. Recombinant murine TNFa was purchased from

PeproTech (Rocky Hills, NJ, USA).

Generation of transgenic mice expressing human SAA1

The plasmid containing the human scavenger receptor A (SR-A)

promoter/enhancer and other elements (pAL1) [18,19] necessary

for chimeric transgene construction was a generous gift of Dr.

Christopher Glass (University of California, San Diego). For macro-

phage-specific expression of SAA1, a 2.97-kb genomic DNA of

human SAA1 gene was cloned into the EcoRI and BamHI sites

between the SR-A promoter and the human growth hormone splic-

ing and polyadenylation sites (Fig 1A). Correct insertion of the

chimeric transgene was confirmed by DNA sequencing. The SRA-

hSAA1 transgene (8.97 kb) was isolated by digestion with XhoI and

NotI, purified by agarose gel electrophoresis, and injected into fertil-

ized mouse eggs obtained from superovulated female mice (FVB/

N). The injected eggs were transferred to surrogate females.

Offspring was screened for integration of the transgene by PCR

amplification of genomic DNA with the upstream primer 50-TT
GCTGAGGCCTGCCAGGAACTAGG-30 and the downstream primer

50-AGTGATGCGTCTACCTGGCAAGAGCC-30, with an expected

837 bp product. Southern blot analysis was further performed on

genomic DNA to confirm transgene integration in the transgenic

founder lines. Transgenic mice that had incorporated the transgene

into the germ line were bred and backcrossed with C57BL/6 mice

for over 10 generations. All experiments involving mice were

conducted at the University of Illinois at Chicago using protocols

approved by the Institutional Animal Care and Use Committee of

the University, based on National Institutes of Health Guide for the

Care and Use of Laboratory Animals.

Measurement of human SAA1 expression

WT and SAA1-Tg mice were injected intraperitoneally with 2 ml of

3% thioglycollate solution, and macrophages were harvested 3 days

later by lavage of the peritoneal cavity. The peritoneal macrophages

were resuspended in RPMI 1640 with 10% fetal bovine serum and

allowed for adhesion to cell culture dishes for 24 h. Total RNA from

the adherent cells was extracted using RNeasy plus kit (Qiagen,

Hilden, Germany). The protein and total RNA were extracted from

different mouse tissues using RIPA buffer (Cell Signaling Technol-

ogy) and TRIzol (Invitrogen). The tissue expression profile of

human SAA1 was determined by real-time PCR with primers 50-
CTGCAGAAGTGATCAGCG-30 and 50-ATTGTGTACCCTCTCCCC-30.
Protein expression of the transgenic SAA1 in various mouse tissues

was estimated by Western blotting with an antibody selective for

human SAA.

Cecal ligation and puncture (CLP) sepsis model

CLP sepsis was induced as described previously [20]. In brief, mice

(12- to 16-week-old with equal number of each gender) were anes-

thetized by intraperitoneal administration of ketamine (100 mg/kg

body weight; same below) and xylazine (8 mg/kg). The cecum was

ligated at about 1 cm from the end and then subjected to a double

“through and through” perforation with a 22-gauge needle. Sham-

operated mouse underwent the same procedure except for ligation

and puncture of the cecum. After the procedure, analgesia

(Buprenorphine, 0.1 mg/kg, s.c.) was applied immediately and

every 24 h thereafter for 3 days. At these time points, volume
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support (prewarmed 0.9% NaCl, 0.05 ml/g body weight) was given

through subcutaneous injection. The survival of mice was observed

every 6 h and analyzed by log-rank test (using Prism software (ver.

5.0) by GraphPad, San Diego, CA, USA). For CLP-induced mouse

lung injury, lung tissue was collected 24 h after sepsis and subject

to immunohistochemistry and cytokine analyses.

Acute lung injury models

LPS- or TNFa-induced acute lung injury models were performed as

previous description [46]. For LPS-induced acute lung injury, mice

(three of each gender) were injected i.p. with LPS at 5–15 mg/kg

body weight. For TNFa-induced acute lung injury, mouse TNFa
(20 lg/kg) was given through intratracheal instillation. Twenty-four

hours after i.p. injection of LPS and 6 h after i.t. instillation of

TNFa, mouse lungs were perfused free of blood and instilled with

10% formalin through trachea at a pressure of 20–25 cm H2O.

Twenty-four hours after fixation, mouse lungs were embedded in

paraffin. Lung sections (5 lm) were made for H&E stain.

Mouse lung microvascular permeability was determined as

described previously [47]. Briefly, mice were i.v. injected with Evans

blue albumin (EBA, Sigma, 20 mg/kg) through tail vein 30 min

before the termination of a 6 h TNFa- or LPS-induced ALI to assess

vascular leakage. After 30 min, the lungs were perfused with PBS

and excised out of thoracic cavity. After homogenization in PBS

(1 ml per 100 mg of lung tissue), lungs were further incubated with

the addition of two volumes of formamide (Sigma) for 18 h at 60°C.

At the end of this incubation, the homogenate was centrifuged at

93,000 g for 30 min and the supernatant was used to determine opti-

cal density spectrophotometrically at 620 nm. A standard curve was

plotted, and EBA concentration in each sample was calculated as

micrograms of Evans blue present in each milligram of lung tissue.

Cytokine expression in mouse lung and serum was measured

24 h after ALI. Transcripts of selected cytokines in mouse lung

tissue were detected by real-time PCR using SYBR Green (Roche).

The cytokine level in mouse serum was detected using ELISA.

Myeloperoxidase (MPO) activity assay

Infiltrating neutrophils in the lungs were detected based on MPO

activity as described previously [48]. Mouse lungs were homoge-

nized in 1.0 ml of 50 mM PBS (pH 6.0). After centrifugation at

13,000 × g for 30 min, the pellet was resuspended in 1 ml of 0.5%

hexadecyltrimethylammonium bromide and treated with two cycles

of freeze, thaw, and sonication. After centrifugation at 13,000 × g

for 20 min at 4°C, the supernatant was incubated with 16 mM of

3,30,5,50-tetramethylbenzidine and 15 mM of H2O2, and absorbance

at 655 nm was measured for 3 min. MPO activity based on lung

tissue protein concentrations was calculated as the changes in

absorbance over time.

Measurement of serum endotoxin

Mouse serum was collected 24 h after induction of sepsis by CLP or

after i.p. injection of LPS. Endotoxin content in serum was detected

using a kinetic Limulus amebocyte lysate (LAL) chromogenic endo-

toxin quantitation kit (Endochrome-KTM kit, Charles River, Wilming-

ton, MA, USA) with slight modification of published methods [49]. In

brief, 50 ll of mouse serum was diluted 1:10 with LAL reagent water

(LRW) provided in the kit and heat-inactivated at 70°C for 15 min.

The heat-inactivated samples were serially diluted 1:2, and aliquots

(100 ll) of samples were transferred to a sterile 96-well plate. LAL

(0.1 ml, ambient temperature) was quickly added to each well. For

detection, standards supplied in the kit with the range from 0.005 to

50 EU/ml, the positive control, negative control, and blood collection

tube control were performed at the same time with serum samples.

Endotoxin concentrations were determined by measuring kinetic

absorbance at 405 nm at 37°C following the instructions of the manu-

facturer, in a SpectraMAX 340 plate reader (Molecular Devices, San

Jose, CA, USA) and plotted as EU per milliliter of serum.

LPS-binding assay

Binding of LPS to SAA1 was detected using biotinylated LPS (biotin-

LPS, InvivoGen). Rabbit anti-SAA antibody (clone H-84, Santa Cruz

Biotechnology) was used for pre-coating a 96-well EIA plate (Sigma-

Aldrich) at 10 lg/ml in PBS at 4°C. After washing with PBST (0.1%

Tween-20 in PBS) for three times, the plate was incubated with

SAA1 at indicated concentrations for 2 h at 37°C. After washing

with PBST three more times, various concentrations of biotin-LPS

from 0 to 1 lg/ml was added to the wells and incubated at 37°C for

1 h. Streptavidin-HRP (Invitrogen) was used to detect biotin-LPS

bond to the immobilized hSAA1 after incubation at 37°C for 30 min.

After washing five times with PBST, the binding of LPS to SAA was

colorized with the addition of the HRP substrate TMB stabilized

chromagen (Invitrogen) and detected at an OD of 450 nm. For SAA1

peptide competition assay, 10 lM of each peptide was preincubated

with 0–1,000 ng/ml of biotin-LPS, or 0–100 lM of each peptide was

preincubated with 10 ng/ml of biotin-LPS at 37°C. After 30 min, the

samples containing the SAA1 peptide and biotin-LPS were loaded

onto a SAA1 immobilized EIA plate. Changes in absorbance at OD

450 nm were taken for samples with and without the competing

peptides and were analyzed against binding of full-length SAA1.

SAA1-LPS complex formation

Complex formation between human SAA1 and LPS was determined

using native PAGE and Western blotting analysis. Biotin-LPS

(100 ng/ml, InvivoGen) was solubilized by sonication in PBS and

incubated with SAA1 (500 ng/ml) for 2 h at room temperature. The

SAA and LPS mixture was loaded onto a 7.5% native gel, and elec-

trophoresis was performed in running buffer containing 25 mM Tris

and 190 mM glycine. Western blots were prepared, and biotin-LPS

was detected using streptavidin-HRP. Human SAA1 was detected

with an anti-human SAA antibody (clone H-84, Santa Cruz Biotech-

nologies). As a control, the SAA1/LPS mixture was also analyzed by

SDS–PAGE to confirm integrity of the protein and equal loading.

LPS uptake and internalization assays

For measurement of LPS uptake, mouse bone marrow-derived

macrophages (BMDM, 1 × 105 cells/ml) were incubated with 1 lg/
ml of FITC-labeled LPS in RPMI 1640 for 4 h at 37°C. After incuba-

tion, BMDM cells were washed twice with PBS and further treated

with 250 lg/ml proteinase K (Sigma-Aldrich) in HBSS for 30 min at

room temperature to remove cell surface protein-bound LPS [50].
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The remaining LPS was taken as intracellular and measured by flow

cytometry. To evaluate the participation of SAA1 in LPS uptake,

BMDM cells were incubated with human SAA1 (1 lM) and FITC-

LPS (1 lg/ml) for 4 h before measurement of FITC-LPS uptake as

described above.

For FITC-LPS internalization, BMDM cells were incubated with

1 lg/ml FITC-LPS with or without 1 lM SAA1 for 4 h at 37°C.

Thereafter, the cells were fixed and permeabilized using 0.1%

Triton X-100. CD68 was visualized using a rat anti-CD68 antibody

(Abcam) and a fluorescently labeled anti-rat IgG as secondary anti-

body (Invitrogen). Nuclei were counterstained with ProLong Gold

(Invitrogen). Images were acquired on a Zeiss LSM 880 confocal

microscope.

Surface plasmon resonance (SPR) analysis

SPR experiments were conducted on a Biacore T200 instrument (GE

Healthcare) by standard amine coupling. Full-length human SAA1

with C-terminal 6 × His was expressed in E. coli (BL21 DE3) and

amine-coupled to a Biacore CM5 sensor chip (3,900 RUs). LPS (from

E. coli O111:B4) was diluted to 100 lg/ml in the HBS-P running

buffer (0.01 M HEPES, pH 7.4, 0.15 M NaCl, 0.005% surfactant

P20) and run sequentially over the immobilized SAA1. The analytes

were injected for 3 min at a flow rate of 25 ll/min and then allowed

to dissociate for 10 min in the running buffer. As a control, GST

instead of SAA1 was used for surface coating.

Statistical analysis

Data were expressed as means � SEM. Differences between groups

of samples were evaluated with Student’s t-test, one-way ANOVA,

or two-way ANOVA with Prism software (GraphPad). A P-value

≤ 0.05 was considered statistically significant.

Data availability

The authors declare that the data supporting the findings of this

study are available within the paper and from the corresponding

author upon reasonable request.

Expanded View for this article is available online.
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