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ABSTRACT

TLRs and complement are critical to the host response
in sepsis, trauma, and ischemia/reperfusion. We hy-
pothesize that TLR stimulation leads to synthesis and
release of complement components by macrophages,
an important source of extrahepatic complement.
RAW264.7 macrophages or peritoneal macrophages
from WT and TLR4-, TLR3-, TRIF-, or MyD88-deficient
mice were cultured under standard conditions. In some
experiments, cells were pretreated with inhibitors of
MAPKSs or a NF-«B inhibitor. Cells were stimulated with
TLR ligands at known stimulatory concentrations. Intra-
tracheal and i.p. injections were also performed in
mice. RT-PCR, Western blotting, and immunocyto-
chemistry were used for analysis. Using a RT-PCR-
based panel, we demonstrate that of 18 complement
components tested, factor B of the alternative pathway
is the most robustly up-regulated complement compo-
nent in macrophages in response to LPS. This up-regu-
lation results in release of factor B into the media. Up-
regulation of factor B by LPS is dependent on TLR4,
TRIF, JNK, and NF-«B. A screen of other TLR ligands
demonstrated that stimulation with poly I:C (dsRNA an-
alog) also results in up-regulation of factor B, which is
dependent on JNK and NF-«B but independent of TLR3
and TRIF. Up-regulation of factor B is also observed af-

Abbreviations: BAL=bronchoalveolar lavage, dsRNA=double-stranded
RNA, EGM-2=endothelial growth media 2, FSL-1=fibroblast-stimulating
lipoprotein-1, KO=knockout, LTA=lipoteichoic acid, MBL=mannose-
binding lectin, MDA-5=melanoma differentiation-associated gene-5,
MPLA=monophosphoryl lipid A, Pam3CSK4 =palmitoyl-3-cysteine-
serine-lysine-4, poly :.C=polyinosine-polyctyidylic acid, PRR=pattern
recognition receptor, RIG-I=retinoic acid-induced protein |, TRAM=Toll/
IL-1R-domain-containing adapter-inducing IFN-B-related adaptor mole-
cule, TRIF=Toll/IL-1R-domain-containing adapter-inducing IFN-B,
WT=wild-type
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ter intratracheal and i.p. injection of LPS or poly I:C in
vivo. PRR stimulation profoundly influences production
and release of factor B by macrophages. Understand-
ing the mechanisms of PRR-mediated complement pro-
duction may lead to strategies aimed at preventing tis-
sue damage in diverse settings, including sepsis,
trauma, and ischemia/reperfusion. J. Leukoc. Biol. 88:
609-618; 2010.

Introduction

TLRs are a family of transmembrane receptors that play a criti-
cal role in innate immunity [1]. By recognizing conserved mi-
crobial motifs, they alert the host to the presence of microbial
invaders and initiate an inflammatory response [2]. TLRs rec-
ognize a variety of microbial ligands. It has also been demon-
strated that some TLRs can sense the presence of endogenous
molecules released from stressed, damaged, or ischemic tissues
[3]. All known TLRs, with the exception of TLR3, signal
through the adaptor protein known as MyD88 [4]. TLR3 uses
an alternative adaptor known as TRIF [5, 6]. TLR4 is unique
in that it is able to use the MyD88- and TRIF-dependent path-
ways. Activation of TLR4 through the MyD88-dependent path-
way ultimately results in NF-«B activation and release of proin-
flammatory cytokines, whereas the TRIF pathway results in ac-
tivation of IFN regulatory factors 3 and 7 and type I IFN
production, as well as delayed activation of NF-kB [7].

The complement system is an intricate, tightly regulated net-
work of serum and membrane-bound proteins that also plays a
critical role in the host response to microbial invasion. Com-
plement is activated through one of three major pathways, in-
cluding the classical, alternative, and lectin pathways. In the
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classical pathway, Clq binds to antigen-antibody complexes to
trigger activation of the complement cascade. MBL and fico-
lins bind directly to microbial surfaces and activate the com-
plement cascade through the lectin pathway. In the alternative
pathway, spontaneously hydrolyzed C3 or C3b bound to micro-
bial surfaces binds to factor B, which in turn, leads to activa-
tion of the alternative pathway of complement.

In addition to its role in host defense, complement can rec-
ognize damaged host cells and plays a major role in clearing
cell debris and damaged or apoptotic cells [8]. Interestingly,
more recent observations demonstrate that complement pro-
duced locally at sites of inflammation by cells outside of the
liver contributes to the pathogenesis of organ injury in the
setting of ischemia [9-11]. Macrophages are important
sources of extrahepatic complement, and these cells have been
shown to modulate the synthesis and release of complement
components dynamically [12, 13].

The interface between TLR regulation of innate immune
responses and the complement system is poorly understood.
Cba has been shown to modulate the response to TLR4 in
macrophages [14]. How TLR stimulation modifies or regulates
the complement system is less clear. In this study, we under-
took experiments to determine if TLR stimulation regulates
the synthesis of key complement components in macrophages.
We found that factor B synthesis and release by macrophages
are markedly stimulated in response to the ligands LPS and
poly L:C but not other TLR ligands. Although previous studies
have also demonstrated up-regulation of factor B in response
to these ligands, the underlying molecular mechanisms have
not been defined [15-20]. We demonstrate here that TLR4
stimulation or activation of RNA-sensing mechanisms results in
synthesis and release of factor B by macrophages through dis-
tinct but overlapping mechanisms.

MATERIALS AND METHODS
Reagents

All tissue-culture plates and flasks were purchased from Corning (Corning,
NY, USA). Ultrapure LPS (Escherichia coli 0111:B4, TLR4 ligand) was pur-
chased from List Biological Laboratories, Inc. (Vandell Way, CA, USA).
Polymyxin B and NF-kB activation inhibitor were from Sigma Chemical Co.
(St. Louis, MO, USA). Inhibitors of p38 (SB 203580), JNK (JNK inhibitor
II in solution), and ERK (98059) were purchased from Calbiochem (San
Diego, CA, USA). Pam3CSK4 (TLR2/1 ligand), purified LTA from Staphylo-
coccus aureus (TLR2 ligand), poly I:C (TLR3 ligand), FSL-1 (TLR2/6 li-
gand), purified flagellin from Bacillus subtilis (TLR5 ligand), Imiquimod
(R837), CpG oligonucleotide1826 (TLRY ligand), and synthetic MPLA were
all from Invivogen (San Diego, CA, USA). The poly I:C used in these ex-
periments has been tested by Limulus amoebocyte lysate assay, and LPS was
not detectable (minimum sensitivity of 0.125 EU/ml). Concentrations of
ligands and inhibitors are indicated in the corresponding figure legends.
Lipofectamine 2000 was purchased from Invitrogen (Carlsbad, CA, USA).
poly I:C was complexed with Lipofectamine 2000, according to the manu-
facturer’s instructions. Lipofectamine 2000 (1 wL) was used for each 1 ug
poly I:C.

Cells and cell culture

RAW 264.7 cells (American Type Culture Collection, Manassas, VA, USA)
were maintained in DMEM containing 10% FBS, 2 mM L-glutamine, and
100 U/ml penicillin and streptomycin. HUVECs were cultured in Clonetics
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EGM-2 supplemented with EGM-2 BulletKit, per the manufacturer’s in-
structions (Lonza, Basel, Switzerland). Cultures were maintained 37°C in a
humidified atmosphere of 5% CO, and 95% air.

Thioglycollate-elicited peritoneal macrophages were collected 6 days af-
ter i.p. injection of 1 ml 3% Brewer thioglycollate (Sigma Chemical Co.) by
peritoneal washout with 5 ml PBS. Cells were subsequently pelleted, resus-
pended, and plated in RPMI 1640 (Invitrogen) containing 10% FBS, 2 mM
L-glutamine, and 100 U/ml penicillin and streptomycin. The cell popula-
tions obtained contained >96% macrophages. All cell culture experiments
were performed in triplicate.

Western blot analysis

Samples were separated by SDS 10% PAGE and transferred onto a nitrocel-
lulose membrane, which was blocked for 1 h in 5% milk in TBST, followed
by immunostaining with optimized dilutions of primary antibody in 1%
milk in TBST overnight at 4°C. Factor B antibody (1:5000) was obtained
from Quidel Corp. (San Diego, CA, USA). Anti-B-actin mAb was obtained
from Novus Biologicals (Littleton, CO, USA). Membranes were washed
three times for 10 min in TBST, and antibody binding was detected with
HRP-conjugated secondary antibodies in a standard ECL reaction, accord-
ing to the manufacturer’s instructions (Pierce, Rockford, IL, USA) and ex-
posed to Kodak X-Omat film. B-Actin was used as a loading control in ex-
periments involving cell lysates, and in experiments involving cell culture
supernatants, equal volumes of supernatant were loaded into each well.

Immunocytochemistry

RAW264.7 cells on coverslips were fixed with 4% paraformaldehyde
(Canemco-Marivac, Quebec, Canada) for 15 min, permeabilized with 0.1%
Triton X-100 in PBS for 10 min, and blocked with 2% BSA for 1 h. Cells
were then washed five times with 0.2% BSA, incubated with antibodies
against factor B (1:100, Quidel Corp.), and counterstained with a high-af-
finity probe for F-actin rhodamine phalloidin from Invitrogen (1:250) and
DRAQ) (1 uM, Alexis Corp., Lausen, Switzerland). After washing, cells
were then incubated with Alexa 488-conjugated secondary antibodies from
Jackson ImmunoResearch Laboratories (West Grove, PA, USA).

Comparative RT-PCR

RNA from cultured cells was isolated using a silica gel-based method
(RNEasy Miniprep kits, Qiagen, Valencia, CA, USA), according to the man-
ufacturer’s instructions. Reverse transcription reactions were performed
using 1 ug RNA and Omniscript RT (Qiagen). Prevalidated primers for
Clq B, Clr, Cl1 s, C2, C3, C4 «, C4 B, factor B, factor D, properdin, C5,
C6, C7, C8 a, C8 B, C8 1y, C9, MBL, and B-actin were obtained from Qia-
gen. Comparative PCR was performed using Brilliant SYBR Green QPCR
Master Mix kits obtained from Stratagene (La Jolla, CA, USA). All samples
were assayed in duplicate. Mx3000P instrument and software were used for
analysis with results normalized to actin levels and compared with baseline-
untreated cells.

ELISAs

Levels of TNF-« in cell culture supernatants were measured 6 h after
stimulation with PRR ligands using Quantikine immunoassay systems
(R&D Systems, Minneapolis, MN, USA), according to the manufac-
turer’s instructions. Levels of IFN-B in cell culture supernatants were
measured 6 h after stimulation with PRR ligands using the mouse IFN-3
ELISA kit (PBL Biomedical Laboratories, Piscataway, NJ, USA), accord-
ing to the manufacturer’s instructions.

Mice

Male WT (C57/BL6) mice (8—12 weeks old) were purchased from the Jack-
son Laboratory (Bar Harbor, ME, USA). MyD88 KO mice were provided by
Dr. Ruslan Medzhitov (Howard Hughes Medical Institute, Yale University,
New Haven, CT, USA). TRIF-deficient (Trif'***/""5?) mice were provided
by Dr. Bruce Beutler (Scripps Institute, La Jolla, CA, USA). Male C57Bl/
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10ScNJ-Tlr4 (TLR4 KO) and C57B1/10] controls (WT) were purchased
from the Jackson Laboratory. Mice that are homozygous for a targeted mu-
tation in TLR3 (B6;1QQSI—TIrS”’”Fh’/j) and their WT counterparts
(B6129SF2/]) were also purchased from the Jackson Laboratory. Animals
used in all experiments were maintained in laminar flow cages in a specific
pathogen-free atmosphere at the University of Pittsburgh (Pittsburgh, PA,
USA). A standard diet and water were provided ad libitum. MyD88-defi-
cient mice were provided water, supplemented with trimethoprim (4 mg/
ml) and sulfamethoxazole (40 mg/ml) until 8 weeks of age. Antibiotics
were stopped for at least 2 weeks prior to mice being used in experiments.
Experimental protocols were approved by the Animal Care and Use Com-
mittee of the University of Pittsburgh, and all experiments were performed
in adherence to the National Institutes of Health Guidelines for the use of
laboratory animals.

In vivo LPS/poly I:C injections
Intratracheal injection of LPS and poly I:C

Mice were anesthetized with 50 mg/kg ketamine and 5 mg/kg xylazine,
administered via i.p. injection. A tracheotomy was performed with a 20-
gauge catheter, and LPS (30 ng/kg in 200 ul saline; n=4), poly I:C (30
ug/kg in 200 ul of saline; n=4), or saline (200 ul; n=4) alone was admin-
istered intratracheally. Alveolar macrophages were harvested by BAL, as
described previously [21]. An immunomagnetic separation system (BD Bio-
sciences PharMingen, San Diego, CA, USA) was used to isolate alveolar
macrophages from BAL fluid. Magnetic nanoparticle-conjugated antibodies
(anti-mouse Gr-1, anti-CD4, anti-CD8, and anti-CD45R/B220 antibodies; BD
Biosciences PharMingen) were chosen to label and remove polymorphonu-
clear leukocytes and lymphocytes. The resulting cells consisted of >98%
macrophages, and cell viability was >95%.

i.p. injection of LPS and poly I:C
Brewer thioglycollate (1 ml 3%; Sigma Chemical Co.) was injected into the
peritoneal cavity of each mouse. After 6 days, 1 ml PBS (n=4), 10 ng LPS
in 1 ml PBS (n=4), or 10 ug poly I:C in 1 ml PBS (n=4) was injected into
the peritoneal cavity. After 6 h, peritoneal washout was performed using 5
ml ice-cold PBS to collect cells. The cell populations obtained contained
>96% macrophages. Cells were subsequently pelleted, and RNA was har-
vested for RT-PCR as described above.

Statistical analysis

Data are presented as mean * sp. Experimental results are analyzed for
their significance by Student’s #test or ANOVA using SigmaStat (SPSS, Chi-
cago, IL, USA). Significance was established at the 95% confidence level (P
<0.05).

RESULTS

Activation of TLR4 signaling by LPS results in
synthesis and release of complement factor B by
macrophages

We hypothesized that stimulation of TLR4 on macrophages
with LPS would modulate synthesis and release of complement
components by the macrophage. To test this hypothesis,
RAW264.7 macrophages in culture were stimulated with LPS.
Comparative RT-PCR with primers specific for 18 components
of the complement cascade was used to evaluate changes in
mRNA transcript levels. After stimulation with LPS, we ob-
served robust (15-fold; P<<0.001) up-regulation of factor B
mRNA (Fig. 1A). Modest up-regulation of properdin mRNA
was also observed (2.1-fold; P<0.01). Because of the substan-
tial increase in factor B mRNA, we chose to study this further.
To confirm that factor B protein was also up-regulated after
stimulation of RAW264.7 cells by LPS, we performed Western
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blotting and immunohistochemistry with antibodies specific
for factor B. As shown in Figure 1, B and C, factor B protein
was detected in the cells after stimulation with LPS. Release of
factor B into the media was observed (Fig. 1D). Polymyxin B
binds to LPS and prevents it from activating TLR4 signaling.
To confirm that LPS, rather than another microbial contami-
nant of the LPS preparation, is responsible for these results,
we stimulated RAW264.7 macrophages again with LPS and as-
sayed for factor B. Addition of polymyxin B into cell culture
media prevented increased synthesis of factor B protein, sug-
gesting that LPS, rather than a contaminant, is responsible for
these observations (Fig. 1E).

We next hypothesized that LPS would stimulate up-regula-
tion of factor B in macrophages in vivo. To test this hypothe-
sis, we performed intratracheal injections of LPS or carrier,
harvested alveolar macrophages, and measured levels of factor
B mRNA by comparative RT-PCR. We found that factor B
mRNA was significantly (2.8-fold; P<<0.001) up-regulated in
alveolar macrophages after LPS injection (Fig. 1F). In separate
experiments, macrophages were elicited into the peritoneal
cavities of mice using thioglycollate injections. LPS or carrier
was then injected into the peritoneal cavity, peritoneal macro-
phages were harvested, and comparative RT-PCR was per-
formed. Similarly, increased synthesis of factor B mRNA (2.7-
fold increase; P<<0.001) was also observed in peritoneal macro-
phages treated with LPS compared with controls in these
experiments (Fig. 1G).

To confirm that TLR4 signaling is responsible for up-regula-
tion of factor B mRNA and protein, peritoneal macrophages
were harvested from TLR4 WT mice and mice deficient in
TLR4 and stimulated with LPS. Robust up-regulation of factor
B mRNA (7.5-fold compared with unstimulated cells; P<0.001)
and protein was observed after stimulation of WT cells with
LPS. However, this response was completely absent in TLR4-
deficient cells (Fig. 2, A and B). In addition, there was an in-
crease in factor B levels in cell culture supernatants after stim-
ulation of WT cells with LPS compared with untreated WT
controls. However, there was no appreciable increase in factor
B levels in cell culture supernatants from TLR4-deficient mac-
rophages compared with untreated controls (Fig. 2C). To-
gether, these observations demonstrate that upon stimulation
by LPS, TLR4 signaling results in robust up-regulation of fac-
tor B in the macrophage.

poly I:C stimulates synthesis and release of
complement factor B by macrophages

Having established that TLR4 stimulation leads to a selective
and robust increase in factor B expression, we sought to deter-
mine if ligands that trigger signaling through other TLR fam-
ily members regulate factor B expression in macrophages,
which were stimulated with a variety of TLR ligands at known
stimulatory concentrations. Of the ligands tested, only poly
I:C, a synthetic analog of dsRNA, which is known to stimulate
TLR3, resulted in significant up-regulation (19.6-fold com-
pared with unstimulated cells; P<0.001) of factor B mRNA 6 h
after addition to RAW264.7 cell cultures (Fig. 3A). We next
confirmed that stimulation of RAW264.7 macrophages with
poly I:C resulted in up-regulation of factor B protein by West-
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Figure 1. LPS stimulates comple-
ment factor B synthesis and re-
lease by macrophages. (A) RAW
264.7 macrophages were
treated with LPS (10 ng/ml)
for 6 h. Comparative RT-PCR
with primers specific for com-
plement components was per-
formed. (B) RAW 264.7 macro-
phages were treated with LPS
(10 ng/ml) for 24 h. Cell ly-
sates were harvested, and factor
B protein production was con-
firmed by Western blot. B-Actin
was used as a loading control.
(C) RAW 246.7 macrophages
were treated with LPS (10 ng/
ml) for 24 h. Factor B protein
production was confirmed by im-
munocytochemistry. (D) RAW
264.7 macrophages were treated
with LPS (10 ng/ml) for 24 h.
Cell culture supernatants were
analyzed for factor B by Western
blot. Equal volumes of cell culture
supernatants were loaded into
each well. (E) RAW 264.7 macro-
phages were treated with LPS (10
ng/ml) for 24 h in the presence
or absence of polymyxin B. Cell
lysates were harvested, and factor
B protein production was con-
firmed by Western blot. B-Actin
was used as a loading control.

(F) Intratracheal injections of LPS
or carrier were performed in
mice. After 6 h, alveolar macro-
phages were harvested, and com-
parative RT-PCR for factor B was
performed. *, P < 0.001, versus
control. (G) Macrophages were
elicited into the peritoneal cavities
of mice using thioglycollate. After
6 days, i.p. injections of LPS or
carrier were performed. At 6 h
after injection of LPS, macro-
phages were harvested, and com-
parative RT-PCR for factor B was
performed. *, P < 0.001, versus
control.
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ern blot (Fig. 3B) and by immunocytochemistry (Fig. 3C). In a ing media from cells treated with poly I:C or carrier and per-

separate set of experiments, up-regulation of factor B mRNA forming Western blots with antibodies specific for factor B.
and protein after treatment of macrophages with poly I:C was The results of these experiments demonstrate that factor B is
not abrograted by addition of polymyxin B in the cell culture released into the cell culture media after stimulation with poly
media, indicating that the effects of poly I:C are not attribut- I:C (Fig. 3D). To evaluate whether poly I:C would result in
able to LPS contamination (data not shown). up-regulation of factor B in vivo, intratracheal and i.p. injec-
We next tested whether factor B is released into the extra- tions of poly I:C or carrier were performed (Fig. 3, E and F).
cellular environment after stimulation by poly I:C by harvest- Significant (P<<0.001) up-regulation of factor B mRNA was ob-
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Figure 2. Stimulation of TLR4 by LPS results in synthesis and release
of complement factor B by macrophages. Thioglycollate-elicited peri-
toneal macrophages were elicited into the peritoneal cavities of WT
and TLR4 KO mice by i.p. injection of thioglycollate. Macrophages
were harvested after 6 days. (A) Peritoneal macrophages from WT and
TLR4 KO mice were stimulated with LPS (10 ng/ml) for 6 h, RNA was
harvested, and comparative RT-PCR was performed. *, P < 0.001, ver-
sus WT control; #, P < 0.001, versus WT stimulated with LPS. (B) Peri-
toneal macrophages from WT and TLR4 KO mice were stimulated
with LPS (10 ng/ml) for 24 h, cell lysates were harvested, and Western
blotting for factor B was performed. S-Actin was used as a loading con-
trol. (C) Peritoneal macrophages from WT and TLR4 KO mice were
stimulated with LPS (10 ng/ml) for 24 h. Cell culture supernatants
were analyzed for factor B by Western blot. Equal volumes of cell cul-
ture supernatants were loaded into each well.

served in macrophages stimulated with poly I:C administered
by intratracheal (13.8-fold) and i.p. (4.5-fold) injection.

Factor B synthesis was not observed after stimulation with
TLR ligands other than LPS and poly I:C (Fig. 3A). To con-
firm that TLR activation was achieved when cells were stimu-
lated with TLR ligands used in this experiment, the levels of
TNF-a and IFN-B in the cell culture supernatant were mea-
sured. Release of TNF-a and/or IFN-B was observed after treat-
ment of RAW264.7 with TLR ligands used here, indicating that
cell activation was achieved (Fig. 3, G and H).
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Cytoplasmic dsRNA sensors, rather than TLR3,
mediate up-regulation of factor B after stimulation
with poly I:C

The presence of dsRNA can be detected by the innate im-
mune system by TLR3 or by cytoplasmic sensors, including
RIG-like helicases, such as RIG-I or MDA-5 [22, 23]. TLR3,
which is located in the endosomal compartment, permits de-
tection of dsRNA phagocytosed from the extracellular space.
In contrast, RIG-like helicases are located in the cytosol and
detect the presence of cytosolic dsRNA. To test the hypothesis
that TLR3 mediates up-regulation of factor B after stimulation
of macrophages with poly I:C, peritoneal macrophages were
harvested from mice that are homozygous for a targeted muta-
tion in TLR3 or their WT counterparts. Upon stimulation of
WT macrophages with poly I:C, robust up-regulation of factor
B mRNA was observed (12.2-fold compared with unstimulated
WT control; P<0.05; Fig. 4A). Although baseline levels of fac-
tor B mRNA were significantly lower in macrophages harvested
from TLR3 mutant mice, macrophages from TLR3 mutant
mice were also able to up-regulate factor B mRNA (14.0-fold
compared with unstimulated mutant control; P<0.005; Fig.
4A). This observation suggests that TLR3 is not required for
dynamic modulation of factor B synthesis after stimulation of
macrophages with poly I:C.

If cytosolic RNA sensors are predominantly responsible for
mediating synthesis of factor B after stimulation of macro-
phages with poly I:C, then facilitating entry of poly I:C into
the cytoplasm by lipofection should result in marked up-regu-
lation of factor B. Stimulation of RAW264.7 macrophages with
low concentrations of poly I:C (0.1 ug/ml) alone resulted in
little up-regulation of factor B mRNA (2.7-fold compared with
unstimulated cells; P<0.05; Fig. 4B). However, stimulation of
macrophages with poly I:C at the same concentration when
complexed with a lipofection reagent resulted in a significantly
greater increase in factor B mRNA (75-fold compared with
unstimulated cells; P<0.001). As in previous experiments, sig-
nificant up-regulation (22-fold compared with unstimulated
cells; P<0.001) of factor B mRNA was observed when a higher
concentration of poly I:C (10 ug/ml) alone was used to stimu-
late RAW264.7 macrophages. A more pronounced increase in
factor B mRNA (117-fold compared with unstimulated cells;
P<0.001) was also observed when poly I:C at 10 ug/ml was
complexed with a lipofection reagent prior to stimulating
RAW264.7 cells in culture (Fig. 4B). These results demonstrate
that facilitating entry of poly I:C into the cytosol results in
marked up-regulation of factor B mRNA.

TRIF mediates up-regulation of factor B after
stimulation with LPS, but up-regulation of factor B
after stimulation with poly I:C is independent of
TRIF

The intracellular adaptor protein MyD88 is used as an intracel-
lular signaling adaptor protein by all known mammalian TLRs,
with the exception of TLR3. Instead, intracellular signaling by
TLR3 is mediated through the adaptor TRIF. TLR4 is unique
among TLRs, as it uses MyD88 and TRIF as intracellular signaling
adaptors. As TLR3 and TLR4 use TRIF as an adaptor, and we ob-
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Figure 3. poly I:C stimulates syn-
thesis and release of complement
factor B by macrophages.

(A) RAW 264.7 macrophages
were treated for 6 h with
PAM3CSK4 (1 pg/ml), LTA (2
wpg/ml), FSL-1 (1 ug/ml), poly
I:C (10 pg/ml), LPS (10 ng/ml),
flagellin (10 wg/ml), Imiquimod
(10 pg/ml), and CpG DNA (5
uM). RT-PCR was used to mea-
sure relative levels of factor B
mRNA expression. *, P < 0.001, o
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served that stimulation of macrophages with LPS, which stimulates
TLR4, and poly I:C, a TLR3 ligand, results in synthesis and release
of factor B, we hypothesized that up-regulation of complement fac-
tor B occurs through TRIF-mediated signaling.

To test this hypothesis, we first harvested peritoneal macro-
phages from mice deficient in MyD88, mice deficient in TRIF,
and WT mice. After stimulation with LPS, robust up-regulation
of factor B mRNA was observed in cells from WT mice (16.4-
fold; P<0.001). Up-regulation of factor B was abrogated par-
tially in cells deficient in MyD88 (9.8-fold up-regulation) and
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in cells from mice deficient in TRIF (7.2-fold up-regulation;
Fig. 5A). MPLA is a synthetic analog of LPS that stimulates
TLR4 signaling preferentially through the TRIF-dependent
pathway [24]. If LPS stimulates factor B production through
the TRIF-dependent pathway, then treatment of macrophages
with MPLA should result in factor B synthesis. Upon stimula-
tion of macrophages with MPLA at 10 ng/ml or 100 ng/ml for
6 h, significantly increased factor B mRNA production (4.1-
fold, 12.6-fold increase, respectively, P<0.001 vs. unstimulated
cells) was observed compared with untreated cells, suggesting
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Figure 4. Cytoplasmic RNA sensors, rather than TLR3, mediate up-
regulation of factor B after stimulation with poly I:C. (A) Thioglycol-
late-elicited peritoneal macrophages were elicited into the peritoneal
cavities of WT and TLR3-deficient (TLR3 KO) mice by i.p. injection of
thioglycollate. Macrophages were harvested after 6 days and placed in
culture. Peritoneal macrophages from WT and TLR3-deficient mice were
stimulated with poly I:C (10 ug/ml) for 6 h, RNA was harvested, and
comparative RT-PCR was performed. *, P < 0.05, versus WT unstimulated
control; #, P < 0.005, versus TLR3-deficient unstimulated control; T, P <
0.05, versus WT treated with poly I:C. (B) RAW 264.7 macrophages were
treated for 6 h with poly I:C (0.1 ug/ml or 10 ug/ml), alone or com-
plexed with Lipofectamine 2000. RT-PCR was used to measure relative
levels of factor B mRNA expression. *, P < (.05, versus untreated control;
# P < 0.001, versus untreated control; T, P < 0.01, versus poly I:C 0.1 ug/
ml; ¥, P < 0.001, versus poly I:C 10 pg/ml.

that signaling through the TRIF-dependent pathway is suffi-
cient for up-regulation of factor B (Fig. 5B).

To evaluate the hypothesis that up-regulation of factor B by
macrophages after stimulation with poly I:C is also dependent
on TRIF, macrophages from mice deficient in MyD88, mice
deficient in TRIF, and WT mice were again harvested and
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placed in culture. Upon stimulation with poly I:C, robust up-
regulation of factor B mRNA was observed in WT macro-
phages (23.5-fold) and also macrophages deficient in TRIF
(22.1-fold; Fig. 5C). This observation suggests that unlike LPS,
poly I:C does not stimulate factor B synthesis through TRIF. As
TLR3 is thought to signal through the adaptor TRIF, this re-
sult is consistent with our previous observation that up-regula-
tion of factor B after stimulation of macrophages with poly I:C
is independent of TLR3. There was a small, but statistically
significant, difference in the up-regulation of factor B by
MyD88-deficient cells compared with WT cells (Fig. 5C).

It has been demonstrated previously that endothelial cells,
like macrophages, can also dynamically modulate synthesis of
complement components, including factor B [25]. Interest-
ingly, endothelial cells lack the adaptor protein TRAM, which
is required for TRIF-dependent signaling [26]. The results of
our previous experiments suggest that stimulation of macro-
phages with LPS results in synthesis of factor B, largely
through TRIF-mediated signaling, but synthesis of factor B af-
ter stimulation with poly I:C is independent of TRIF. Based on
these observations, we hypothesized that endothelial cells,
which lack the adaptor TRAM, would up-regulate factor B
mRNA in response to poly I:C, but not LPS. Upon treatment
of HUVEC cells in culture with LPS or poly I:C, dramatic up-
regulation of factor B mRNA was observed after stimulation
with poly I:C (14.4-fold; P<<0.001 vs. unstimulated cells), but
this up-regulation was completely absent upon stimulation with
LPS (Fig. 5D). The results of this experiment support the con-
clusion that LPS stimulates factor B expression through TRIF,
but poly I:C does not. Also, this experiment shows that up-reg-
ulation of factor B in response to poly I:C occurs in another
cell type important to host immune responses.

p38, JNK, and NF-kB mediate factor B production in
the macrophage

MAPK and NF-«B are signaling components activated down-
stream of TLRs. We therefore next hypothesized that MAPK
and NF-«kB mediate downstream signaling that results in up-
regulation of factor B after stimulation of macrophages with
LPS or poly I:C. To test this hypothesis, RAW264.7 macro-
phages were pretreated with small molecule inhibitors of p38,
JNK, and ERK1/2 or carrier prior to stimulation with LPS. As
in previous experiments, up-regulation of factor B mRNA was
observed after stimulation of cells with LPS (8.5-fold). Pretreat-
ment of cells with an inhibitor of p38 partially prevented up-
regulation of factor B mRNA (4.2-fold), and pretreatment of
cells with an inhibitor of JNK largely prevented up-regulation
(1.2-fold) of factor B mRNA. Conversely, inhibition of ERK1/2
enhanced synthesis of factor B mRNA (14.2-fold increase) after
stimulation with LPS (Fig. 6A). Similarly, when cells were stimu-
lated with poly I:C, inhibition of p38 partially prevented up-regu-
lation (13.0-fold) of factor B mRNA, and pretreatment of cells
with an inhibitor of JNK largely prevented up-regulation (4.9-
fold) of factor B mRNA compared with cells that were stimulated
with poly I:C alone (24.9fold). Inhibition of ERK1/2 enhanced
synthesis of factor B mRNA after stimulation with poly I:C (62.4-
fold; Fig. 6B). Further, inhibition of NF-«kB partially prevented
up-regulation of factor B mRNA after stimulation of cells with
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In this manuscript, we demonstrate that stimulation of TLR4
by LPS results in factor B synthesis and release by the macro-
phage. Although the MyD88-dependent pathway may play
some role, this response appears to be mediated predomi-
nantly by TRIF. The central role of TRIF is demonstrated by
the observation that synthesis of factor B after stimulation with
LPS is largely impaired in macrophages isolated from TRIF-
deficient mice. As MPLA results in preferential stimulation of
the TRIF-dependent pathway of TLR4 signaling [24], the ob-
servation that stimulation of macrophages with MPLA results
in factor B synthesis also supports a role for TRIF and suggests
that signaling through the TRIF-dependent pathway is suffi-
cient for up-regulation of factor B. Lastly, endothelial cells
lack the adaptor protein TRAM, which is required for TRIF-
dependent signaling [26]. Our data demonstrate that although
endothelial cells can also dynamically modulate factor B syn-
thesis, LPS does not stimulate factor B production in endothe-
lial cells.

Although the adaptor TRIF plays a critical role in factor B
synthesis and release by the macrophage in response to LPS,
our results demonstrate that synthesis of factor B after stimula-
tion of cells with poly I:C is independent of TRIF. As TLR3 is
known to signal exclusively through TRIF [6, 27], this observa-
tion suggests that TLR3 is not the receptor that is responsible
for initiating factor B production in response to poly I:C. Fur-
ther, as we have observed that macrophages from TLR3-defi-
cient mice are able to up-regulate factor B in response to poly
I:C, another class of receptors must be responsible for synthe-
sis of factor B in response to poly I:C.

Cytosolic sensors, including MDA-5 and RIG-I, detect and
respond to dsRNA [22, 23]. Our results demonstrate that facil-
itating entry of poly I:C into the cytoplasm of cells using a li-
pofection reagent greatly increases factor B production. In
conjunction with our observation that TLR3-deficient cells are
able to up-regulate factor B in response to poly I:C, this data
suggest that cytosolic sensors of dsRNA are predominantly re-
sponsible for factor B synthesis in response to poly I:C.

Previous work has demonstrated that cytokines, including
TNF-a and IFN-vy, play an important role in regulating factor
B synthesis in the macrophage [28]. Stimulation of RAW264.7
macrophages in culture with various TLR ligands led to re-
lease of significant amounts of TNF-«, but levels of IFN-y were
unchanged in our experiments (data not shown). Although
our data do not exclude a role for cytokine-mediated up-regu-
lation of factor B, synthesis of factor B did not necessarily cor-
relate with cytokine release. For example, stimulation of cells
with flagellin resulted in release of significant amounts of
TNF-a and IFN-B. However, no increase in factor B mRNA
levels was observed after stimulation of cells with flagellin.

We demonstrate here that TLR4 stimulation or activation of
RNA-sensing mechanisms by microbial ligands results in syn-
thesis and release of factor B by macrophages through distinct
but overlapping mechanisms involving NF-«kB and the MAPKs
p38 and JNK. Extrahepatic complement production, specifi-
cally, synthesis of factor B, appears to play an important role
in the pathogenesis of ischemic tissue injury [9, 11]. Further-
more, factor B appears to play a critical role in a number of
inflammatory disease processes, including autoimmune glo-
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merulonephritis, vasculitis, lupus, and arthritis [29-33]. Al-
though our current study provides insight into the mecha-
nisms by which microbial ligands stimulate factor B synthesis
and release, the nature of the molecules that stimulate factor
B synthesis in the setting of endogenous tissue injury has not
been defined and is an area of active investigation in our labo-
ratory. A better understanding of the underlying mechanisms
of PRR-mediated complement production and release may
lead to the development of strategies aimed at preventing tis-
sue damage in diverse settings, including sepsis, autoimmunity,
trauma, and ischemia/reperfusion.
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