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Abstract
We recently showed that TLR8 is critical for the detection of Gram-positive bacteria by human

monocytes. Here, we hypothesized that TLR8 and complement together regulate antibacterial

responses in human blood. Anticoagulated blood was treated with selective inhibitors of TLR8

and/or complement C5, and then challenged with live Streptococcus agalactiae (Group B strepto-

coccus, GBS), Staphylococcus aureus, or Escherichia coli. Cytokine production, plasma membrane

permeability, bacterial survival, phagocytosis, and activation of coagulation was examined. GBS

and S. aureus, but not E. coli, triggered TLR8-dependent production of IL-12p70, IL-1𝛽 , TNF, and

IL-6 in fresh human whole blood. In purified polymorphonuclear neutrophils (PMN), GBS and S.

aureus induced IL-8 release in part via TLR8, whereas PMN plasma membrane leakage and extra-

cellular DNA levels increased independently of TLR8. TLR8 was more important than C5 for

bacteria-induced production of IL-12p70, IL-1𝛽 , and TNF in blood, whereas IL-8 releasewasmore

C5 dependent. Both TLR8 and C5 induced IL-6 release and activation of prothrombin cleavage,

and here their combined effects were additive. Blocking of C5 or C5aR1 attenuated phagocytosis

and increased the extracellular growth of GBS in blood, whereas TLR8 inhibition neither reduced

phagocytosis nor intracellular killing of GBS and S. aureus. In conclusion, TLR8 is more important

than C5 for production of IL-12p70, IL-1𝛽 , and TNF upon GBS and S. aureus infection in blood,

whereas C5 is central for IL-8 release and phagocytosis. Both TLR8 and C5 mediate IL-6 release

and activation of coagulation during challenge with Gram-positive bacteria in blood.
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1 INTRODUCTION

Sepsis is defined as a life-threatening organ dysfunction caused by

a dysregulated host response to infection.1 Despite much effort, no

specific therapy has been developed.2,3 When the host loses local
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containment of an infection, the body is systematically exposed to

microbes andproducts of damaged tissuewhich is sensedby the innate

immune system.4,5 The subsequent rapid inflammatory response is

fundamental to clear infections. On the other hand, the systemic

activation of innate defense is potentially harmful and plays a major
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role in the early stages of sepsis pathophysiology, and leads both to

hyperinflammation and immunosuppressive counter-reactions.6 It is

therefore vital to understand the mechanisms of how pathogens are

recognized and how the innate defense system is regulated in order to

identify new targets for treatment of sepsis.

The TLR family and the complement system are key sensor and

effector systems of innate immunity. The TLRs recognize microbial

components and elicit potent proinflammatory responses when

activated. TLR8 function as an endosomal sensor of the ssRNA

degradation products uridine and short ssRNA oligomers, which bind

cooperatively to the preformed TLR8 dimer and activate signaling.7

We and others have earlier shown that TLR8 contributes to sensing

of bacteria such as GBS, S. aureus, S. pyogenes, and E. coli.8–11 Using a

selective small-molecule inhibitor of TLR8,12 we recently showed that

TLR8 is a dominant sensor of theGram-positive bacteriaGBS, S. aureus,

and S. pneumoniae in monocytes, whereas it appears considerably less

important for the detection of Gram-negative species.13

The complement system is a part of the innate defense system

were it facilitates phagocytosis via C3b opsonization, induces inflam-

mation via anaphylatoxins such as C3a and C5a, and lyses sensitive

bacteria via terminal complement complex formation.14 Systemic acti-

vation of complement can be harmful, triggering excessive inflamma-

tion and organ damage in sepsis.14,15 The C5a–C5aR1 signaling axis

can be central in such processes.16 Blocking complement together

with CD14, a coreceptor for TLR2 and TLR4, efficiently attenuates the

cytokine induction by E. coli in human blood.17,18 Combined C5- and

CD14-blockade can be protective during experimental sepsis in large

mammals,19–21 and attenuates inflammation in human whole blood

challenged with S. aureus.22 Further, the complement system interacts

with the clottingmechanism in several ways, such as theC5a-mediated

induction of tissue factor (TF) expression and activity on several cell

types, triggering the intrinsic clotting pathway.14 Sepsis-induced dis-

seminated intravascular coagulation (DIC) is primarily TFdriven,23 and

in the human blood model where the thrombin inhibitor lepirudin is

used, S. aureus activates prothrombin cleavagemainly via C5a-induced

TF activity onmonocytes.24 In this infectionmodel all leukocytes, com-

plement factors, and parts of the coagulation system are present and

functional under normal physiologic conditions. Therefore, it mimics

normal blood stream infections, and is more relevant than simpler cell

monoculture infection models. We here examined the effects of selec-

tive TLR8 inhibition in whole blood, alone and in combination with

blockade of C5, during bacterial infection.

2 MATERIALS AND METHODS

2.1 Materials

The TLR8 antagonists CU-CPT9a and CU-CPT9b are previously

described,12 and they were generously provided together with a

control reagent by The Regents of the University of Colorado, a

body corporate for and on behalf of the University of Colorado

Boulder. FSL-1, CL075, LPS (O111:B4), and polyuridylic acid (pU)

were purchased from InvivoGen (Tolouse, France). Poly-L-arginine,

Dulbecco’s PBS supplemented with Ca2+ and Mg2+, and EDTA, and

Saponin were from Sigma–Aldrich (Steinheim, Germany). The recom-

binant hirudin analogue lepirudin (Refludan) was from Pharmion

(Windsor, UK). Complement C3 inhibitor Compstatin (CP40, 20 µM

final concentration) was kindly provided by professor J.D. Lambris

(University of Pennsylvania, USA). The humanized IgG2/4 anti-C5

inhibitory antibody (eculizumab/Soliris R©) was from Alexion Pharma-

ceuticals (Cheshire, CT, USA), andwas used at 100 µg/ml. Recombinant

anti-CD14 IgG2/4 hybrid (r18D11, 10 µg/ml final concentration)

is previously described,25 as is the IgG2/4 hybrid (NHDL) control

Ab.26 The C5a receptor 1 antagonist (C5aRA) PMX53 (10 µg/ml)

was kindly provided by professor Trent Woodruff (University of

Queensland, Australia). Bio-Plex multiplex cytokine assays were from

Bio-Rad (Hercules, CA, USA). Prothrombin fragment (PTF) 1+2 plasma

levels were determined with Enzygnost PTF1+2 (monoclonal) kit

from Siemens Healthcare (Marburg, Germany) as per manufacturer’s

instructions. Erythrocyte (RBC) lysis was done with the EayLyseTM

buffer (Dako, Glostrup, Denmark). Sucrose (D+ Saccharose) was from

VWR International (Radnor, PA, USA).

2.2 Bacteria

The GBS NEM316 strain and the S. aureus 113 strain were generously

provided by professors Philipp Henneke (University of Freiburg,

Germany) and Friedrich Göetz (University of Tübingen, Tübingen,

Germany), respectively. The E. coli Seattle 1946-strain was purchased

from the American Type Culture Collection (ATCC 25922). The bac-

teria were grown on tryptic soy agar or blood agar plates. To prepare

bacteria for experiments, bacterial colonies were inoculated in 5 ml

tryptic soy broth (E. coli and S. aureus) or Todd-Hewitt broth (GBS)

during vigorous shaking at 37◦C overnight (12–18 h). Bacteria were

quantified by optical density, as previously described.9

2.3 Whole bloodmodel and cytokine analysis

The whole blood model was performed as described previously.27 In

short, peripheral bloodwasdrawnbyvenipuncture fromhealthyvolun-

teers into 4.5 ml vacuum tubes (Nalge Nunc, Rochester, NY, USA) con-

taining the thrombin inhibitor lepirudin (50 µg/ml). It was not investi-

gated whether the donors previously had been sensibilized to the bac-

terial antigens used.

The baseline sample (T0)was collected immediately after bloodwas

drawn with addition of EDTA to 10 mM to block further complement

activation. Lepirudin blood was quickly aliquoted into 1.8 ml round

bottom cryotubes (Nalge Nunc). For the experiments performed with

TLR8 inhibitors in combination with anti-C5 and C5aRA (PMX53),

blood was preincubated with CU-CPT9b (5 µM) or control com-

pounds/vehicle on a tube roller at 37◦C for 90–120min. Subsequently,

a T0 sample after preincubation was collected and ligands or live

bacteria were added and incubated further. For the experiments

performed with CP40, anti-C5, and anti-CD14, blood was mixed with

the inhibitors a fewmin prior to the addition of ligands or bacteria. The

TLR8 ligand pU was premixed with poly-L-arginine to allow complex
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formation before addition to blood. After incubation for 120–240min,

aliquots were sampled and EDTA was added. Plasma was isolated by

centrifugation of blood at 1700 × g for 15 min, and stored at −20◦C
until analyses. Cytokine analysis was done using Bio-Plex assays and

analysis on a Bio-PlexTM 200 System using a Bio-Plex ProTM Wash

Station, as described by themanufacturer (Bio-Rad).

2.4 Leukocyte viability

Toexamine the viability ofmonocytes and granulocytes (PMN) in blood

after 240 min of infection with GBS or S. aureus, 50 µl of blood was

labelledwith anti-CD14 (FITC;Dako) for 30min on ice. RBCwere lysed

with 1.5 ml lysis reagent for 15 min at RT, and leukocytes (WBC) were

centrifuged at 270 × g for 5 min and resuspended in 400 µl PBS. The

plasma membrane integrity was then examined by addition of propid-

ium iodide (PI) at 3 µg/ml approximately 5 min prior to the analysis on

by flow cytometry using a BD FACSCantoTM II flow cytometer (BD

Biosciences, San Jose, CA, USA). Monocytes and granulocytes were

gated according to FITC staining and side scatter, and the fraction of

PI positive cells (PE gate) was determined.

2.5 Neutrophil isolation and infection

Human polymorphonuclear neutrophils (granulocytes; PMN) were

obtained from fresh peripheral blood drawn by venipuncture as

described.28 Briefly, venous blood from healthy volunteers was col-

lected in isocitrate anticoagulant solution and centrifuged at 250 × g

for 10 min. WBC were obtained from the pellet following RBC sed-

imentation in 2.0% Dextran T-500 (Sigma–Aldrich). PMN were then

separated by centrifugation on a 10 ml cushion of LymphoprepTM

(Axis-Shield). Contaminating RBC were removed by 20 seconds of

hypotonic lysis in water, before adding concentrated HBSS. Viability

was higher than 98%, based on trypan blue dye exclusion and Cell

Hostess Counter quantification (Thermo Fisher Scientific, Waltham,

MA, USA). The entire procedure was carried out at RT under sterile

conditions. PMN were resuspended in RPMI with 10% human serum,

and 5 × 106 cells were seeded per well in 24-well culture plates

(Costar). The cells were pretreated with CU-CPT9a (5 µM) for 60 min

to block TLR8 function, or with DMSO as a vehicle control. Subse-

quently, 1 × 107 or 1 × 108 live GBS or S. aureus were added to a

final volume of 1 ml per well. After 60 min of incubation at 37◦C and

5% CO2, Gentamicin (100 µg/ml) was added and the cultures were

incubated for additional 5 h. Cell free supernatants were collected

after brief centrifugation and stored at −20◦C until analyses. Extra-

cellular DNA was determined using the fluorescent DNA-binding dye

CyQUANT R© GR (Thermo Fischer Scientific), according to the man-

ufacturer’s procedure. The fluorescence intensity was quantified by

excitation/emission at 485/535 nm using the Victor3TM 1420 multil-

abel counter (PerkinElmer,Waltham,MA, USA).

2.6 Bacterial survival

Anticoagulatedbloodwas incubatedwithCU-CPT9borDMSOcontrol

for 90–120 min. Subsequently, live bacteria were added and mixed

by pipetting. Immediately (T0) and after 240 min of incubation on a

tube roller at 37◦C, 20 µl blood was lysed by dilution into 180 µl ice

cold sterile water with 0.3% saponin. The lysed blood samples were

further diluted in a 10-fold series, and 30 µl of each dilutionwas plated

in triplicates on blood agar. After incubation at 37◦C over night, the

number of CFU were counted and the corresponding CFU concentra-

tion blood was calculated. Similar experiments were performed using

lepirudin plasma.

The number of intracellular viable bacteria inWBCwas determined

by a previously described method,29 using some modifications. After

bacterial challenge for 240 min, 1 ml blood was diluted in 9 ml of RBC

lysis buffer using 15 ml tubes (Nunc) at RT for 10 min. The lysed blood

was centrifuged at 300 × g for 10 min at 4◦C, and the plasma/lysis

phase containing extracellular bacteria was carefully removed. The

WBC pellet was dissolved in 1.7 ml ice cold PBS and centrifuged

in round-well cryotubes (Nunc) at 130 × g for 5 min at 4◦C. The

supernatant was removed by careful pipetting and the wash step was

repeated 1 time. For stringent elimination of the remaining extracel-

lular bacteria, the WBC pellet was dissolved in 0.5 ml ice cold PBS

and underlayed with 1 ml ice cold 30% sucrose in PBS. Cells were pel-

leted at 200 × g for 10 min at 4◦C, and the supernatant was carefully

removed. Next, the WBC pellet was dissolved in ice cold PBS to the

original blood volumeof 1ml. Finally, 20µl of dissolvedWBCwas lysed,

serially diluted, and plated for CFU quantification, as described above.

2.7 Phagocytosis quantification

GBSand S. aureusweregrown inbrothovernight anddissolved in0.2M

NaHCO3 at 1 × 1010 bacteria/ml. The bacteria were labelled with

Alexa FluorTM 488 TFP ester (Thermo Fischer Scientific, 100 µg/ml)

at RT for 1 h, washed, and dissolved in DPBS supplemented with Ca2+

and Mg2+ at 5 × 107 bacteria/ml. Lepirudin anticoagulated whole

blood was pretreated with inhibitors for 90 min before labeled bac-

teria were added (5 × 106 bacteria/ml). Blood aliquots were sampled

after 60 and 120 min and placed on ice. Phagocytosis was quantified

using the PHAGOTESTM reagent kit, according to the protocol of

the manufacturer (Glycotope Biotechnology, Heidelberg, Germany).

Leukocytes were labeled using anti-CD45-PerCp and anti-CD14-PE

(BD Biosciences), and analysis was done on a BD FACSCantoTM II

flow cytometer. Populations were gated according to side scatter

and PerCp and PE staining, and the mean fluorescence intensity

(MFI, FITC channel) of the monocyte and granulocyte populations

were determined.

2.8 Statistics

Statistical analyses were done on data sets from independent,

consecutive experiments, and the number of consecutive indepen-

dent experiments performed are indicated in the figure legends

(N). Since such data typically can have a log-normal distribution,

log-transformation was done prior to the analysis. Data sets were ana-

lyzed with GraphPad Prism software, using 1way repeated-measures

analysis of variance (RM-ANOVA) and Dunette’s multiple comparison

test, or 2-way RM-ANOVA and Bonferroni’s multiple comparison

test. Significant differences between the control/vehicle—and the
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treatment—conditions are indicated with the symbol “*”, whereas hor-

izontal bars indicate comparisons of specific treatments. Significance

levels correspond to *P< 0.05, **P< 0.01, and ***P< 0.001.

2.9 Safety and ethics

The research was carried out according to the standard institutional

safety procedures (biosafety level II) at the Norwegian University of

Science and Technology. The use of human whole blood for our exper-

iments was approved by the Regional Committee for Medical and

Health Research Ethics in Central Norway (REC Central), The Norwe-

gianMinistry of Education and Research, no. 2009/2245.

3 RESULTS

3.1 Efficacy of the TLR8 inhibitor CU-CPT9b

in blood

To determine the minimum concentration of CU-CPT9b required to

block TLR8 function, anticoagulated blood was pretreated with the

inhibitor or the control compound at different concentrations for

120 min, and subsequently the TLR8 agonists pU or CL075, the TLR4

agonist LPS, or vehicle control (PBS) were added. Cytokine analyses

in plasma after 240 min of treatment revealed that the TLR8 inhibitor

efficiently blocked theCL075 inducedproduction of TNF, IL-1𝛽 , and IL-

6 at the lowest dose tested (2.5 µM),whereas the pU induced response

was fully blocked at 5–10 µM (Supplemental Fig. 1A). IL-8 showed a

similar tendency but was weakly induced. The LPS-induced cytokine

releasewasnot affectedbyCU-CPT9b,whereas the control compound

(Supplemental Fig. 1B) did not influence the TLR8-induced responses

(Supplemental Fig. 1A). Hence, we considered 5 µM CU-CPT9b to

be optimal for inhibition of TLR8 activation in blood, which is simi-

lar to our recent findings with the analogue CU-CPT9a in cultures of

purifiedmonocytes.13

3.2 TLR8-inhibition attenuates cytokine induction

by GBS and S. aureus in whole blood

To determine the impact of TLR8 for the sensing of viable bacteria in

blood, we pretreated blood with 5 µM of CU-CPT9b or the control

reagent for 120 min, and subsequently added pU, LPS, FSL-1 (TLR2/6

agonist), or live GBS, S. aureus or E. coli at different doses. Blood

plasmawas separated 240min after the initiation of the challenge and

cytokine levels were examined. As expected, TLR8 blockade almost

eliminated the cytokine induction by pU, whereas it had no effect on

the cytokine induction by LPS or FSL-1 (Fig. 1). More importantly,

CU-CPT9b clearly reduced the production of cytokines after GBS and

S. aureus challenge. The effect was most pronounced for IL-12p70,

IL-1𝛽 , and TNF, but also significant for IL-6 for the lower bacterial

concentrations. There were no major effects of CU-CPT9b treat-

ment on the release of IL-8 or MCP-1 (data not shown). Moreover,

cytokine induction by E. coli was mainly TLR8 independent, which is

in agreement with our recent findings with this strain in monocyte

F IGURE 1 GBS and S. aureus challenge of whole blood induces
cytokine release in part dependent on TLR8, whereas this is not
seen with E. coli. Anticoagulated blood was incubated with the TLR8
inhibitor CU-CPT9b or a control reagent. Subsequently, challenge
with live GBS or S. aureus (1 × 106−1 × 105−1 × 104 bacteria/ml)
or E. coli (1 × 105−1 × 104−1 × 103 bacteria/ml) was done for
240 min. Agonists for TLR8 (pU, 1 µg/ml), TLR4 (LPS, 100 ng/ml),
and TLR2 (FSL-1, 100 ng/ml) were included as controls. The graphs
show the mean plasma cytokine levels (log-scale) + SEM. N = 6
consecutive experiments
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cultures.13 We also included 2 clinical isolates of E. coli that to some

extent activate TLR8 in monocytes, but no clear effect of CU-CPT9b

on cytokine induction in blood was found (data not shown). Over

all, cytokine induction by live GBS and S. aureus challenge of human

blood is partially TLR8 dependent, whereas E. coli is sensed mainly in a

TLR8-independent manner.

3.3 Monocyte and PMNviability and release of

DNA and IL-8 by PMN

The integrity of the plasma membrane of monocytes and PMN during

GBS and S. aureus challenge of blood for 240 min was examined by

PI staining and flow cytometry analysis. The membrane integrity of

PMN, but not monocytes, was compromised during challenge with

the highest bacterial load, but TLR8 inhibition did not influence this

(Fig. 2A). To further examine whether TLR8 has a functional role in

PMN during bacterial infection, purified PMN were seeded in cell

culture plates and pretreated with CU-CPT9a (5 µM), and challenged

with live bacteria for 6 h. The highest concentrations of GBS and S.

aureus significantly increased the levels of extracellular DNA in the

culture supernatant (Fig. 2B). The extracellular levels of DNA correlate

with the loss in PMN plasma membrane integrity in blood, and may

represent neutrophil extracellular traps (NETs) or DNA released via

other forms of necrotic cell death.30 Anyway, both effects occurred

independently of TLR8 signaling. In contrast, IL-8 production by PMN

in response to both bacteria was partially reduced by TLR8 inhibition,

most strongly during GBS challenge (Fig. 2B). This suggests that TLR8

directly contribute to the sensing of bacteria in PMN.

3.4 Impact of complement and CD14 for cytokine

responses to live bacteria in blood

Inhibitionof complement at the level ofC3orC5combinedwithCD14-

blockade attenuates cytokine release in blood challenged with E. coli

and S. aureus.18,22 We compared the efficacy of theC3-inhibitorComp-

statin (CP40; aC3), the C5-blocking antibody eculizumab (aC5), and a

CD14-blocking antibody during challenge with GBS, S. aureus and E.

coli. Plasma cytokine levels were determined after challenge for 120

(Supplemental Fig. 2A) and 240min (Supplemental Fig. 2B). C3- or C5-

inhibition partially attenuated IL-1𝛽 , TNF, IL-6, and IL-8 induction by

the Gram-positive bacteria during 120 min of challenge (Supplemen-

tal Fig. 2A). GBS-induced cytokine production was minimally affected

by CD14 blockade, whereas the cytokine induction by S. aureus was

more attenuated, in particular the IL-6 release. Anti-CD14 strongly

reduced the cytokine induction by E. coli, and when combined with

inhibitors of C3 or C5 even further reduction was obtained (Supple-

mental Fig. 2A). The effects of C3 and C5 inhibitors were less clear

after 240 min, although the IL-6 induction by S. aureuswas still signifi-

cantly reducedwhen combinedwith anti-CD14, and the E. coli induced

cytokine release remained strongly attenuated. Inhibition at the level

of C3 and C5 were almost equally efficient (Supplemental Fig. 2B).

Since C5 blocking does not interfere with C3b-dependent opsoniza-

tion, this seems to be a better andmore selective target than C3.

3.5 Effects of combined TLR8 and C5 inhibition in

blood uponGBS and S. aureus challenge

In agreementwith our hypothesis, the cytokine induction by theGram-

positive bacteria in blood is both TLR8 and complement dependent.

Next, we examined if combined inhibition of TLR8 and C5 could fur-

ther attenuate the cytokine responses. E. coli was excluded from this

experiment, since it mainly triggered CD14-dependent and TLR8-

independent cytokine production. CU-CPT9bmarkedly decreased the

induction of IL-1𝛽 and TNF during 120 min of challenge with GBS

and S. aureus, with the strongest effect for GBS (Fig. 3A). C5 inhibi-

tion had similar but weaker effects, whereas the combined inhibition

of C5 and TLR8 did not significantly reduce the IL-1𝛽 and TNF levels

more than TLR8 inhibition alone. On the other hand, IL-8 induction by

both bacteria during 120 min of challenge was strongly dependent on

C5, but not TLR8. Also, combined inhibition did not reduce IL-8 more

than C5 inhibition alone (Fig. 3A). Induction of IL-6 during 120 min of

challenge with GBS was dependent on both C5 and TLR8, whereas S.

aureus triggered early IL-6 release mainly via C5. Combined inhibition

did not reduce the IL-6 release significantlymore than single inhibition.

After 240 min of challenge IL-12p70 was induced, mainly in a TLR8-

dependent manner (Fig. 3B). Moreover, the effect of C5 inhibition on

the other cytokineswas diminished, except for IL-6, whereas the effect

of CU-CPT9b had increased and partially attenuated also the IL-8 pro-

duction for the lowbacterial dose. For thehighbacterial dose, no signif-

icant reduction in IL-8 levels was obtained with the inhibitors (Fig. 3B).

IL-6 was most strongly reduced when combining the C5- and TLR8-

inhibitors. Taken together, cytokine induction in blood by the Gram-

positive bacteria is dependent on both TLR8 and C5, as hypothesized.

Weobservedan increased impact of TLR8anda reducedeffect ofC5at

the later time point. Combined blockade of C5 and TLR8 had additive

effects, most notably on IL-6 production.

3.6 Impact of TLR8 and C5 on growth and survival of

bacteria in blood

To examine whether inhibiting TLR8 or C5 influenced the bacterial

survival in blood, an aliquot of blood samples was lysed, diluted, and

plated on blood agar. The viability (CFU/ml) of GBS strongly increased

during 240 min of challenge, whereas the S. aureus viability declined

(Fig. 4A). Inhibition of C5 alone or in combination with TLR8 further

increased the number of viable GBS in blood for the highest bacte-

rial dose, whereas CU-CPT9b alone did not have any effect (Fig. 4A).

For S. aureus, neither inhibitor influenced the bacterial numbers. Gram-

positive bacteria are generally resistant against direct complement

mediated lysis by the membrane attack complex, and the GBS and

S. aureus strain used replicated efficiently in lepirudin plasma, with

no direct effect of CU-CPT9b on the bacterial growth (Supplemen-

tal Fig. 3). To discriminate intracellular and extracellular viable bacte-

ria, leucocytes (WBC) were isolated after 240 min of bacterial chal-

lenge, washed, lysed, and plated for CFU quantification. Compared

with whole blood, few viable bacteria were present in the WBC frac-

tion, suggesting that phagocytes kill both GBS and S. aureus efficiently
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F IGURE 2 Effect of TLR8 inhibition on
monocyte and granulocyte (PMN) plasma
membrane integrity during GBS and S. aureus
challenge in whole blood, and role of TLR8
in purified PMN during bacterial challenge.
(A) Anticoagulated blood was treated with
TLR8 inhibitor (CU-CPT9b) or vehicle (DMSO)
and challenged with live GBS or S. aureus
(1 × 106−1 × 105−1 × 104 bacteria/ml) for
240 min. The fraction of monocytes and gran-
ulocytes with compromised plasma membrane
integrity was determined with propidium iodide
staining and flow cytometry. The graphs show
mean+SEM(N=3). (B) PMNwere isolated from
whole blood and treated with TLR8 inhibitor
(CU-CPT9a) or vehicle and challenged with GBS
and S. aureus (1 × 106−1 × 105 bacteria/ml)
for 6 h. The amounts of extracellular DNA and
IL-8 in the supernatants were determined. The
graphs showmeans+ SEM (N= 6)

after phagocytosis, and this was independent of TLR8 (Fig. 4B). To clar-

ify if TLR8orC5directly affectedphagocytosis, uptakeof fluorescently

labelled bacteria by monocytes and PMN in blood was quantified by

flowcytometry.Anti-C5or aC5a receptor antagonist (C5aRA) reduced

the uptake of GBS by monocytes and PMN during 60 and 120 min of

challenge, whereas TLR8 inhibition had no clear effect (Supplemen-

tal Fig. 4A). Anti-C5 or C5aRA treatment also reduced the uptake of

S. aureus during 60 min of challenge, whereas the effect declined dur-

ing longer incubation, and TLR8 inhibition had no clear effects (Supple-

mental Fig. 4B).

Taken together, TLR8 appears dispensable for phagocytosis and

intracellular bacterial killing in the whole blood model, whereas C5

limits the extracellular growth of GBS by facilitating phagocytosis

via C5aR1 activation. Uptake of S. aureus in the early phase also

depends on C5a–C5aR1 signaling, but this becomes redundant during

prolonged challenge, and is not critical to control the infection.

3.7 Effect of TLR8 and C5 on coagulation activation

by bacteria

Coagulation disturbances are believed to be of major importance in

sepsis. Therefore, we examined the effects of inhibiting TLR8 and C5

on activation of coagulation during infection. Because clotting in this

model is prevented by the thrombin inhibitor lepirudin, initiation of

coagulation was examined at the stage of prothrombin cleavage. Pro-

thrombin fragments (PTF1+2) in plasma were detected with ELISA

after 240 min of bacterial challenge. GBS and S. aureus activated coag-

ulation in a C5-dependent manner at both doses of inoculum (Fig. 5).

With CU-CPT9b alone, there was also a tendency towards reduction

of PTF1+2 levels. Combined C5- and TLR8-inhibition gave an additive

effect, and strongly reduced the initiation of coagulation triggered by

the bacteria.

Taken together, our data indicate that TLR8 is important for the pro-

duction of central proinflammatory cytokines in human blood exposed

to live GBS and S. aureus, whereas E. coli is sensed mainly in a TLR8-

independent manner. TLR8 in PMN contribute to IL-8 release during

Gram-positive challenge, although inwhole blood IL-8 release ismainly

C5 driven. IL-6 production and initiation of coagulated is dependent

on both TLR8 and C5, and combined inhibition is an efficient means

of attenuating these responses. Phagocytosis and intracellular bacte-

rial killing do not require TLR8 signaling, whereas signaling via C5aR1

enhance phagocytosis and appears especially important for limiting

the extracellular growth of GBS.

4 DISCUSSION

We here examined the importance of TLR8 and C5 for the acti-

vation of antibacterial responses in a human whole blood model

of bacteremia. The recently developed small molecule inhibitor of

TLR812 is highly efficient and selective also in human blood. Inhibit-

ing TLR8 reveals its importance for the production of IL-12p70,

IL-1𝛽 , and TNF during S. aureus and GBS challenge in blood, and

is in accordance with our recent findings of a dominating role of

TLR8 in the sensing of Gram-positive bacteria in monocytes, medi-

ating strong induction of IFN𝛽 ,8,9 IL-12p70, IL-1𝛽 , TNF, IL-6, and

IL-10.13 The Gram-positive bacteria induced IL-12p70 production

in whole blood almost exclusively via TLR8. This is also seen in
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F IGURE 3 Cytokine induction by GBS and S. aureus in whole blood is variably dependent on TLR8 and C5. Anticoagulated blood was treated
with TLR8 inhibitor CU-CPT9b or anti-C5 (eculizumab; aC5), individually or in combination, and a nonspecific antibody in combination with a con-
trol reagent served as control. Subsequently, the blood was challenged with live GBS or S. aureus (5 × 106 bacteria/ml or 5 × 105 bacteria/ml).
Cytokine levels in plasmawere examined after (A) 120min and (B) 240min of infection. In noninfected blood themean cytokine level (pg/ml) after
120/240min of incubation were: IL-1𝛽 (2/11), TNF (138/231) IL-6 (7/14), IL-8 (866/2489), IL-12p70 (−/1). The graphs showmeans+ SEM (N= 6)

purified monocytes, where TLR8 agonists induce much more

IL-12p70 compared with TLR2- or TLR4-agonists.13 Induction of

IL-12p70 and IFN𝛽 via TLR8 requires IRF5 nuclear translocation,

which is not triggered by surface TLR signaling.8,9,13 TLR2 and TLR4

trigger robust productionof IL-1𝛽 , TNFand IL-6bymonocytes,13 prob-

ably via canonical NF-kB- and MAPK-pathways. IRF5 activation is not

essential, but still potentiates the induction of IL-1𝛽 , TNF, and IL-6 in

TLR8 signaling.31

Human PMN express all TLRs except TLR3 and TLR7.32 Synthetic

TLR8 ligands induce high levels of IL-8 release in highly pure PMN

cultures, whereas the induction of other cytokines is much lower.33

We here show that TLR8 contributes to the release of IL-8 by PMN
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F IGURE 4 C5 cleavage but not TLR8 signal-
ing attenuates the growth GBS in human blood,
whereas both processes are dispensable for con-
trolling the growth of S. aureus. (A) Anticoagulated
blood was treated with inhibitors of TLR8 or C5,
individually or in combination, or with PBS as a
vehicle control (no inhibition). Live GBS or S. aureus
(5 × 106 bacteria/ml or 5 × 105 bacteria/ml) were
added, and blood aliquots were sampled immedi-
ately (T0) or after 240 min of incubation, lysed
and plated on blood agar to calculate the numbers
of CFU. The graph shows means + SEM (N = 6).
(B) Effect of TLR8 inhibition on intracellular bac-
terial survival. Anticoagulated blood was treated
with TLR8-inhibitor CU-CPT9b or DMSO as vehi-
cle control. Subsequently, live bacteria were added
(5× 106 or 5× 105 bacteria/ml), and blood aliquots
were sampled immediately (T0) or after 240min of
incubation. WBC were isolated, washed, and lysed
to determine the number of intracellular viable
bacteria. The graphs showmeans+ SEM (N= 4)

F IGURE 5 Prothrombin cleavage induced
by GBS and S. aureus is partially dependent on
TLR8 and C5. Anticoagulated bloodwas treated
with TLR8 inhibitor CU-CPT9b or aC5, individ-
ually or in combination, or with a control mAb
combined with control reagent (Control). Live
GBS or S. aureus (5 × 106 bacteria/ml or 5 × 105

bacteria/ml) were incubated for 240 min, and
the plasma levels of prothrombin fragment 1+2
(PTF1+2) were determined with ELISA. In non-
infected blood the mean level of PTF1+2 after
240 min of incubation was 17.5 nM. The graph
showsmeans+ SEM (N= 5)
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during Gram-positive infections, but this did not occur in monocyte

cultures.13 In whole blood, bacteria triggered IL-8 release mainly

in a C5-dependent manner, although TLR8 contributed nonredun-

dantly in some conditions. Bacterial infection also resulted in increased

permeability of the PMN plasma membrane and increased the lev-

els of extracellular DNA. This could be a result of accidental or

programmed necrosis, or it might be due to NET formation, which

can be of vital or suicidal type.30 TLR signaling may influence the

PMN life span by triggering of NET formation, but TLR signaling in

PMN also attenuates spontaneous apoptosis.32 However, our find-

ings that may be related to these processes occurred independently

of TLR8.

Cytokine induction by GBS challenge in blood appears more TLR8-

dependent compared with S. aureus. TLR2 also contributes to S. aureus

detection in blood,22 andTLR2 signaling reducesTLR8-mediated IRF5-

activation.8 These findings are consistent with a more important

role of CD14 on S. aureus induced cytokines, as CD14 is a cofac-

tor in TLR2- and TLR4-signaling that enhances cytokine responses.34

In contrast, the majority of GBS strains produce little TLR2 activat-

ing lipoproteins,35 explaining why anti-CD14 treatment during chal-

lenge only gaveminor effects. Combined inhibition of complement and

CD14 attenuated the cytokine productionmore efficiently than either

reagent alone during infection with E. coli and S. aureus.17,22 Similar

effects by combining these inhibitors were seen in the current study,

also with GBS challenge.

TLR8 can sense purified E. coli RNA and live E. coli.10,11,36 Here,

the E. coli induced cytokine responses were highly dependent on

CD14, but unaffected by TLR8 inhibition, which is in line with our

recent findings with purified monocytes and this particular strain of

E. coli.9,13 Still, TLR8 contributed significantly to IL-1𝛽 and IL-12p70

induction by 2 clinical isolates of E. coli in monocytes, as well as with

the Gram-negative bacterium P. aeruginosa. Also, E. coli activated TLR8

more strongly if CD14-dependent TLR4 signaling was blocked, as cell

surface TLR signaling antagonizes TLR8-IRF5 activation and triggers

redundant cytokine release.13 In the current study, also the E. coli

isolates failed to mediate nonredundant cytokine production via TLR8

in blood, whereas the reasons for this discrepancy between these

model systems are unclear.

Blocking C3 or C5 alone reduced IL-8 release by E. coli, but had oth-

erwise minor effects on cytokine induction by this bacterium. C5a was

previously identified as central for E. coli mediated IL-8 production.17

With GBS and S. aureus challenge, C3- or C5-inhibition reduced

cytokine production more than with E. coli, and the C5a–C5aR1 inter-

action is known as important for S. aureus induced responses.24 As

expected, the Gram-positive bacteria induce cytokines in blood via

both TLR8- and C5-dependent mechanisms, and combined inhibition

gave an additive effect, most clearly seen for IL-6.

The number of viable GBS strongly increased during 240 min of

incubation in blood, whereas the S. aureus numbers declined. This

is in line with previous studies with these bacteria.24,37,38 Hence,

phagocytes in blood more easily resolve infections with S. aureus than

GBS. C5 inhibition further increased the growth of GBS, probably

because C5aR1 signaling enhances phagocytosis. Similarly, distinct

complement inhibitors from scabies increased the growth of S. pyo-

genes in blood.39 Phagocytosis of S. aureus was also reduced by C5-

or C5aR-inhibition, in agreement with our previous findings.40 Still,

C5a–C5aR1 signaling gradually becomes dispensable for phagocy-

tosis of this bacterium as time progresses, and C5 inhibition did not

impair the resolution of infection in blood. Although costimulation

with a TLR2 agonist increases the uptake of S. aureus by mono-

cytes but not PMN in blood,8 anti-CD14 has only modest effects.40

Sensing of bacteria via TLR8 occurs downstream of phagocytosis

and bacterial degradation, and it is delayed relative to TLR2 activa-

tion. TLR8 signaling may therefore occur too late to influence the

phagocytic process.

TLR8 inhibition neither affects the intracellular killing of the bac-

teria, even though TLR8 can trigger bactericidal effector mechanisms

such as degranulation and respiratory burst in PMN in vitro.33 This

is in line with the finding that IRAK-4 deficiency does not impair

intracellular killing of bacteria and fungi by human PMN.41

TLR8 also recognizes S. pyogenes in human monocytes.10 In murine

macrophages TLR13 has a similar function as human TLR8, and defi-

ciency in endosomal TLR signaling impaired early S. pyogenes recogni-

tion in a murine model of subcutaneous infection. Loss of endosomal

TLR function led to local bacterial overgrowth and hyperinflammation,

impaired bacterial containment, and systemic inflammation.42 Analo-

gous, human TLR8 may be important for early detection of bacteria in

the tissue, induction of inflammation, and leukocyte recruitment to the

focus of infection. Furthermore, TLR8 can regulate adaptive immunity

via IL-12 production.43

Coagulation limits the spreading of invading bacteria, whereas DIC

is a serious complication in sepsis. E. coli challenge triggers monocyte

TF expression and coagulation in a C5a–C5aR1-dependent manner,17

and inhibition of C5 cleavage attenuated coagulopathy in a baboon

model of E. coli sepsis.19 Activation of coagulation by S. aureus is C5

dependent,24 and we here show that both C5 and TLR8 enhance pro-

thrombin cleavage upon GBS and S. aureus infection, with an additive

effect when these inhibitors are combined.

Numerous selective and nonselective anti-inflammatory reagents

and strategies have been tested as adjuvant sepsis treatments, includ-

ing TLR4 antagonist (eritoran), corticosteroids, anti-TNF strategies, as

well as modulators of coagulation.44 Although novel therapies have

shownbenefits in animal sepsismodels, they have so far failed to trans-

late to the clinical setting.45 Anti-inflammatory intervention clearly

has 2 sides: although it may reduce the harmful effects of exces-

sive inflammation, it may also compromise the host’s defense system

against infections. Therefore, treating infections with immunomodu-

latory agents is a fine-tuned act of balance where patient stratifica-

tion, timing and likely a combination of approaches is needed. We

here show that TLR8 inhibition during Gram-positive challenge in

blood results in strong and sustained reduction in proinflammatory

cytokines, aswell as reduction in theactivationof coagulation,whereas

at the same time phagocytosis and intracellular bacterial killing is sus-

tained. Whether TLR8 inhibition can be useful as an adjuvant treat-

ment in sepsis during phases of excessive inflammation remains an

open question.
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