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Abstract

The anaphylatoxin C5a is an especially potent mediator of both local and systemic inflammation. However, C5a also plays an
essential role in mucosal host defense against bacterial, viral, and fungal infection. We have developed a response-selective
agonist of human C5a, termed EP67, which retains the immunoenhancing activity of C5a at the expense of its inflammatory,
anaphylagenic properties. EP67 insufflation results in the rapid induction of pulmonary cytokines and chemokines. This is
followed by an influx of innate immune effector cells, including neutrophils, NK cells, and dendritic cells. EP67 exhibits both
prophylactic and therapeutic protection when tested in a murine model of influenza A infection. Mice treated with EP67
within a twenty-four hour window of non-lethal infection were significantly protected from influenza-induced weight loss.
Furthermore, EP67 delivered twenty-four hours after lethal infection completely blocked influenza-induced mortality (0% vs.
100% survival). Since protection based on innate immune induction is not restricted to any specific pathogen, EP67 may
well prove equally efficacious against a wide variety of possible viral, bacterial, and fungal pathogens. Such a strategy could
be used to stop the worldwide spread of emergent respiratory diseases, including but not limited to novel strains of
influenza.
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Introduction

The primary role of the innate immune system is to provide an

immediate line of defense against foreign pathogens [1,2,3].

Activation of innate immunity to pathogens typically involves

release of acute-phase proteins including IL-6, IL-8 and TNF.

This results in a rapid influx of PMNs (polymorphonuclear

leukocytes, primarily neutrophils), natural killer (NK) cells, and

macrophages to the site of infection. This innate response acts to

contain the pathogen during development of the acquired immune

response. Due to its rapid onset and non-specific nature, there is a

great deal of interest in developing therapeutic agents that combat

infection via innate immune induction. This could result in

therapeutics able to protect against multiple, diverse pathogens,

moving away from the current ‘‘one bug, one drug’’ system.

The complement system has been largely overlooked in the

search for immunotherapeutic agents. Made up of a number of

soluble inactive precursor proteins present throughout the body,

the complement cascade can be activated by binding of

complement components directly to the surface of a pathogen

(the alternative complement pathway). Activation of the various

complement components generates a series of small, pharmaco-

logically active byproducts including the anaphylatoxin C5a, a 74-

residue glycopolypeptide that activates cells via its ligation with

surface-expressed C5a receptors (C5aR/CD88). Binding of C5a to

its cognate receptor on myeloid lineage cells induces cytokines and

chemokines involved in modulating host innate immunity, rapidly

followed by chemotaxis of innate immune effector cells [4,5].

CD88 is also expressed on inflammatory cells such as neutrophils.

Binding of C5a to CD88 on these cell populations leads to both

local and systemic inflammatory responses [6,7], sequelia that

would appear to obviate therapeutic exploration of the C5a

pathway.

Despite the deleterious inflammatory processes associated with

C5a, the interaction between C5a and the C5aR plays a critical,

non-redundant role in mucosal host defense against bacterial, viral,

and fungal infection [8,9,10,11,12]. This is particularly well-

described in the case of influenza. Mice lacking C5 are extremely

susceptible to influenza-induced mortality [13]. Following influenza

infection, complement receptors and C5a are both upregulated in

the upper respiratory tract [14,15]. Blocking the C5aR during

influenza infection severely decreases both the frequency and

absolute numbers of influenza-specific CD8+ T cells, along with

lowering overall CTL activity and the IFN-gamma response to

immunodominant viral epitopes [10,16]. Separation of this C5a-
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induced protection from any deleterious C5a induced inflammatory

processes could yield a powerful therapeutic agent.

The biologically active region of human C5a is confined to the

C-terminal ten residues (i.e., C5a65–74, ISHKDMQLGR). Our

laboratory has developed a conformationally biased agonist of

C5a65–74 that retains the immunostimulatory capacity of human

C5a but does not possess its anaphylactic capacity. This

response-selective agonist is known as EP67 and has the sequence

Tyr-Ser-Phe-Lys-Asp-Met-Pro-(N-methylLeu)-D-Ala-Arg or

YSFKDMP(MeL)aR. EP67 is one of a series of synthetic C5a

agonist peptides bearing unique conformational features that are

well accommodated by the C5aR expressed on APCs, but not on

inflammatory PMN [17,18,19,20]. Previous studies have exploit-

ed this separation of C5a-like immune induction from inflam-

mation to develop vaccine adjuvants with efficacy in multiple

species [18,21,22,23,24,25,26,27]. In the course of these studies,

it was determined that EP67 induces release of IL-6 and TNF

from CD88-positive APC populations [26,27]. IL-6 and TNF are

critical inducers of the acute phase response to infection, leading

to the hypothesis that EP67 could act as a solo therapeutic agent.

The purpose of this study was to test the impact of EP67 on

induction of innate immunity. Our results show that EP67 induces

a rapid burst of cytokines and chemokines in the airways followed

by the appearance of multiple innate immune effector cell

populations. This induction of innate immunity is protective

against influenza-induced morbidity and mortality, even when

EP67 treatment occurs one day after infection with a lethal dose of

influenza. These results indicate that EP67, previously used as a

vaccine adjuvant, can function as a stand-alone therapeutic agent

with efficacy against established respiratory infection.

Materials and Methods

Ethics Statement
All animal experimental protocols were approved by the

Institutional Animal Care and Use Committees at the Sidney

Kimmel Cancer Center and at San Diego State University prior to

initiation of experiments. Animals were given free access to food

and water and were cared for according to guidelines set by the

American Association for Laboratory Animal Care.

Animals
C57BL/6 mice were bred in house. Male and female mice

between 12 and 20 weeks old were used. For EP67 insufflation,

mice were anesthetized with isofluorane and 30 ml of EP67 was

applied to the nares. Each animal was watched to ensure that the

entire volume was aspirated. Control animals were given 30 ml of

intranasal saline. Animals were monitored until they could right

themselves (,1 minute) and returned to their cage. At no time was

any distress observed in response to EP67 insufflation. Preliminary

experiments confirmed that the pulmonary response to EP67 was

not due to any contaminants from peptide synthesis by comparing

the response to EP67 with that of a control peptide composed of

the same amino acids scrambled into a different order (scEP67;

([MeL]RMYKPaFDS). Insufflation of mice with the scrambled

EP67 peptide did not induce any discernable pulmonary response

(Figure S1) compared to insufflation with an equal volume of saline

or no treatment at all. This is in agreement with our previously

published data showing that the specific mechanism underlying

EP67 activity is CD88 ligation, to the exclusion of any non-specific

stimulation [26,28].

Influenza Infection
For influenza infection studies, mice were anesthetized with

either isofluorane by inhalation or ketamine/xylazine by injection

and then infected with influenza virus strain A/Puerto Rico/8/34

H1N1 (A/PR/8) purchased from Charles River Labs Avian

Vaccine Services (North Franklin, CT). The HA titer of the

purchased virus was 1:655,360/ml, and the EID50 titer of 109.3/

ml. Preliminary testing in our laboratory indicated that the MLD50

was 103.4 EID (data not shown). In the experiments shown, we

employed a non-lethal dose of 0.336MLD50, (102.9 EID) and a

lethal dose of 3.36MLD50 (103.9 EID) per mouse, delivered in a

volume of 30 ml as above. For non-lethal infection, mice were

treated with 45 mg EP67, and for lethal infection mice were treated

with 240 mg EP67. Body weight and general appearance of

infected mice was monitored daily following infection. Any animal

that lost 30% starting body weight was sacrificed and the infection

counted as lethal (reviewed in [29]).

Peptide Synthesis
EP67 (YSFKDMP(MeL)aR) and scrambled EP67 ([MeL]R-

MYKPaFDS), were synthesized by standard Fmoc (9-fluorenyl-

methoxycarbonyl) solid-phase methods on a pre-loaded Arg Wang

resin by sequential coupling of the HBTU (2-(1Hbenzotriazole-1-yl-

1,1,3,3-tetramethyluronium hexafluorophosphate) esters of each

amino acid as described [30]. EP67 was cleaved from the resin via

standard acidolysis with a TFA (trifluoroacetic acid) cocktail

containing phenol (5%), water (2%), and triisopropylsilane (2%) as

scavengers. EP67 was purified by analytical and preparative reverse-

phase HPLC in C18-bonded silica columns with 0.1% TFA as the

running buffer (solvent A) and 60% acetonitrile in 0.1% TFA

(solvent B) as the eluant, and characterized by molecular mass

(M+H)+ with electrospray mass spectrometry. EP67: Mcalc = 1240,

(M +1H)+ = 1241.3910, (M +2H)2+ = 621.1760; scrambled EP67:

Mcalc = 1240, (M +1H)+ = 1241.5267, (M +2H)2+ = 621.2435.

Bronchoalveolar Lavage
To collect BAL fluid and cells, animals were exposed to a high

concentration of isofluorane until respiration ceased, and then

exsanguinated by severing the abdominal aorta. The trachea was

exposed, cannulated with an 18-gauge, K inch needle connected

to a 1-ml syringe, and the lungs were flushed once with 1 ml of

PBS. The BAL samples were spun for ten minutes at 1200 RPM,

and the fluid was removed from the cell pellet and frozen for later

analysis. The remaining BAL cells were resuspended for staining

and flow cytometric analysis. BAL cell counts were performed

using an Accuri C6 flow cytometer according to the manufactur-

er’s instructions.

Flow Cytometric Analysis
Antibodies specific for Ly5.2-FITC, MHCII (I-A/I-E-PE), Gr-

1(Ly-6G)-PE and B220-PE, were from BD Pharmingen, San

Diego, CA. Antibodies specific for CD80-PE, CD86-PE, NK1.1-

PE, CD14-PE, CD11b-AlexaFluor647, and anti-CD11c-PECy7

were from eBioscience (San Diego, CA). Following removal of the

BAL fluid for cytokine analysis, BAL cells were suspended in

RPMI without phenol red containing 5% FBS. Cells were stained

with various combinations of fluorescent antibodies for 30 minutes

on ice, then washed and analyzed using an Accuri C6 flow

cytometer. FACS data was analyzed using GateLogic software

(Inivai, Menton Victoria, Australia). All samples were stained with

anti-Ly5.2 to eliminate contaminating red blood cells as well as

any non-hematopoetic lung cells. BAL cells from individual mice

were not pooled prior to staining and analysis. All FACS studies
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were repeated 2–5 times. Staining specificity was confirmed using

a fluorochrome-matched irrelevant staining antibody.

Pulmonary Viral Burden
Three days after infection, pulmonary viral titer was monitored

by quantitative real-time PCR (qPCR) of the viral matrix RNA.

For qPCR, total RNA was prepared by homogenizing infected

lung tissue in TRIZOL (Life Technologies) with 1 mm beads using

a Bullet Blender (NextAdvance) at setting 8 for five minutes. One

hundred nanograms total RNA from each lung was analyzed in

duplicate 20 ml reactions using the RNA-To-CT 1-Step Taqman

kit (Life Technologies) and the influenza matrix primer and probe

set described by Spackman [31]. The viral load was calculated

using a standard curve generated from RNA isolated from

uninfected lung to which known numbers of influenza virions

had been added prior to RNA isolation. The 50% tissue culture

infectious dose (TCID50), was determined exactly as described [32]

using the data analysis method of Reed and Muench [32].

Cytokine and Chemokine Analysis
Analysis of BAL cytokines was performed using the Cytokine

Bead Array from BD Pharmingen (San Diego, CA) as described

[33]. These assays had a sensitivity limit of 10 pg/ml [34].

Individual BAL samples from three mice were analyzed for each

time point. After the initial studies, the concentration of IL-1ß, IL-

12p70, and IL-10 in the BAL fluid samples was further analyzed

using CBA Enhanced Sensitivity Flex Sets. This extends the

sensitivity of the assay down to 274 fg/ml. Samples were run on a

FACSArray, and analysis was performed using FCAP Array

software. The exception to this was analysis of IFN-ß, which was

performed by sandwich ELISA as described [35]. Briefly, plates

were coated with monoclonal hamster anti-mouse IFN-ß (BioLe-

gend, San Diego, CA) and a standard curve was constructed using

recombinant murine IFN-ß (Aviva Systems Biology, San Diego,

CA). Polyclonal rabbit anti-mouse IFN-ß (VWR) used as a

secondary antibody followed by biotinylated donkey anti-rabbit

(Jackson ImmunoResearch) as the detecting antibody. The ELISA

was developed using avidin-alkaline phosphatase and p-nitrophe-

nylphosphate (Sigma) as a substrate and read at 405 nm

(background subtract at 490 nm on a BioRad Microplate reader.

Humoral Response to Influenza
Inactivated influenza A/PR/8 bound directly to the ELISA

plates served as the antigen. The antibody subclass analysis

examined the influenza specific IgG1, IgG2b, and IgG2c response.

The gene encoding IgG2a is deleted in C57BL/6 mice. This strain

expresses IgG2c, which shares 84% homology with IgG2a [36].

Total anti-mouse IgG, IgG1, and IgG2b were from L Laborato-

ries, and anti-mouse IgG2c was from Beckman Coulter.

Results

EP67 Induces Cytokine and Chemokine Production in the
Airway

Mice were insufflated with EP67 and sacrificed between 2 hours

and 3 weeks later. Lungs were lavaged one time with 1 ml PBS,

and the BAL fluid was analyzed for a panel of cytokines using a

bead-based assay. EP67 induced two waves of cytokine/chemo-

kine induction, with distinct expression peaks present at two hours

and two days after EP67 treatment (Figure 1). Two hours after

EP67 insufflation, IL-6, TNF, GM-CSF, and KC/CXCL1 were

all detected at increased concentrations in the BAL fluid. By one

day post EP67, the concentration of all these mediators had

decreased precipitously, with both KC/CXCL1and GM-CSF

dropping below the limit of detection (10 pg/ml). The concentra-

tion of TNF decreased daily until indistinguishable from

background on day five. In contrast, the local concentration of

IL-6 dropped sharply at twenty-four hours, but then increased

again at forty-eight hours before returning to background levels by

day four post-treatment. This second peak of IL-6 matched the

second wave of cytokine expression. This second peak was

composed of IL-6, IL-1ß, IL-12p70, and MCP-1/CCL2. At the

2-hour time point, IL-12p70 and MCP-1/CCL2 were present at

low concentrations and IL-1ß was indistinguishable from back-

ground; however, all three were detectable by twenty-four hours

and displayed a peak concentration at forty-eight hours post-

treatment. IL-1ß and IL-12p70 returned to background levels by

day 4 and MCP-1/CCL2 by day five. At no time point were

concentrations of either IL-10 or IFN-ß in the BAL fluid samples

above background. Real-time PCR analysis of IFN-ß mRNA was

performed at several time points following EP67 insufflation;

however, we were unable to confirm any increase in expression of

the IFN-ß message.

EP67 Alters the Cellular Makeup of the Airway
The cytokines present two hours after EP67 are classic

mediators of the acute phase response, during which effector cells

are recruited to the site of tissue damage or infection. Therefore,

we examined the cell populations in the airways following EP67

insufflation. Animals were sacrificed at various time points ranging

from two hours through three weeks following EP67 treatment as

above and cells present in the BAL were analyzed by FACS. The

gating and analysis strategy is shown in Figure 2A. A preliminary

gate was drawn using the FSC/SSC plot to include all cells present

in the BAL. Positive staining with CD45, which is expressed on all

cells of hematopoietic origin except red blood cells (RBC), was

used as a specific gate to exclude RBCs or non-leukocyte cell

populations.

Consistent with previously published reports [37,38], the major

cell population identified in the airways of control mice was

alveolar macrophages (AM). These cells are defined as

FSChiCD11b2CD11c+ with negligible levels of surface MHC II.

Two hours after EP67 insufflation, a population of

CD11b+CD11c2 were identified in the BAL (Figure 2B). Forward

scatter analysis showed that these were small cells and additional

surface staining showed they expressed the neutrophil-specific

marker Ly6G. In control mice, CD11b+CD11c2 neutrophils

represented only 0.5–5% of total BAL cells. Two hours after EP67

insufflation, however, neutrophils made up about 60% of the cells

present in the BAL.

Twenty-four hours after EP67 treatment, two additional cell

populations were detected in the BAL (Fig. 2C). The first of these

were CD11b+CD11c+, large cells that were negative for Ly-6G

and low/neg for MHC II, matching the phenotype of exudate

macrophages (exMac). In control mice, cells of this phenotype

represented only 1–3% of total BAL cells. Twenty-four hours after

EP67 treatment, however, this percentage increased to 15% of the

total BAL cell population. The second cell type identified at 24

hours was negative for CD11b, CD11c, and Ly-6G. These were

very small cells that stained positive for the natural killer cell

marker CD49. In unstimulated BAL samples, NK cells are difficult

to detect with any degree of certainty. Following EP67 stimulation,

the NK cells represented 1% of the total BAL population.

Three days after EP67 treatment, a third population of cells was

identified in the BAL (Figure 3A). These were CD11bhiCD11cmid

cells. They displayed less surface CD11c than either the exMac or

the AM populations and slightly more surface CD11b than the

neutrophils. Although difficult to cleanly discriminate from the

EP67 Induces Protective Innate Immunity
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neutrophils based on CD11b and CD11c expression, this

population of cells was larger, displayed less side- scatter, and

were negative for the neutrophil marker Ly6G. They were also

high positive for expression of MHC II, which confirmed their

identity as myeloid dendritic cells (mDC). The mDCs were clearly

identifiable as a separate population 72 hours after EP67

treatment.

Cell surface expression of MHC II and co-stimulatory markers

CD80 and CD86 on the BAL cell populations induced by EP67

insufflation are shown in Figure 3B. Again consistent with previous

reports, AM from untreated mice did not display surface MHC II

or the costimulatory markers CD80 or CD86 [39]. However, a

large percentage of AM expressed cell surface MHC II three days

after EP67 treatment. The AM had also upregulated surface

expression of CD80 but not CD86. Expression of B220 was also

negative. This same panel of surface markers was displayed by the

exMac population. The mDCs identified 3 days after EP67 were

highly positive for MHC II, CD80 and CD86. The absence of

B220 on the mDC confirmed their myeloid origin, distinguishing

them from the B220-positive plasmacytoid DCs. Neutrophils and

NK cells exhibited no induction of MHC II, CD80, CD86, or

B220 (not shown).

This dynamic appearance of innate immune effector cells into

the airway is reflected in the numbers of cells present in the BAL

over time (Figure 4). Control mice had an average of 46104 cells

recovered from the airway. The total number of BAL cells peaked

at 1.56105 one day after EP67 treatment and declined daily

thereafter. Neutrophils achieve their peak one day after EP67

treatment both in terms of total number of cells and as a

percentage of the BAL cell population. Neutrophils declined

rapidly after day three and returned to background within one

week. The exMacs in the BAL increased gradually over five days,

at which time they represented the majority of BAL cells and then

dropped back to control levels by day fourteen. The mDC

population showed little change on day 1, but increased in

percentage and total number on day two before reaching a peak

on day 3, at which time they represented 20% of BAL cells. Both

the number and percentage of the mDC dropped precipitously

back to control levels by day five.

EP67-mediated Cell Flux is Dose-dependent
Preliminary observations following EP67 insufflation indicated

that the appearance of innate immune effectors in the BAL was

dose dependent. To investigate this further, mice were insufflated

with various doses of EP67 ranging from 1.8 mg to 180 mg and

then sacrificed one day later for analysis of the BAL cell

populations using CD11c, CD11b, and MHC II as above. As

shown in Figure 5A the EP67-mediated influx of neutrophils is

dose-dependent. The neutrophil influx shows no evidence of either

a bell-shaped dose response or of maximum induction over the

range of doses tested. Within the macrophage population

(Figure 5B), the ratio of exMac-to-AMs also increased with

increasing doses of EP67. Prior to EP67 insufflation, exMac

represent about 2% of the airway macrophage population. One

day after insufflation with the lowest dose of EP67 tested, exMacs

made up about 52% of the total macrophage population. This

percentage increased with dosage up to 54 mg/mouse. Higher

doses did not further increase the percentage of exMacs relative to

the AM population.

We also examined the effect of increasing the EP67 dosage on

the expression of MHCII by the macrophage populations

(Figure 5C). The lowest doses examined did not induce a

measurable increase in expression of MHC II compared to that

on AMs from untreated mice. Upregulation of surface MHC II

expression is not detected until animals are insufflated with a dose

of 18 mg EP67. Both the AM and exMac populations displayed

increased expression of cell-surface MHCII at the higher EP67

doses.

EP67 Induces a Protective Anti-influenza Response
The appearance of neutrophils, NK cells, and exMacs in the

alveolar space is reminiscent of the innate immune response to

influenza infection [40]. To determine if EP67 could provide

protection from influenza infection, mice were infected with a non-

lethal dose of influenza A/PR/8 on day 0. Individual cohorts were

insufflated one time with EP67 on day 21, 0, 1, 2, or 3 relative to

the day of infection. Animals were weighed daily and an untreated

control cohort was included as a positive control for influenza-

induced weight loss. The results are shown in Figure 6. The cohort

Figure 1. EP67 induced cytokines and chemokines. Mice were
insufflated with 30 micrograms EP67 in a total volume of 30 microliters,
and then sacrificed at various time points between two hours and
fourteen days later. Cytokine analysis was performed as described in
Materials and Methods. Three individual samples (not pooled) were
tested for each time point. For each cytokine graph, the X-axis is time in
days (except for the initial two hour time point) after EP67 insufflation.
The Y-axis is specific cytokine concentration in pg/ml. Data is displayed
as group average 6 SEM for each time point.
doi:10.1371/journal.pone.0040303.g001
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that was infected with influenza but did not receive EP67

treatment (x, no EP67) showed the standard pattern of weight

loss and regain over the 2 weeks after infection. This cohort lost an

average of 20% starting body weight on day 8 post-infection, with

all weight regained by day 13 post-infection. Mice treated with

EP67 within a one-day window of infection (i.e., day 21, day 0, or

day +1 relative to time of infection) were significantly protected

from influenza-induced weight loss on day eight post infection.

Mice treated with EP67 either one day prior to infection, the day

of infection, or one day after infection lost an average of 6%

(p,0.001), 3% (p,0.0001), and 8% (p,0.05), respectively of their

starting body weight. Treatment with EP67 later than 1 day after

infection was not associated with significant protection from

influenza induced weight loss (not shown). Protection was

associated with a significant reduction in viral RNA measured

three days after infection (p,0. 0005).

Following return to starting weight of all cohorts, serum was

tested for the presence of anti-influenza antibodies by ELISA. The

significant reduction in pulmonary viral burden following EP67

treatment was not associated with a decrease in the humoral anti-

influenza response (Figure 6C). Although the total anti-influenza

IgG response was lower in all groups that exhibited significant

protection from influenza-induced weight loss, this decrease did

not reach statistical significance. Analysis of the IgG subtypes

showed that the concentration of IgG1 was also decreased in the

protected cohorts, but that this decrease was only statistically

significant in one of the treatment conditions. The concentrations

of IgG2b and IgG2c showed no decrease relative to the infected

cohort in any of the treatment groups.

EP67 Induces Innate Immunity in the Presence of
Influenza Infection

Initiation of innate immunity is normally delayed for up to 48

hours after infection with influenza A due to the viral suppression of

host innate immunity [41,42,43]. Therefore, we examined the EP67

response in the context of an established influenza A infection. Mice

were infected with a non-lethal dose of A/PR/8 and then treated via

insufflation 1 day later with EP67 or saline. Animals were sacrificed

two days after infection (one day after EP67 or saline treatment). As

shown in Figure 7, the phenotype of BAL cells from control mice

which were neither infected nor treated with EP67 matched that of

Figure 2. Innate effector cells in the BAL following EP67 insufflation. Mice were insufflated with EP67 as in Figure 1. BAL cells were isolated
either two hours or one day later, then stained with fluorescent antibodies and analysed by FACS. FACS plots shown are from individual mice
representative of at least 10 mice per time point. For surface marker analysis, empty histograms represent negative control stains and filled histogram
overlay represents the stain listed on the X-axis. FSC: forward scatter (size); SSC: side scatter. A. Gating strategy for BAL cell analysis, using a non-EP67
stimulated control mouse. All samples were initially gated by size and side scatter and stained with CD45.2 to exclude any non-hematopoetic cells or
red blood cells from analysis. All CD45 positive cells were stained with CD11c and CD11b to identify discrete cell populations. The identity of
individual cell populations was confirmed using additional surface stains, as shown. B. BAL cells isolated two hours after EP67 insufflation. Boxed cells
indicate cell populations not present as a large percentage of BAL prior to EP67 insufflation. C. BAL cell analysis one day after EP67 insufflation.
Representative staining data is shown (10–30 mice per time point).
doi:10.1371/journal.pone.0040303.g002

EP67 Induces Protective Innate Immunity
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mice infected with influenza A/PR/8 and treated with saline 1 day

later. Under both conditions (i.e., unmanipulated vs infected) the

majority of the cells present in the BAL were AM with a low

percentage of CD11b+ neutrophils (similar to the results in

Figure 2A) and few scattered cells in the NK gate. In contrast, mice

infected with influenza and treated one day later with EP67

exhibited a robust influx of neutrophils, NK cells, and exMacs. The

phenotype and percentage of the innate effectors induced by EP67 in

the presence of established influenza infection was similar to that

seen in mice treated with EP67 in the absence of an established

influenza infection.

Delayed EP67 Treatment Protects from Lethal Influenza
Infection

Mice were infected with a lethal dose of influenza A and treated

one day later with EP67 (240 mg/mouse) or saline. Weight and

appearance were monitored daily. Mice that lost $30% of starting

body weight and displayed typical symptoms of illness (piloerec-

tion, hunching, lethargy) were sacrificed and the infection scored

as lethal. Using these criteria, all of the control mice succumbed to

the infection by day eleven post-infection. In marked contrast,

100% of mice exposed to the same lethal dose but treated one day

later with EP67 survived the infection (Figure 8). During the

course of the experiment, the EP67-treated animals exhibited no

signs of hunching, lethargy, or piloerection. Treatment with EP67

one day following lethal infection induced significant protection

from influenza-induced weight loss (p,0.0001).

Discussion

The ability to induce innate immunity safely has long been a

goal for treating viral, bacterial, and fungal infections. Increasing

resistance to pulmonary infection following non-specific immune

stimulation has been recognized for over thirty years [44,45]. Such

a strategy requires development of therapeutic entities able to

Figure 3. Antigen presenting cell populations in the BAL following EP67 insufflation. Mice were insufflated with EP67 as in Figure 2, and
BAL analysis was carried out three days later. A. Analysis of myeloid dendritic cells. Isolation, staining, and analysis was carried out three days after
EP67 insufflation as in Figure 2. B. Surface marker analysis on antigen presenting cell populations following EP67 insufflation. Negative control stains
are shown as empty histograms; the filled histogram overlay is the specific stain listed on the left. Representative staining data is shown (10–20 mice
per time point).
doi:10.1371/journal.pone.0040303.g003
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induce various elements of innate immunity with little/no adverse

inflammatory side effects.

The anaphylatoxin C5a is pharmacologically active byproduct

of the complement cascade. C5a acts to bring inflammatory cells

to the site of tissue injury/infection and to subsequently activate

their effector responses. These functions are dependant upon

binding of C5a to the cell-surface receptor CD88 (reviewed in

[46,47]. Like native C5a, EP67 function is critically dependent

upon CD88 ligation [26,28]. However, although it is able to

activate antigen presenting cells, EP67 neither binds to nor signals

through the CD88 surface receptor on inflammatory PMNs [19].

Therefore, insuffulation of EP67 induces the acute phase proteins

TNF and IL-6 in the absence of accompanying neutrophil

stimulation [19,26,27,48].

The current study shows that delivery of EP67 to the airways

induces a potent anti-viral response characterized by rapid

cytokine induction and sequential influx of innate effector cell

populations. A single insufflated dose of EP67 was sufficient to

initiate a cascade of molecular and cellular events covering a

period of days. The resultant innate immune response provided

100% protection following infection with a lethal dose of

influenza. This EP67-induced cascade of events displayed the

essential characteristics and kinetics expected for a protective

innate response to infection. The cytokines and chemokines

detected in the airways within two hours of EP67 treatment (TNF,

IL-6, GM-CSF, and KC/CXCL1) are all important mediators of

direct antiviral protection. TNF is by itself a robust inhibitor of

influenza A replication [49,50,51]. During an active infection,

TNF also enhances the recruitment of leukocytes to the site of

infection and activates innate immune responses [49,50,51]. IL-6

exhibits pleiotropic effects, including the activation of NK cells and

macrophages and stimulation of T cell differentiation during

influenza infection [50,52]. GM-CSF enhances survival, prolifer-

ation, maturation, and differentiation of myeloid cells. GM-CSF

also blocks mortality from lethal influenza infection and is critical

to alveolar growth and repair [53,54]. The chemokine KC/

CXCL1 plays a critical role in preventing bacterial pneumonia

after influenza infection [55].

In addition to direct anti-viral and protective functions, the

cytokines and chemokines induced by EP67 are all associated with

chemotaxis of innate immune effector cell populations. A single

administration of EP67 induces the recruitment of neutrophils

within two hours. Neutrophils are one of the first inflammatory cell

type to appear in large numbers during acute infection [2,56].

Neutrophils may contribute to innate immune protection during

the early stages of influenza infection, although their requirement

is debated [57,58]. Although neutrophils exhibit chemotaxis

directly to native C5a, EP67 is devoid of C5a-like engagement

of CD88-bearing PMNs [19]. The cytokines and chemokines

detected two hours after EP67 treatment are all associated with

neutrophil chemotaxis [59], and both TNF and GM-CSF act to

increase neutrophil survival times in tissue from hours to days [56].

The peak neutrophil response (both total number and percentage

of BAL) occurred twenty-four hours after EP67 treatment.

Stimulated neutrophils produce a large number of proinflamma-

tory mediators, including TNF and IL-1b [56]. If EP67 were

directly activating the neutrophil population, it would be

anticipated that the local concentration of these cytokines would

greatly increase at or near the peak of the neutrophil response.

However, the local concentration of TNF and IL-1ß show no

correlation to the kinetics of neutrophil influx and disappearance.

This argues against neutrophils as the cellular source of the airway

cytokines, underscoring an important therapeutic attribute of

EP67; i.e., its ability to recruit neutrophils for the initial assault on

an infection, but no capacity to activate them directly once

recruited. In the absence of a wide-spread infection, this avoids

induction of an unnecessary or overly-aggressive inflammatory

outcome.

Figure 4. Kinetics of innate effector cells in the airways
following EP67 insufflation. X-axis is time in days following EP67
insufflation. A. Absolute cell number following EP67 insufflation. B.
Subpopulations of BAL cells as % of BAL cell population. C. Total cell
number of individual BAL cell subpopulations. AM: open triangles;
Neutrophils: x; exMacs: closed squares; mDC: closed triangles. NK cells
are not shown, as they never represented more than 1% of the total
BAL population. Results are shown as mean 6 SD.
doi:10.1371/journal.pone.0040303.g004
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Within one day of EP67 treatment, both NK cells and exMacs

are present in the airways. Three days after EP67, mDCs can be

detected as a large percentage of the airway cells. The involvement

of these cell types in the clearance of various airway infections is

well established (reviewed in [2]). NK cells lyse virally-infected

cells, acting to contain viral infection during maturation of the

acquired immune response. NK cells also play a critical role in

activation of the CTL response to influenza [60]. Macrophages

phagocytize pathogens, and loss of the exMac population is

associated with highly increased pulmonary influenza titers and a

decrease in the subsequent T cell response [40]. The pulmonary

DCs initiate the adaptive immune response by presenting antigen

to naı̈ve T lymphocytes [2]. EP67 also enhanced expression of

MHC II and costimulatory surface markers on the APC

populations (i.e., AM, exMac, and mDC) in the airways in a dose

dependant fashion. An increased antigen-presenting capacity

secondary to this observed maturation of APC populations is

consistent with our previous work showing that that EP67 (as well

as the earlier sister analogue EP54) are effective adjuvants in both

young and aged mice [18,21,22,23,24,25,26,27].

In the normal lung, the AM and the bronchial epithelium (BE)

are continually exposed to the outside world during respiration.

Both cell types can rapidly release cytokines in response to

inflammation/infection. Furthermore, both AM and BE express

the C5aR CD88 and are able to secrete cytokines in response to

both natural C5a and EP67 or its earlier sister analogs ([61] and

Sanderson, unpublished data). It is thus quite likely that the AM

and the bronchial epithelium both contribute to the immediate

cytokine response following EP67 insufflation. The cellular source

of those cytokines that peak two days after EP67 treatment (IL-1ß,

IL-12p70, and MCP-1, as well as the second peak of IL-6) is less

clear. By this late time point, it is unlikely that any EP67 remains

in the airways. This second wave of mediators is most likely

derived from continual activation of the initiating responder cells

and/or to maturation of different innate effector cell populations

in the airways. For example, mDCs can release multiple

chemokines over several days [62], with the later phases biased

toward recruitment of monocytes and T-lymphocytes. This would

be consistent with the presence of IL-12p70, considered a ‘‘Th1-

type’’ cytokine, as well as MCP-1, a monocyte chemoattractant.

The second peak of IL-6 deserves mention. IL-6 acts as both a pro-

inflammatory and an anti-inflammatory cytokine. The latter

function is critical to the resolution of the innate immune response

(reviewed in [63]). The mechanisms involved include antagonism

of the TNF response and induction of neutrophil apoptosis. The

rapid loss of neutrophils three days after EP67 treatment

corresponds both with the limits of apoptosis protection induced

Figure 5. Dose-response profile following EP67 insufflation. Mice (3–5/group) were insufflated with varying doses of EP67, and BAL cells were
analyzed one day later as in Figure 2. A. Neutrophils as a percentage of total BAL cells (y-axis) vs. increased dose of EP67 (x-axis). Results are shown as
group mean 6 SD. B. Ratio of alveolar macrophages to exudate macrophages based on expression of CD11b (y-axis) vs. increased dose of EP67 (x-
axis). C. Upregulation of MHC II on AM and exMac with escalating doses of EP67. Empty histogram represents negative control stain; filled histogram
represents MHC II expression. Numbers in histogram represent increased % of cells staining vs. negative control stain. Dose of EP67 is shown on the
far right. There was no clear increase in MHCII expression at the lowest doses of EP67; therefore, there is no listed percentage in those histograms.
doi:10.1371/journal.pone.0040303.g005
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Figure 6. EP67 displays protection against influenza-induced morbidity. Four groups of mice were infected with a non-lethal dose of
influenza (0.336MLD50) as described in Materials and Methods. Three groups were treated one time with EP67, either the day before infection (EP67
day 21), at the time of infection (EP67 day 0), or the day after infection (EP67 day 1). Mice were weighed daily. A. Weight change following influenza
infection. Group average weight change is shown as mean 6 SEM. Day 8 weight loss results are statistically significant (using a two-tailed Student’s t-
test) as reported in the text. One experiment is shown; experiment was repeated twice. B. Viral load in lungs was measured using quantitative RT-PCR
of the influenza matrix gene. Lung RNA was isolated three days after infection. Results are shown as matrix gene copies per 100 ng RNA. (‘p,0. 0005,
two-tailed Student’s t-test). C. ELISA analysis of anti-influenza antibodies. Individual serum samples were analyzed for total IgG, IgG1, IgG2b, and
IgG2c distribution. Results are displayed as mean 6 SEM. The total IgG response shown is from the 1:10,000 dilution of serum. The subclass responses
shown are from the 1:1000 serum dilution. *p,0.05, two-tailed Student’s t-test.
doi:10.1371/journal.pone.0040303.g006

Figure 7. The innate immune activation capacity of EP67 is not abrogated by established influenza infection. Mice were insufflated
with either saline or a non-lethal dose of influenza as in Figure 6. One day after infection, mice were insufflated with EP67 or saline. All mice were
sacrificed 48 hours after influenza infection, 24 hours after EP67 treatment. BAL cells were analysed as in Figure 2. Top row: BAL cells were stained for
CD11c and CD11b. Percentage of cells in quadrant is shown. Bottom row: Cells in box were analyzed for expression of NK1.1. Percentage of NK1.1
positive cells in the analysis box is shown above the bar, and absolute number of cells is shown below the bar. Representative results are shown;
experiment was repeated twice.
doi:10.1371/journal.pone.0040303.g007
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by TNF and GM-CSF as well as the second local increase in the

IL-6 concentration.

The EP67-induced release of TNF and IL-6 followed by an

influx of innate immune effector cells resembles the innate

immune response to influenza infection (reviewed in [2,64].

However, the innate immune response to influenza infection does

not normally commence for a matter of days due to antagonism of

the antiviral type 1 IFN pathway by the NS-1, PB1-F2, and PB2

viral proteins [41,42,43]. Suppression acts at the level of the

infected cell, delaying initiation of the innate immune response

during the early stages of viral replication and spread. Because of

this both mice and humans experience unconstrained viral

replication during the earliest time points following infection. In

the absence of treatment, the endogenous anti-viral immune

response is generally initiated two days after infection, with effector

cells appearing in the lungs a day later [2,65]. Not until initiation

of the innate immune response do viral titers begin to diminish.

Early treatment with EP67 induced a robust response even in the

presence of an established infection, initiating an anti-viral

response up to two days earlier than in the untreated animals.

This led to a significant decrease in the pulmonary viral burden,

reflected in protection from weight loss and death.

Although early treatment was clearly protective, it was

unsurprising that a single dose of EP67 delivered two or three

days after infection shows no clear therapeutic benefit. By this time

post-infection, the endogenous innate response has been initiated.

In the case of uncomplicated (non-lethal) infection, there may be

no therapeutic benefit to increasing the already-initiated innate

response. This limited therapeutic window is similar to that seen

with neuraminidase inhibitors, which are also most effective

during early stages of rapid viral replication [66] and less so once

symptoms are present, particularly for children [67,68]. Unfortu-

nately, human exposure to an infectious agent is generally

unrecognized until symptoms appear; but there are times when

the risk of exposure is greatly increased. The most obvious such

cases are health care professionals as well as coworkers and family

members of patients. In such cases, post-exposure prophylaxis with

EP67 should be within the window of window of therapeutic

efficacy. Furthermore, the experiments herein used only a single

dose of EP67 given at early stages of infection. It remains to be

determined how multiple doses of EP67 impact the course of

disease. These studies will be particularly important in the context

of lethal infection or in the presence of underlying immunodefi-

ciency.

EP67 treatment during the early stage of infection was

associated with a significant reduction in viral burden and

protection from morbidity/mortality. Despite the reduced viral

burden, the protective humoral response to the infection was not

compromised. Although there was a possible trend towards

decreased IgG1, there was no reduction in the concentrations of

either IgG2b or IgG2c (the homolog of IgG2a found in C57BL/6

mice) in the groups treated with EP67 compared to the non-

treated control animals. Members of the IgG2 subclass are the

most potent mediators of influenza virus neutralization in vitro and

elimination in vivo [69]. A decrease in these critical immunoglob-

ulin subtypes could manifest itself as impaired humoral protection.

Long term protective immunity is also critically dependent upon

establishment of a robust acquired immune response. Therefore,

maintenance of these critical immunoglobulin subtypes following

EP67 treatment indicates that induction of the early, robust innate

response does not have a deleterious effect on humoral protection.

Further studies to uncover the mechanism of robust humoral

immunity despite the decreased viral burden, as well as the effect

on CD4 and CD8 cell function following EP67 treatment, are

ongoing.

The overall role of the innate immune response is to provide

defense against pathogens that is both immediate and non-specific.

Expanding upon the results shown herein, the response generated

by EP67 in the airway should display little pathogen specificity,

and thus activating the non-specific innate immune response with

EP67 should prove efficacious in treating diverse viral, bacterial,

and fungal infections. Beyond the promiscuity of their protection,

therapeutics that operate via the innate immune response

minimize mutational pressures on pathogens, since the therapeutic

effect is neither directed toward nor imposed directly upon the

pathogen [70].

These studies were designed to determine whether EP67,

previously used primarily as an adjuvant, could provide direct

protection in the face of respiratory infection. The results indicate

Figure 8. EP67 prevents morbidity and mortality following
lethal influenza infection. Mice (five mice/group) were infected with
a lethal dose of influenza (3.36MLD50) as described in Materials and
Methods. One day later, groups were insufflated with either EP67
(240 mg/mouse) or saline. Mice were sacrificed when weight loss
reached 30% of starting body weight, and the infection counted as
lethal. A. Survival curve. B. Group average weight loss.
doi:10.1371/journal.pone.0040303.g008
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that the response-selective stimulation of CD88-bearing effector

cells in the airways provides immediate protection even from

established infection, without compromising the subsequent

acquired response to infection. More broadly, the results indicate

that EP67 may function as a broad-spectrum emergency

therapeutic for diverse respiratory infection. Ideally, an emergency

therapeutic for infectious disease should exhibit several character-

istics. It should provide protection when administered either prior

to infection (prophylactic protection) or after infection has been

established (therapeutic efficacy), and it should provide protection

against multiple, diverse pathogens. In the current report, we show

that EP67 fulfills the first two characteristics. Because protection

was mediated via the innate immune response, EP67-induced

protection should prove efficacious against diverse infectious

agents, including non-viral pathogens as well as pathogens not

confined to the respiratory tract. This is supported by our findings

that EP67 induces effective innate immunity against both bacterial

[28] and fungal (Phillips, unpublished) infection.

The peptide sequence of EP67 (YSFKDMP(MeL)aR) was

originally derived from the biologically active C-terminal sequence

of human C5a (C5a65–74: ISHKDMQLGR, 40% identity).

Despite the efficacy shown in the current study, EP67 bears very

little sequential similarity to the same region of murine C5a

(SPHKPVQLGR). That EP67 binds to and engages C5aRs on

both human and murine antigen presenting cells reflects more on

the similarities of the secondary binding pocket within these

C5aRs that accommodate the unique topochemical features of

EP67 than it does sequential similarities of the C-terminal region

of the murine and human C5a ligand.

In summary, this report shows that the C5a agonist peptide

EP67 provides both prophylactic and therapeutic protection

against influenza infection. Protection results from the rapid

induction of a robust innate immune response that includes high

local concentrations of anti-viral cytokines and the influx of several

populations of innate immune effector cell types. These results

have profound implications for influenza therapeutic development

and, ultimately, for broad-spectrum emergency therapy against

unidentified respiratory pathogens.

Supporting Information

Figure S1 Mice were insufflated with 30 mg of the
negative control peptide scrambled EP67 ([MeL]RMYK-
PaFDS) in a volume of 30 ml, or with an equal volume of
saline. BAL was isolated one day later and stained for FACS

analysis with CD45.2, CD11c and CD11b as described in

Materials and Methods.

(TIF)

Author Contributions

Conceived and designed the experiments: JP SS SW HS EV. Performed

the experiments: JP MT EH KK SS SW EV. Analyzed the data: JP EH

SW KK EV. Contributed reagents/materials/analysis tools: JP MT SS

HS. Wrote the paper: JP SS.

References

1. Kohl J (2006) The role of complement in danger sensing and transmission.

Immunol Res 34: 157–176.

2. Kohlmeier JE, Woodland DL (2009) Immunity to respiratory viruses. Annu Rev

Immunol 27: 61–82.

3. Parker D, Prince A (2011) Innate immunity in the respiratory epithelium.

Am J Respir Cell Mol Biol 45: 189–201.

4. Goodman MG, Chenoweth DE, Weigle WO (1982) Potentiation of the primary

humoral immune response in vitro by C5a anaphylatoxin. J Immunol 129: 70–

75.

5. Morgan EL, Thoman ML, Weigle WO, Hugli TE (1983) Anaphylatoxin-

mediated regulation of the immune response. II. C5a-mediated enhancement of

human humoral and T cell-mediated immune responses. J Immunol 130: 1257–

1261.

6. Hugli TE, Marceau F, Lundberg C (1987) Effects of complement fragments on

pulmonary and vascular smooth muscle. Am Rev Respir Dis 135: S9–13.

7. Hugli TE, Muller-Eberhard HJ (1978) Anaphylatoxins: C3a and C5a. Adv

Immunol 26: 1–53.

8. Montz H, Fuhrmann A, Schulze M, Gotze O (1990) Regulation of the human

autologous T cell proliferation by endogenously generated C5a. Cell Immunol

127: 337–351.

9. Hopken UE, Lu B, Gerard NP, Gerard C (1996) The C5a chemoattractant

receptor mediates mucosal defence to infection. Nature 383: 86–89.

10. Kim AH, Dimitriou ID, Holland MC, Mastellos D, Mueller YM, et al. (2004)

Complement C5a receptor is essential for the optimal generation of antiviral

CD8+ T cell responses. J Immunol 173: 2524–2529.

11. Moulton RA, Mashruwala MA, Smith AK, Lindsey DR, Wetsel RA, et al.

(2007) Complement C5a anaphylatoxin is an innate determinant of dendritic

cell-induced Th1 immunity to Mycobacterium bovis BCG infection in mice.

J Leukoc Biol 82: 956–967.

12. Strainic MG, Liu J, Huang D, An F, Lalli PN, et al. (2008) Locally produced

complement fragments C5a and C3a provide both costimulatory and survival

signals to naive CD4+ T cells. Immunity 28: 425–435.

13. Hicks JT, Ennis FA, Kim E, Verbonitz M (1978) The importance of an intact

complement pathway in recovery from a primary viral infection: influenza in

decomplemented and in C5-deficient mice. J Immunol 121: 1437–1445.

14. Bjornson AB, Mellencamp MA, Schiff GM (1991) Complement is activated in

the upper respiratory tract during influenza virus infection. Am Rev Respir Dis

143: 1062–1066.

15. Diaz-Mitoma F, Alvarez-Maya I, Dabrowski A, Jaffey J, Frost R, et al. (2004)

Transcriptional analysis of human peripheral blood mononuclear cells after

influenza immunization. J Clin Virol 31: 100–112.

16. Suresh M, Molina H, Salvato MS, Mastellos D, Lambris JD, et al. (2003)

Complement component 3 is required for optimal expansion of CD8 T cells

during a systemic viral infection. J Immunol 170: 788–794.

17. Finch AM, Vogen SM, Sherman SA, Kirnarsky L, Taylor SM, et al. (1997)

Biologically active conformer of the effector region of human C5a and

modulatory effects of N-terminal receptor binding determinants on activity.
J Med Chem 40: 877–884.

18. Tempero RM, Hollingsworth MA, Burdick MD, Finch AM, Taylor SM, et al.
(1997) Molecular adjuvant effects of a conformationally biased agonist of human

C5a anaphylatoxin. J Immunol 158: 1377–1382.

19. Vogen SM, Paczkowski NJ, Kirnarsky L, Short A, Whitmore JB, et al. (2001)
Differential activities of decapeptide agonists of human C5a: the conformational

effects of backbone N-methylation. Int Immunopharmacol 1: 2151–2162.

20. Vogen SM, Prakash O, Kirnarsky L, Sanderson SD, Sherman SA (1999)

Determination of structural elements related to the biological activities of a

potent decapeptide agonist of human C5a anaphylatoxin. J Pept Res 54: 74–84.

21. Buchner RR, Vogen SM, Fischer W, Thoman ML, Sanderson SD, et al. (1997)

Anti-human kappa opioid receptor antibodies: characterization of site-directed
neutralizing antibodies specific for a peptide kappa R(33–52) derived from the

predicted amino terminal region of the human kappa receptor. J Immunol 158:

1670–1680.

22. Ulrich JT, Cieplak W, Paczkowski NJ, Taylor SM, Sanderson SD (2000)

Induction of an antigen-specific CTL response by a conformationally biased
agonist of human C5a anaphylatoxin as a molecular adjuvant. J Immunol 164:

5492–5498.

23. Sanderson SD, Cheruku SR, Padmanilayam MP, Vennerstrom JL, Thiele GM,

et al. (2003) Immunization to nicotine with a peptide-based vaccine composed of

a conformationally biased agonist of C5a as a molecular adjuvant. Int
Immunopharmacol 3: 137–146.

24. Hegde GV, Meyers-Clark E, Joshi SS, Sanderson SD (2008) A conformation-
ally-biased, response-selective agonist of C5a acts as a molecular adjuvant by

modulating antigen processing and presentation activities of human dendritic

cells. Int Immunopharmacol 8: 819–827.

25. Duryee MJ, Bevins RA, Reichel CM, Murray JE, Dong Y, et al. (2009) Immune

responses to methamphetamine by active immunization with peptide-based,
molecular adjuvant-containing vaccines. Vaccine 27: 2981–2988.

26. Morgan EL, Morgan BN, Stein EA, Virts EL, Thoman ML, et al. (2009)

Enhancement of in vivo and in vitro immune functions by a conformationally-
biased, response-selective agonist of human C5a: Implications for a novel

adjuvant in vaccine development. Vaccine 28: 463–469.

27. Morgan EL, Thoman ML, Sanderson SD, Phillips JA (2010) A novel adjuvant

for vaccine development in the aged. Vaccine 28: 8275–8279.

28. Sheen TR, Cavaco CK, Ebrahimi CM, Thoman ML, Sanderson SD, et al.
(2011) Control of methicillin resistant Staphylococcus aureus infection utilizing a

novel immunostimulatory peptide. Vaccine 30(1): 9–13.

29. van der Laan JW, Herberts C, Lambkin-Williams R, Boyers A, Mann AJ, et al.

(2008) Animal models in influenza vaccine testing. Expert Rev Vaccines 7: 783–
793.

EP67 Induces Protective Innate Immunity

PLoS ONE | www.plosone.org 11 July 2012 | Volume 7 | Issue 7 | e40303



30. Taylor SM, Sherman SA, Kirnarsky L, Sanderson SD (2001) Development of

response-selective agonists of human C5a anaphylatoxin: conformational,
biological, and therapeutic considerations. Curr Med Chem 8: 675–684.

31. Spackman E, Senne DA, Myers TJ, Bulaga LL, Garber LP, et al. (2002)

Development of a real-time reverse transcriptase PCR assay for type A influenza
virus and the avian H5 and H7 hemagglutinin subtypes. J Clin Microbiol 40:

3256–3260.
32. Cottey R, Rowe CA, Bender BS (2001) Influenza Virus. Current Protocols in

Immunology. 42: 19.11.1–19.11.32.

33. Morgan E, Varro R, Sepulveda H, Ember JA, Apgar J, et al. (2004) Cytometric
bead array: a multiplexed assay platform with applications in various areas of

biology. Clin Immunol 110: 252–266.
34. DeForge LE, Shih DH, Kennedy D, Totpal K, Chuntharapai A, et al. (2007)

Species-dependent serum interference in a sandwich ELISA for Apo2L/TRAIL.
J Immunol Methods 320: 58–69.

35. Ernst D (2003) Techniques for Immune Function Analysis: Application

Handbook. San Diego: BD Biosciences.
36. Karachunski PI, Ostlie NS, Monfardini C, Conti-Fine BM (2000) Absence of

IFN-gamma or IL-12 has different effects on experimental myasthenia gravis in
C57BL/6 mice. J Immunol 164: 5236–5244.

37. Lin KL, Suzuki Y, Nakano H, Ramsburg E, Gunn MD (2008) CCR2+
monocyte-derived dendritic cells and exudate macrophages produce influenza-
induced pulmonary immune pathology and mortality. J Immunol 180: 2562–

2572.
38. von Garnier C, Filgueira L, Wikstrom M, Smith M, Thomas JA, et al. (2005)

Anatomical location determines the distribution and function of dendritic cells
and other APCs in the respiratory tract. J Immunol 175: 1609–1618.

39. Chelen CJ, Fang Y, Freeman GJ, Secrist H, Marshall JD, et al. (1995) Human

alveolar macrophages present antigen ineffectively due to defective expression of
B7 costimulatory cell surface molecules. J Clin Invest 95: 1415–1421.

40. Dawson TC, Beck MA, Kuziel WA, Henderson F, Maeda N (2000) Contrasting
effects of CCR5 and CCR2 deficiency in the pulmonary inflammatory response

to influenza A virus. Am J Pathol 156: 1951–1959.

41. Fernandez-Sesma A, Marukian S, Ebersole BJ, Kaminski D, Park MS, et al.
(2006) Influenza virus evades innate and adaptive immunity via the NS1 protein.

J Virol 80: 6295–6304.
42. Graef KM, Vreede FT, Lau YF, McCall AW, Carr SM, et al. (2010) The PB2

subunit of the influenza virus RNA polymerase affects virulence by interacting
with the mitochondrial antiviral signaling protein and inhibiting expression of

beta interferon. J Virol 84: 8433–8445.

43. Varga ZT, Ramos I, Hai R, Schmolke M, Garcia-Sastre A, et al. (2011) The
influenza virus protein PB1-F2 inhibits the induction of type i interferon at the

level of the MAVS adaptor protein. PLoS Pathog 7: e1002067.
44. Glasgow LA, Fischbach J, Bryant SM, Kern ER (1977) Immunomodulation of

host resistance to experimental viral infections in mice: effects of Corynebac-

terium acnes, Corynebacterium parvum, and Bacille calmette-guerin. J Infect
Dis 135: 763–770.

45. Spencer JC, Ganguly R, Waldman RH (1977) Nonspecific protection of mice
against influenza virus infection by local or systemic immunization with Bacille

Calmette-Guerin. J Infect Dis 136: 171–175.
46. Guo RF, Ward PA (2005) Role of C5a in inflammatory responses. Annu Rev

Immunol 23: 821–852.

47. Manthey HD, Woodruff TM, Taylor SM, Monk PN (2009) Complement
component 5a (C5a). Int J Biochem Cell Biol 41: 2114–2117.

48. Phillips JA, Morgan EL, Dong Y, Cole GT, McMahan C, et al. (2009) Single-
Step Conjugation of Bioactive Peptides to Proteins via a Self-Contained

Succinimidyl Bis-Arylhydrazone. Bioconjug Chem 20: 1950–1957.

49. Seo SH, Webster RG (2002) Tumor necrosis factor alpha exerts powerful anti-
influenza virus effects in lung epithelial cells. J Virol 76: 1071–1076.

50. Van Reeth K (2000) Cytokines in the pathogenesis of influenza. Vet Microbiol
74: 109–116.

51. Buchweitz JP, Harkema JR, Kaminski NE (2007) Time-dependent airway
epithelial and inflammatory cell responses induced by influenza virus A/PR/8/

34 in C57BL/6 mice. Toxicol Pathol 35: 424–435.

52. Matsukura S, Kokubu F, Noda H, Tokunaga H, Adachi M (1996) Expression of

IL-6, IL-8, and RANTES on human bronchial epithelial cells, NCI-H292,
induced by influenza virus A. J Allergy Clin Immunol 98: 1080–1087.

53. Huang FF, Barnes PF, Feng Y, Donis R, Chroneos ZC, et al. (2011) GM-CSF in
the lung protects against lethal influenza infection. Am J Respir Crit Care Med

184: 259–268.

54. Dranoff G, Crawford AD, Sadelain M, Ream B, Rashid A, et al. (1994)
Involvement of granulocyte-macrophage colony-stimulating factor in pulmonary

homeostasis. Science 264: 713–716.

55. Shahangian A, Chow EK, Tian X, Kang JR, Ghaffari A, et al. (2009) Type I

IFNs mediate development of postinfluenza bacterial pneumonia in mice. J Clin
Invest 119: 1910–1920.

56. Kumar V, Sharma A (2010) Neutrophils: Cinderella of innate immune system.
Int Immunopharmacol 10: 1325–1334.

57. Fujisawa H, Tsuru S, Taniguchi M, Zinnaka Y, Nomoto K (1987) Protective
mechanisms against pulmonary infection with influenza virus. I. Relative

contribution of polymorphonuclear leukocytes and of alveolar macrophages to
protection during the early phase of intranasal infection. J Gen Virol 68 (Pt 2):

425–432.

58. Tumpey TM, Garcia-Sastre A, Taubenberger JK, Palese P, Swayne DE, et al.
(2005) Pathogenicity of influenza viruses with genes from the 1918 pandemic

virus: functional roles of alveolar macrophages and neutrophils in limiting virus
replication and mortality in mice. J Virol 79: 14933–14944.

59. Scapini P, Lapinet-Vera JA, Gasperini S, Calzetti F, Bazzoni F, et al. (2000) The
neutrophil as a cellular source of chemokines. Immunol Rev 177: 195–203.

60. Culley FJ (2009) Natural killer cells in infection and inflammation of the lung.
Immunology 128: 151–163.

61. Floreani AA, Heires AJ, Welniak LA, Miller-Lindholm A, Clark-Pierce L, et al.
(1998) Expression of receptors for C5a anaphylatoxin (CD88) on human

bronchial epithelial cells: enhancement of C5a-mediated release of IL-8 upon
exposure to cigarette smoke. J Immunol 160: 5073–5081.

62. Piqueras B, Connolly J, Freitas H, Palucka AK, Banchereau J (2006) Upon viral

exposure, myeloid and plasmacytoid dendritic cells produce 3 waves of distinct
chemokines to recruit immune effectors. Blood 107: 2613–2618.

63. Jones SA (2005) Directing transition from innate to acquired immunity: defining
a role for IL-6. J Immunol 175: 3463–3468.

64. Sanders CJ, Doherty PC, Thomas PG (2011) Respiratory epithelial cells in
innate immunity to influenza virus infection. Cell Tissue Res 343: 13–21.

65. Tamura S, Kurata T (2004) Defense mechanisms against influenza virus
infection in the respiratory tract mucosa. Jpn J Infect Dis 57: 236–247.

66. Moscona A (2005) Neuraminidase inhibitors for influenza. N Engl J Med 353:
1363–1373.

67. Democratis J, Pareek M, Stephenson I (2006) Use of neuraminidase inhibitors to
combat pandemic influenza. J Antimicrob Chemother 58: 911–915.

68. Wang K, Shun-Shin M, Gill P, Perera R, Harnden A (2012) Neuraminidase
inhibitors for preventing and treating influenza in children. Cochrane Database

Syst Rev 1: CD002744.

69. Balkovic ES, Florack JA, Six HR (1987) Immunoglobulin G subclass antibody

responses of mice to influenza virus antigens given in different forms. Antiviral
Res 8: 151–160.

70. Scholtissek C, Muller K (1991) Failure to obtain drug-resistant variants of
influenza virus after treatment with inhibiting doses of 3-deazaadenosine and

H7. Arch Virol 119: 111–118.

EP67 Induces Protective Innate Immunity

PLoS ONE | www.plosone.org 12 July 2012 | Volume 7 | Issue 7 | e40303


