ABSTRACT

GULLEDGE, TRAVIS VANCE.Thelmmunomodulatory Eects ofEchinacea purpurea
and its Constituent blecules (Under the direction of Dr. Scott Laster).

The immune system isportant for providing host protection and survival.

However, themmune system ialsoresponsible for mediating debilitating and dife
threatening pathologies associated with infectious, allergic, and autoimmune diseases.
Therefore, a common therapeusitrategys to inhibit inflammatory mediator praattion

from immune cells Glucocorticoids, nossteroidal antinflammatory drugs, and biologics
are current pharmaceuticals that utilize this approach. Howéesedptionsare marginally
effectivg are expensive to produce, or cause serious side effaditional compounds that
caninhibit inflammatory mediator production are necessargvercome thedamitations.

Some of the most commonly used pharmaceuticals were originally discovered from
plarts and more are likely to be identified and developed into useful products. Several
Echinacea sppwere used medicinally by Native Americans includdaipinacea purpurea
Echinacegoreparations were commonly used to treat a variety of conditions assowi#t
inflammation and allergies including gastrointestinal disorders, oral pain, sore throats, and
skin inflammation. TodayEchinacegreparations aresed aserbal supplemeato prevent
or treat upper respiratory infections (URIs

Excessroduction of cytokines by macrophages has been linked to many
inflammatory conttions, therefore in the studies shown in Chapter 2, we evaluated the
effects of ark. purpureaextract, and fractions chemically separated from it, on macrophage
cytokine prodictionin vitro. TheE. purpureaextractdisplayedboth cytokine stimulatory
and cytokinesuppressive activity, while the separated fractions displeykédrcytokine

stimulatoryor cytokinesuppressive activity. These findings suggestEhgiurpurea



extracts contain molecules with opposing effects on cytokine produdgxinacts made
from E. purpureagrown from sterilized seedhd not stimulate cytokine production
indicating that endophytic bacteria and fungi were likely the sourcegaiine stimulatory
activity. Cytokinesuppressive fractions containdiydamidesand noralkylamide
molecules In an attempt to identify nealkylamide cytokinesuppressive molecules, we
isolated and indentified xanthienopyravhich had not been isolated frdnpurpurea
previously.

The results described in Chapter 3 shibe/structureactivity relatonshipbetween
alkylamide structure and theirhibiton of TNFU pr od u c t i-stimulattd RAW L P S
264.7 cels. Synthetic analogs of the alkylamide dodeéxta 4Edienoic acid isobutylamide,
or alkylamide 15 (Al15)vere created through a tvaepchemical processWe found that
thedouble bonds along the alkyl chain and the isobutyl head group were not important for
activity. Howevershorteninghe alkyl chaifedto alossof TNKU suppressi on and
converting the amide group into an amine group caused significant cytotoxicity.

Next, weinvestigated the mechanism of cytokine suppression from macroptyages
A15. A15 broadly inhibitectytokine and chemokine prodtion from macrophages
stimulated with TLR agonistsWe found that, except for CCL5, A15 treatment led to
decreased levels of cytokine mRNAs suggesting that A15 is acting at a step in the cytokine
production pathway upstream from protein synthesis. Meweve found thalNF-kB p65
phosphorylation anttanslocatiorwas not inhibited by A1Suggesting that this molecule is
not the target of A15 activityA15 alsoinhibited ionomycin, but not PMAstimulated
production ofTNF-U, indicating that calcium sigaling may be blocked by A15. However,

our experiments to test this hypothesis were inconclusive. Pharmacological experiments



supported the hypothesis but we were unable to measure an acttiabuB&d calcium
signalwith the dye flue4. Overall,our experiments suggest ththe broad cytokine
suppression bA1l5 maybe mediated by multiple mechanisms of action

In the final chapter, we evaluated #féects of A15 and ak. purpureaethanolic
extract on mast cell activity, which has not been investdypreviously. We found that A15
inhibited RBL-:2H3 and bone marrowerived mast cell degranulation and calcium influx.
TheE. purpureaextract also inhibited RBRH3 degranulation and calcium influx, and
inhibition may have been dependent on alkylanaickivity. In addition, A15 inhibitede
novosynthesis of TNFJ  a n & from®BL-2H3 cells These studies describe a novel
activity for A15 ancE. purpureaextracts, which may help explain the traditional use by

Native Americans for treating inflammagoand allergic diseases.
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CHAPTER 1. LITERATURE REVIEW

1. Introduction

Infectious diseases, hypersensitivity reactions, and autoimmune diseases often result
in tissue damage due to excessive or inappropriate immune respdhsss.immune
responses can cause inflammation of organs throughout the body such as hepatitis, nephritis,
dermatitis, and gastritis, among others. If left untreated, inflammation in these organs can
lead to permanent damage resulting in organ dysfunotidn extreme cases, organ failure
and death of the host. Therefore, a common therapeutic strategy is to limit production of
inflammatory mediators from activated immune cells. Three-kvalvn treatment options
that utilize this approach include nonsiéal anttinflammatory drugs, glucocorticoids, and
biologics. However, these treatments have limited efficacies and prolonged use can lead to
serious side effects such as hypertension, thinning of the skin, and gastrointestinal bleeding.
Additional theapeutic options are necessary to effectively treat immunopathological
conditions, which are widespread diseases. Research groups around the world are
investigating plants for potentially useful amflammatory compounds. Pladerived
pharmaceuticalampounds have been used to treat inflammation and it is likely that
additional important compounds remain to be discovied plant sourcesin this chapter,
we review common immunediated pathological reactions and their treatments. In
addition, wereview themedicinal use oEchinaceaspp, andtheir constituent molecules.

2. Immunopathology and Inflammation

Infectious Disease
Microbial pathogens elicit immune responses that are necessary to control and
eliminate the infection. However, pathologies@sated with infectious diseases are often

caused by excessive release of inflammatory mediators from immune cells. In many cases,
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reducing preinflammatory mediator production limits inflammation and tissue damage,
while still allowing effective clearare of the invading microbe.

Pathogens first encounter cells of the innate immune system including epithelial cells,
macrophages, dendritic cells (DCs), mast cells, neutrophils, and natural kill (NK) cells.
Innate immune cells express a variety of patteoognition receptors (PRRs) including toll
like receptors (TLRS), retinoic acidducible gend (RIG-1)-like receptors (RLRS),
nucleotidebinding oligomerization domain (NOBike receptors (NLRs), and-fpe lectin
receptors (CLRs) that detect pathogesociated molecular patterns (PAMPsS). PRR
activation initiates intracellular signaling pathways leading to the expression-of pro
inflammatory mediator genes including cytokines, chemokines, enzymes, and cytotoxic
molecules. DCs, and to a lesser degme;rophages, are antigen presenting cells (APCS)
that process antigens and migrate to draining lymph nodes.

In the lymph nodes, APCs present antigen on major histocompatibility complex
(MHC) molecules tdl cells which are adaptive immune cells. T celigress receptors that
recagynize antigen:MHC complexe® cells are also adaptive immune cellattaxpress a B
cell receptor capable of bindirgtigenic structures without MHC molecule participatidn
cell and B cell receptor signaling stimulatdsnal expansion and migration of lymphocytes
out of the lymph nodes towards the site of infecti@irculating leukocytes upregulate
expression of adhesion molecules to adhere to endothelial cells and extravasate into the
infected tissue. T cells seceetdditional cytokines, chemokines, and cytotoxic molecules. B
cells secrete cytokines, chemokines and antibodies after differentiating into plasma cells.
Importantly, memory T cells and B cells differentiate from a subset of the responding cells to

estdlish immunological memory.



Virus-Induced Immunopathology

Influenza A virus (IAV) is a welstudied example of a virus thedn caussevere
immunopathology. IAV is a seasonal respiratory virus that infects lung epithelial cells and
can cause severe restory tract inflammation resulting in acute lung injury, or more
severely, acute respiratory distress syndrome. IAV activates TLR3, TLR7/4, Rh@
NOD-, leucinerich repeat, and pyrindomain containing 3 (NALP3) expressed by lung
epithelial cellsalveolar macrophages, mast cells and DCs (reviewdi)py After IAV
infection, alveolar macrophages produce an array of cytokines including tumor necrosis
factoralpha (TNFU) , i nt e6; IL-BRutkpe Iinseferons IFNU/ C, chemoki nes,
reactive oxygen species (ROS), reactive nitrogen species (RNS), prostaglandins (including
prostaglandin E(PGE)), and proteases. The excessive production of these pro
infl ammatory mediators hae Isd @m modl.eTieeve & wteal
importance of TNFU i n-meddiatétl pathology was shownin TF r ecept or def i ¢
(TNFR1") mice infected with H5SN1, which displayed reduced morbidity compared to wild
type mice(2). In addition, triple knockout TNFRATNFR2” IL1RI” mice infected with
highly pathogenic H5N1 displayed significantly reduced morbidity and mortality, lung
inflammation, and macrophage and neutrophil recruitroemtpared to wild type miog).
Furthermoe, Walsh et al. demonstrated that by suppressing the cytokine storm, viral
replication was controlled and mice were significantly protected from mortality after
infection with the pandemic H1IN1 2009 I1AM).

Similarly to 1AV, Ebola virus (EBOV) can cause excessive activation of the innate
immune response resulting in a cytokine st@in EBOV initially infects and replicates

within macrophages, but can also infect DCs, hepatocytes, endotheliahddlisrablasts



(6). EBOV-infectedhuman monocytelerived macrophages produce TNF -6 1L1-1R,
CCL2, CCL3, and CCL%7, 8) These chemokines recruit additional monocytes for EBOV
to possibly infect and replicate with{f). In addition, EBOVinfected monocytes express
tissue factor (TF), which triggers disseminated intravascular coagulation (TUYX)
Macrophagemediated DIC combined with hypotension due to increased vascular
permeability ultimately leads to multiple organ failure and death in ~50% of EBOV infected
individuals(11).

Another example of virusmmduced immunopatholggs the liver damage caused by
hepatitis B virus (HBV) infection. HBV infects hepatocytes leading to acute and chronic
necroinflammation and mononuclear cell infiltr§i®). If chronic inflammation is left
untreated, liver cirrhosis or hepatocellular carcinoma can deyE®p HBV infecion has
been shown to activate TLR2 and melanoma differentiatgsociated gene 5 (MDADS)
signaling to promote cytokine producti¢lB, 14) DCs process and present HBV antigen to
CD4" T helper (T) and CD8 cytotoxic T lymphocytes (CTLs) in the lymph nod@s).
HBV-specific CTLs recruited from the lymph nodes enter the liver to kill Higfegcted
hepatocytes through Fas/Fas ligand interactions and by releasing the cytotoxic mediators,
granzyme B and perforifi6, 17) CTLs have been shown to contribute significantly to the
liver injury associated with HBV infectiofi8). However, CTkmediated killing of
hepatocytes leads to recruitment of neutrophils, macrophages, and NK cells awpment
liver damagg19). Liver-resident macrophages (known as Kupffer cells) secreteNF | L
6, IL-13, and CXCLS8, which promote recruitment of NK and NKT cells to the liver to clear

HBV-infected cells, but also aae liver damagé0, 21)



Another group of viruses that cause chronic infections are theswmnpses,
including herpes simplex virus type 1 and 2 (HB¥nd HSV2). HS\:1 and HSV2
establish latent infections in the cell bodies of the trigeminal or dorsal root ganglion to avoid
detection and clearance by the immune system. Upon reactivagdhyiHons travel down
neuronal axons from which they bud to infect neighboring epithelial cells and initiate lesion
formation. HSV infections may result in keratitis, which can lead to permanent blindness, or
encephalitis, whiclmay result ideath or pemanent brain damad@2). HSV-mediated
inflammation in the brain has been linked to TLR2 signaling in microglial cells, which
release ROS that cause radiraluced tissue damag@e3). HSV also activates plasmacytoid
DCs (pDCs)to secrete IFN/ ¢ and upregul ate costimulatory
TLR9 (24). NK cells and HSVspecific CTLs are recruited to the site of infection by CXCL9
and CXCL10 to destroy HS\hfected cells, which promotes viral clearance, but also
contributes to the overall tissue dam#g®). The importance of the immune response in
driving HSV-mediated inflammation was further demonstrated in Hi8¥cted mice when
administration of 110, an antinflammatory cytokine, inhiibed corneal inflammatio(26).
Bacterialnduced Immunopathology

Bacterial infections are also wddhown causes of immunopathologielicobacter
pylori is a gramnegative bacteria thaancause chronic inflammatidn thegastrointestinal
(GI) tract and is associated with an increased risk of developing pepticlidease or
gastric cancef27). Mucosal tissue frorHl. pylori-infected patients produced elevated levels
of TNF-U, -1RB, bnd I8 compared to uninfected individug®8). Gl epithelial cells,
macrophages, and DCs infectedHbypylori signal through TLR2 and TLR4 to stimulate

secretion of IL1R, IL-6 and 1-8 (29). Neutrophils, monocytes, and mast cells are recruited



to the site oH. pylori infection (30, 31) Activated macrophages and neutrophils produce
ROS and RNS which can cause DNA damage and increase the likelihood of developing
gastric cancef32).

Sepsis is a lifehreatening systemic inflammatory response caused by the entrance of
a pathogen into the bloodstream. Bacterial infections are the mostorooamse of sepsis,
although severe viral and fungal infections can also result in sepsis. During sepsis,
macrophages in the liver and spleen become actiiatedgh PR signaling to secrete pro
inflammatory cytokines and chemokines such as-TNF -6 lnt IL-1R3(33). Systemic
TNF-U rel ease caus e sasedwascalar pernmedbilitpresultmgid i ncr e
hypotension and sho¢B4). TNFU al so causes expression of TF
leading to DC, which can result in multiple organ failure and d€ath 36)

Mycobacterium tuberculos{®Itb) is the pathogen responsible for causing
tuberculosis. Tuberculosis is characterized by pulmonary inflammation with granuloma
formati ons (r ef er r @ndofinfected macriphagdssurrcuhdedBby ) cons
cellsandCD4" and CD8 T cellsto contain the spread of M{B7). Alveolar macrophages
phagocytose Mtb, but Mtb can prevent fusion of phagosomes with lysosomesd
destruction38). Mtb replicaes within the cytosol of alveolar macrophages after escaping
the phagosom@9). Intracellular NLRs, such as NGIQ NOD-2, and NLRP3 detedfitb
and stimulate TNRD , -6 1L-1R, IL-12, IL-23, and IFNgproduction, which contribute to
lung inflammation(40, 41) For example, althoughTNB i s required for hos
Mtb, excessive TNRJ | dnereakeslung inflammation and worsen lung pathol@@y.
Mtb also activates TLR2 signalirig induce cytokine production and apoptosis in

macrophages, which is important for caseation of the granuloma, where necrotic tissue forms



a dry masg43, 44) Chemokines recruit additional monocgerived macrophages and
DCs, as well as CD4and CD8 T cells, which aid in Mtb clearance, but also contribute to
lung inflammation and damage (reviewed (@%)).

Staphylococcus aureisa common cause of skin, respiratory and joint infections
occurring mostly in immanocompromised individuals. At the site of infection, epithelial
cells and macrophages signal through PRRs including TLR2 and NLRP3 to produdé TNF
IL-6, IL-1R, 1L-8, and CCL2 initiating inflammation and neutrophil recruitm@, 47) In
addition,S. aureugproduces superantigens suclSasureugnterotoxin B (SEB), which
nonspecifically activates T cellsy binding to MHC class Il on APCs and the VI3 chain of
the T cell receptor (TCR) stimulating T cell proliferation and cytokine produ¢di®n The
resulting inflammation can lead to extensive tissue damage at the site of infection such as
dermatitis, pneumonia, arthritis, andthe case of sepsis, even death. The immunopathology
caused bys. aureusnfection is demonstrated by decreased lung damaeanreus
infected intercellular adhesion moleel€lICAM-1)-deficient micg49). ICAM-1 is an
important adhesion molecule for migration of leukocytes to the site of infection.
Hypersensitivity Reactions

In contrast to the beneficial role of the immune response in clearing pathogenic
infections, the immune response elicited by hypersensitivity reactions causes tissue damage
unnecessarily. Atopic dermatitis (AD) is a chronic inflammatory skin diseasis that
increasing in prevalend®0). Pruritis, or itching of the skin, followed by mechanical injury
and release of prmflammatory cytokines is an initial trigger for inflammation in ARL).

These events reduce skin barrier integrity, which are usually compromised in AD patients

due to genetic factors, allowing entry of the skin wiota to the epidermis and activation



of local keratinocytes, macrophages, mast cells, andrekident DCs, known as Langerhans
cells(52). T cells and eosinophils are recruited to the epidermis and further contribute to
inflammation and tissue damag3). Activated keratinocytes produce the cytokine thymic
stromal lymphopoietin (TSLP) in a calciudependent mannéb4). TSLP skews additional
cytokine production by DCs and T cells towards4@ Tesponse characterized by4lLIL-5,

and IL-12 (55). IL-4 promotes B cell immunoglobulin (Ig) claswitching to IgE.

Consistent with this cytokine environment, AD patients have been shown to have elevated
levels of serum IgE, which increases tikelihood of developing allergespecific IgE
antibodieg53). In addition, AD patients have elevated levels of IgE specific for
staphylococcal superantigens such as 8} IgE binds to the high affinity IgE receptor,
FceRl, expressed on tisswesident mast cells and bloodborne basophils. Upon crosslinking
of IgE-bound FeRI by multivalent antigen, mast cells degranulate within minutes releasing
inflammatory mediators including proteases, cytokines, and histamine. Mast cells are well
known tocontribute to the immediate reaction and subsequent lesional inflammation and itch
sensations experienced by AD patients (reviewe(bby).

AD often precedes development of other allergic diseases such as asthma, allergic
rhinitis, and food allergies, a phenomenomterd t he A a(G8). pAsttmammar ¢c h o
characterized by chronic inflammation of the airways and can lead to airway
hyperresponsiveness and severe bronchoconstriction. Allergic rhinitis causes nasal
congestion, excess mucus production, itching and rhinorrhea. Food allenggessevelling
of oral tissue, diarrhea, vomiting, and in severe cases anaphylaxis. Mast cells, eosinophils,
and T42 cells drive allergic inflammation in patients with these-fgédiated diseas€S9,

60). IL-4, IL-5, and IL-13 recruit eosinophils to the lungs, nasal cavity, or Gl tract of atopic



patients where eosinophils release cytotoxic molecules such as eosinophil peroxidase (EPO)
and major basic protein (MBP) that contribute to tissue daiftdgé2) Additionally, IL-4
and IL-13 promote Ig classwitching to IgE, increasing the likelihood of deng type |
hypersensitivities to inhaled allerge@8). Allergenspecific IgE can bind FRI on lung
resident mascells. Upon reexposure to the allergen, mast cells degranulate to release
preformed mediators such as histamine, chymase and tryptase, and alsaaitiaye
synthesis of leukotrienes (LTs), prostaglandins (PGs), cytglanelschemokineg4, 65)

Allergic contact dermatitis (ACD) is a delayed type IV hypersensiti@action
caused by exposure to contact allergens, such as urushiol oil (from the poison ivy plant) or
small metal ions including nickéb6). ACD is characterized by pruritic, painful skin
lesions. Contact allergens causing ACD cross the skin barrier, react wipinagelhs
forming haptenated seffroteins. Macrophages, mast cells, and DCs can be activated
directly or indirectlyby contact allergens through TLR2, TLR4, and NLRP3 signaling to
stimulate ROS, cytokine, and chemokine product@f). Haptenate seltproteins are
processed and presented on MHC molecules by Langerhang@gliEffector CD4 T cells
secrete cytokines, such as HgNto activate macrophages and recruit circulating neutrophils
and monocytes to the site of contact allergen expd68)e CTLs detroy cells displaying
haptenatedelf-proteins by releasing cytotoxic effector molecules further contributing to
tissue damaggs9).
Autoimmune Diseases

Autoimmune diseases are caused by immune responses againsilseliles
resulting in sevay, life-threatening immunopathologies. Type 1 diabetes mellitus is a

common autoimmune disease mediated byrselftive CTLs. Peptides from insulin are



processed and presented on MHC class | moleculeschbif9%0f pancreatic islets, and
autoreactive CB' T cells target those cells for destructi@®). It has recently been

proposed that changes in the microenvironment of pancreatic islet tissue could predispose 13
cells to CTL destruction. Alterations to the extracellular matrix, such as increased
hyaluronan build up, might serve as an initial signal to recruit monesgtized

macrophages and DCs to pancreatic islets and increase the likelihcodlbd@struction by
autoreactive CTL$71).

Systemic lupus erythematosus (SLE) is an autoimmune disease caused by the
production of autoantibodies specific for satftigens such as the ribonucleoprotein complex
containing Ro and La, WA, and the nucleosome subunits of chrom@ii2). Upon release
of selfantigens from dead or dying cells, autoantibodies form immune complexes, direct
complement activation and recruit IgG receptoigBeexpressing phagocytic ortlg cells
leading to further tissue damage and release of additionalrgeieny73). Immune
complexes can become deposited in the kidneys, joints, skin, respiratory tract, and along
blood vessel wallsausing skin rashes, arthritis, glomerulonephritis, cardiovascular disease,
and potentially deat{v4).

Another prevalent autoimmune disease, rheumatoid arthritis, (Réharacterized by
chronic inflammation and pain of the joint synovium eventually leading to cartilage and bone
damage. Itis now recognized that s@sipve RA patients (patients with antibodies
associated with development of RA) are seropositive well before disease onsets. These
findings suggest that an initial event, such as lmigtestinalinflammation, triggers
production of these antibodiescluding rheumatoid factor (RF) and antibodies to

citrollenated protein antigens (ACPA), well before bone and joint destruction (@&ur
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Thl and F17 cells within the synovium produce IFNand IL-17 to activate macrophages,
endothelial cells, and fibroblasts to secrete TWF -1B, LL-6, IL-12 and 11-:23 which are
present in théenflamed synovium of RA patien{36). Additionally, synovial macrophages
and fibroblasts release matrix metalloproteases and receptor activator of nucledBactor
(NF-kB) ligand (RANKL) causing tissue destruction and osteoelettation, respectively
(77, 78)

Il nfl ammatory bowel disease (1 BD) includes
disease (CD), which are caused by immune respa@tsésdby the normalgut microbiota.
Although IBD is not a traditional autoimmune disease since the gut microbiota is not self, for
the purposes of this review, the immunopathology elicited by this condition will be discussed
here. Patients with IBD experiendmrrhea, intestinal pain, weight loss, and fever. Multiple
factors result in development of IBD including loss of mucosal barrier integrity due to
genetic or environmental factors, which leads to activation of innate immune cells by the
intestinal micrbdiota(79-81). Researchers have developed a number of knockout mouse
strains that display IBike pathology emphasizing the vast number of genes involved in
maintaining intestinal homeostasis (reviewed&3)). In mousestrains that develop
spontaneous colitis, crossbreedimih RAG” mice prevents colitis, suggesting that the
adaptive immune system is essential for development of @Ip In addition, the cytokine
milieu is critical for mediating the immunopathology of IBD. Epithelial cells, macrophages,
DCs, T cells, and more recently, group 3 innate lymphoid cellssf]laCe important sources
of cytokines and chemokines within the Gl tract. Regulatory T cellg @hd tolerogenic
DCs are also critical for maintaining intestinal homeostasis by secretirigffartimatory

cytokines such as HLO and TGH3 (84, 85) The importance of H10and the intestinal
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microbiota in IBD is particularly apparent in-IL0" mice which spontaneously develop
colitis only when the intestinal microbiota is pres(g).

3. Current Treatment O ptions

Due to the prevalence of immunopathologies, some of which were described above,
medications that suppress immune responses to relieve inflammation and pain have proven
invaluable to modern medicine. Glucocorticoids (GCs), or corticosteroids,raeecfdhe
most commonly used anAtiflammatory medications. GCs can be administered as a pill,
topical cream, nasal spray, or inhaler for a wide range of applications. GCs bind and activate
glucocorticoid receptors faromoteor repress gene expressioaeviewed by(87)).
Hydrocortisone, or cortisol, is a GC produced by the adrenal glands in hanthhas since
been structurally modified to improve its activiB8). GCs tether to transcription factors
such asNF-kB p65, activator protein 1 (AR), and members of signal transducer and
activator of transcription (STAT) that promote expression ofipilammatory genes in
numerous cell type@9-91). Additionally, GCs promote gene expression of-anti
inflammabry genes by binding to glucocorticoid response elements in gene promoter regions
such as glucocorticoithduced leucine zipper (GILZ) and-10(92, 93) Despite the
success of GCs, there are many serious side effects associated with prolonged use including
thinning ofthe skin, hypertension, osteoporosis, and gastric ulcers. These adverse side
effects are particularly problematic in cases of chronic inflammation, such as chronic
infections, skin hypersensitivities, and autoimmune disg@g@s Additionally, some
diseases become refractory to GCtireent as is seen with Gi@sistant cases of asthma
(95).

Non-steroidal antinflammatory drugs (NSAIDs) are a class of molecules used to

treat a variety of inflammatory and pain conditions including headaBAesand ankylosing
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spondylitis. NSAIDs include neselective cyclooxygenase (COX) inhibitors and G&X
selective inhibitors. COX enzymes convert arachidonic acid (AA) intoPtBélcommon
precursor for PGE PGDy, prostacyclin (PG), and thromboxane (TX) Awhich are
involved in promoting inflammation, blood clotting, and nociception (reviewe@®). At
sites of inflammation, peripheral sensory neurons are sensitized baf{EPGE receptors
(97, 98) Inhibition of COX activity dampens R@ediated vasodilation, smooth muscle
contraction, immune cell ceuitment, and sensory neuron sensitization (reviewd@®)y.
One of the first NSAIDs discovered was aspirin, which is the active molecule in willow tree
bark extract§100) Aspirin, naproxen and ibuprofen are all ramiective COX inhibitors,
which have side effects including dyspepsia, gastric ulcers, and gastric bleesltog du
inhibition of constitutive COXL activityin the Gl tract In contrast, COX is an inducible
gene and CO»2-selective inhibitors, such as celecoxib, were developed to improve the
effectiveness and decrease side effects caused bsetextive COX ihibitors. However,
studies have revealed that patients taking €2s¢lective inhibitors have an increased risk
of heart attacks and strok@€1)

Cromolyn, and relted compounds such as nedocromil and lodoxamide, are referred
to as fAmast cell stabilizers. o Cromol yn
from khellin, the active molecule produced by the medicinal flamni visnagd102)

Cromolyn has been used clinically toateallergic conditions such as asthma, allergic
rhinitis, and allergic conjunctivitis for over 50 years. The mechanism of action for cromolyn
is not clear, although histamine release from rat and human mast cells is inhibited by

cromolyn treatmenfl03) However, other activities maxplain its antiasthmatic and anti
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allergic effects. Additionally, its effectiveness and selectivity for stabilizing mast cells in
mice has been questiongD4).

Antihistamines are another common treatment for aflaggociated
immunopathologies due to the importance of histamine in facilitating allergic responses.
Histamine is stored preformed in mast cell and basophil granules and is released into the
tissue upon FeRI crosslinking. During an allergic responsetilaistamines bind the
histamine H receptor to block histamine signaling and reduce vasodilation, vascular
permeability, smooth muscle contraction, and prufit@s) Hi is expressed by a number of
cell types including neurons, smooth muscle cells, and endothelia{ld@8ls First
generation antihistammes (diphenhydramine) cause drowsiness due to activationiofthie
central nervous syste(07). Seconeheneration antihistamines (loratadine, fexofenadine,
and cetirizine) do not easily cross the bldwdin barrier, which results in less drowsiness
(108). Antihistamines are commonly used to treat allergic rhinitis, allergic conjunctivitis,
and chronic urticari§l05, 109) However, there are many cagesvhich antihistamines are
ineffective in preventing allergic inflammation and itch sensations such as (dJALD

Targeting the action of specific cytokinesceptors, or costimulatory molecules
using biophamaceuticals is another treatment strategy to limit inflammation caused by the
immune system. Many biologics have been developed, or are being developed, and several
will be discussed here. AFTINF-U t her api es have become widesp
roeof INFU in promoting inflammation. Neutral i z
therapies (adalimumab and infliximab) and a TNFR fusion protein (etanercept) are used to
limit inflammation associated with RA, psoriasis, IBD, and ankylosing spondlitis116).

However, aniTNF-U t her api es often | ead toriskaimunosup,j
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developing serious infectiorf17) Ustekinumab is a neutralizing mAb that bindsl2p40
which is the common subunit to both-12 and [L-:23. Ustekinumab is used to treat psoriasis
and CD(118, 119) Another cytokinespecific biologic is anakinra, which binds to thellL
receptor to prevent signaling by-Il. Anakinra is currently used to treat RE20). The
cytotoxic T lymphocyte antigen 4 (CTLAY fusion proteinabatacept, blocks stmulatory
signals from CD80/CD86 on APCs to CD@8 T cells. Abatacept is currently being tested
for the treatment of type | diabetes, multiple sclerosis, and vitiligo (Clinical Trials. Org.
Identifier NCT02281058), and is already used to limit inflammation in patients with RA who
do not respond welbtantiTNF-U  t h e(L.24-128). eVéhile most biologics have
significantly improved treatment outcomes for patients with immunopathologicaltiomsdli
inhibiting a key cytokine or signaling pathway often results in immunosuppression of the
patient, and biologics arery expensive to produdd24)

Immunosuppressants are a broag<laf therapeutics that inhibit immune responses
causing inflammation and tissue damage. Methotrexate is a folate antagonist originally
developed as a chemotherapeutic agent. However, at lower concentrations, methotrexate
inhibits purine metabolism leauj to increased amounts of adenosine at inflamed sites,
which inhibits T cell activation and ICAM expressiorfl25) Methotrexate is used to treat
RA, psoriasis, and CL26-128). Calcineurin inhibitors, such as tacrolimus (FK506) and
cyclosporin A, preventalcineurin activity including dephosphorylation of the nuclear factor
of activated T cells (NFAT) family of transcription factors. NFAT is important for
regulating gene expression in a number of cell types including T cells, macrophages, DCs,
and mast céd although the role of NFAT in each cell type may vd30). Calcineurin

inhibitors are being used to treat AD, RA, psoriasis, CD, and vi{{li§6-132). The
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sphingosinel-phosphate receptor (S1PR) antagonist, fingolimod, is another important
immunosuppressant. The S1PR helps direct chemotaxis of T cells out of lymghandde
into the bloodtream(133). Binding of fingolimod to S1PR prevents T cells from exiting the
lymph node and may also cause endothelial cell tight junctions to tighterednckr
permeability of the bloodbrain barrie134) Fingolimod is used for the treatment of
multiple sclerosis, which is a T caltiven autoimmune disease that destroys myelinated
neurons in the braifl35).

4. Echinacea

Traditional Use

Compoundghat prevent inflammation, tissue damage, and pain are constantly sought
after due the prevalence of immunopathological conditions. Natural products have proven
useful for the development of effective therapies such as aspirin, cromolyn, and
corticosterads, as described above. Native Americans E#tinacea sppicommonly
known as purple coneflower) to treat a variety of inflammatory conditions including
toothaches, sore throats, upper respirattigctions (URs), skin inflammation, wound
infections,and gastrointestinal disordds36, 137) Echinacegpurpurea, Echinacea
angustifolia,andEchinacea pallidare the three species used medicinallghinacea spp
are herbs within the Asteraceae family and are indigenous to the Great Plains region of the
U.S. and Canada. Originally classified under taeusRudbeckidby Carl Linnaeus, Conrad
Moench revised the genus namé=thinacean 1794(137)
I n the | ate 18000s, H. EChinacEaby Nktieey er di scov
Americans and began marketiBghinaceawith exaggerated claims of its effectiveness and
useq136). With the help of Dr. John King and the pharmacist John LIBgdinacea
became one of the most wi de(l36) Hosvever, marg/dfi ci ne s
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the outlandish claims fdagchinaceausewere discredited and the popularitykxhinacean
the U.S. fadedEchinaceavas i ntroduced to Germany 1in the
there until the 198006s when interest in nat.u
(137) Today,Echinaceaextracts (made mostly frof. purpureaor E. angustifolia are
commonly used around the world as a dietary supplement, and are prescribed in Germany, to
prevent or treatJRIs such as the common caddthe flu. It is not clear why the other
applications oEchinaceaused by Native Americans have not continued and have rarely
been studied in the scientific literature.
Proposed Activities

The medicinal effects dichinaceahave been hypothesized to Wwan several ways.
First, Echinacegreparationsnay limit replication of pathogenic viruses or bacteria through
antimicrobial activities. For example, the commerEiapurpureaextractEchinaforcé&
displayed virucidal activity against HSY, 1AV, and espiratory syncytial virus (RSV), but
not against rhinovirus (RV) or adenovirus (AM)B8). In another study, three commercially
availableE. purpureaandE. angustifoliaextracts displayed varying degrees of activity
againstStreptococcus pyogenésaemophilus influenzaéegionella pneumophila
Propionibacterium acngandClostridium difficile but little to no activity against
Escherichia coliPsuedomonas aerugingdéebsiella pneumonigdéycobacterium
smegmatisBacillus subtilis Acinetobacter baumaniandEnterococcus faecalid 39)
However, tests with aB. purpureaaerial extract in IAVinfected mice suggesteldere was
no antiviral activityin vivo (140)

The mostadvertised hypothesis f&chinaceaextract activity is thaEchinacea

boosts immune function to prevent or overcome infections. The immunostimulatory activity

17



of Echinaceaextracts has been supportedibyitro studies with a number of cell types
displayingenhanced cytokine and chemokine production after treatment. For example, See
et al. demonstrated tht purpureaextracts stimulated NK cell function and antibedy
dependencell-mediated cytotoxicity by human PBM@svitro (141) Additionally, E.
purpureadosedependently stimulated TNE and NO production from R
murine macrophagkke cell line(142) During the numerous investigationskafhinacea
immunostimulatory activity, the possible contributions of bacterial and fungal endophytes
living within Echinacegplants were often not accounted for. The majoritynafitro
immunostimulatory activity oEchinaceaextracts has since been linked to the presence of
endophytederived PAMPSs, such as LPS and lipoprotéii#3-145). 1t is currently unclear
what effect, if any, endophytic products frénhinaceaextracts may havia vivo.

More recentlyEchinaceaextracts have been hypothesizedprove UR patient
recovery through anthflammatoy activity. As discussed previously, the majonfy
symptoms associated with Wisuch as IAV are due to excessive inflammatory mediator
production. Echinaceareatment may reduce production of cytokines, chemokines, and
eicosanoids; therefore, alleviry symptoms and preventing lung damage, while still
allowing viral clearance. Evidence to support this hypothesis has been ishatro where
E. purpureaextracts inhibited LPS and IAgtimulated TNFU producti on from R
cells(143, 146) In another study, Echinafoft@hibited IL-6 and 1L-8 production from
IAV, RSV, RV, and AVtinfected BEAS2B cells, a human lung epithelial cell li(iE38). In
addition, low concentrations of athanolicE. purpureaextract inhibited |2 production

from stimulated Jurkat cells, a human T cell [{@ad7). More recently, an ethanolkt.
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purpureaextract was found to reduced cytokine levels in the bronchoalveolar lavage fluid
in a guinea pig model of asthrie48)
Clinical Trials

Numerous clinical trials have been performed evaluating the abilEglmhacea
extracts to prevent or treat WiRalthough certain trials have been performed more rigorously
than othes such ashose that employedndomized, doubtelind, placebecontrolled
protocols The lack of understanding Bthinaceaextract activity has likely contributed to
the contradictory results generated from these trials. In addition, instancegigéposi
clinical trial results cannot be attributed to immunomodulatory propertiestohacea
because the appropriate clinical measurements and assays to support these claims were not
performed(149-151) For example, Jawad et al. assessed the nuanbledturatiorof cold
episodes while also confirming the presence of respiratoryegiisiasal swabs from study
participantg151) However, theeffect ofE. purpureaon the immune response, such as
serum cytokine levels, prostaglandin levels, and immuh@webers were not measured.
Thedifficulties in comparindechinaceeclinical trial results were described in a recent
review(152). Severdkey factors were revealed includiddferencesn Echinaceaspecies
used, portions of the plant extracted (aerebws roots \ersus mixtures), the method of
extraction, combinations with other plant material, dosing protocols, and parameters used to
evduate efficacy(152). In the same study by Jawad et al., the ethanolic extract Echirfaforce
was used, which consists of aerial (95%) and root (5%) porfid&iis. However in another
study, Taylor et al. used aqueous extracts of the d&fahacegoortions oty (153) The

inconsistencies describedave highlight the necessity fanderstanthg how Echinacea
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extrads may benefit patients with U&so that weldesigned clinical trials can be
performed.
Constituent Molecules
The activity ofEchinaceaextracts has been attributed to several constituent
molecules including caffeic acid derivatives (CADs), polysaccharides, glycoproteins, and
alkylamides(154, 155) High concentrations of CADs, glycoproteins, and polysaccharides
are present in aqoas extracts from aerial portions®thinaceawhile alkylamides are
present at highest concentrations in ethanolie9G%) root extract§156-158) CADs, such
as caftaic acid, cichoric acid, and echinacoside, have been shown to have antioxidant
activity (159, 160) Polysaccharides, including fucogalactoxyloglucan aatlinogalactan,
were reported tstimulate macrophage cytotoxic and phagocytic activity and increase NO,
IL-6,and TNFU p r o d154, 16il,d62) Intravenous administration of the glycoprotein
containing fraction oE. purpureato mice wadoundto increase serum TNB and | L
levels and treatment of moe splenocytes vitro stimulated IFNU/ C  pr ¢163) é¢nt i o n
contrast to these stimulatory effects, alkylamides have been shown to inhibit production of
cytokines, chemokines, and prostaglandins from stiredlapithelial cells, macrophages,
and T cellgn vitro and will be discussed in more detail bel(3, 146, 147)
SinceEchinaceaextracts are complex mixturésatpotentiallycontainopposing
cytokinestimulatory and cytokinsuppressive molecules, we hypothesized that these
activities could be separated using chemical separation techigiiys We found that
fractions generated from an ethandicpurpureaextract contained cytokirgtimulatory and
cytokinesuppressive fractions. We also found that-alkylamidemoleculesor

unidentified alkylamideghat suppress cytokine productiare present i. purpurea
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extracts. The cytokinsuppressive molecule, xanthienopyran, and a new alkylamide, 8,11
dihydroxy-dodeca2E,4E,9Etrienoic acid isobutylandie were identified for the first time in
anE. purpureaextract(143, 164) Additionally, LPS andikely other PAMPs derived from
endophytesvere linked tahe cytokinestimulatory activityof Echinaceaas extractsnade
from sterilely growrE. purpureadid not stimulate cytokine producti¢h43) Due to the
potential for alkylamids and alkylamideontainingechinaceaextracts to limit
inflammation we decided to focus our efforts on evaluating these fattylieignolecules.
Alkylamides

Alkylamides are a class of small, lipophilic molecules produced by several species
within the Asteraceae, Piperaceae, and Rutaceae families, inckachimgacea angustifolia
Echinacea purpureg&chinacea pallidaAcmella oleraceagHeliopsis longipesAnagyclus
pyrethrum Otanthus maritimus, Zanthxylum americanamgPiper nigrum(reviewed in
(165). Structurally, alkylamides consist of an amide group connected to a fatty acid and a
head group. The fatty acid may vary in length, number of unsaturations, hydroxylations
and/or methylations. e majority of alkylamides identified Bchinaceacontain an
isobutyl head group, but several contain a methylbutyl group instead. Alkylamide content
varies between the three mediciBghinaceaspecies witte. angustifolisandE. purpurea
containing sigificantly higher concentrations comparedetagpallida(157) Each
alkylamide appears to have similar biological effects with varyegyekes of activity,
although specific targets or effects may be identified with further research. It has been
hypothesized that the asitiflammatory activity ofEchinaceaextracts is due to synergistic or

additive effects of the alkylamides presgti6, 167)
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The reports of aninflammatory activity byEchinaceaalkylamides are largely based
on suppression of cytokine production fretmulated macrophages and T cellvitro. For
example, fourteen different alkylamides fr@ohinaceasuppressed LRBduced NO
production from RAW 264.7 cells to varying degrée88). In addition, we foundhiat the
alkylamides undecadZ,4E-diene8,10-diynoic acid isobutylamide (A4), dodeca
2E,4E,8Z,10Z/Retraenoic acid isobutylamide (Alla/b), dod@egd4Edienoic acid
isobutylamide (A15), and unde@&-ene8,10-dynoic acid isobutylamide (A16) inhibited
TNF-Uand PGE secretion from IAV stimulated RAW 264.7 cells with A15 displaying the
greatest level of suppressi@ii6) Al5 also suppressed CCL2, CCL3, CCL5, CCL9, and
G-CSF production afterAV stimulation in the same report. We also found that TNF
production was dosdependently inhibited from LRSimulated RAW 264.7 cells treated
with A15 (143) In another study, PMA/PHA induced-R_production from Jurkat T cells
was inhibited by Alla/b, A15, and A16, but not CAR47, 169) These suppressive effects
have consistently been found to be unrelated to cytotoxicity at the doseq1@&&d?2)
Furthermore, the alkylamide pellitorine fncAnacyclus pyrethrupPiper nigrum,and
Asarum sieboldiiinhibited release of high mobility group box 1 (HMGB1), TNIF -6, IL-

1 U, alf,deducdd permeability, and decreased adhesion molecule expression from
stimulated human umbilical vein endotla¢kells(173) In the same study, pellitorine
administration improved survival mmousemodel of sepsi§l73) Additionally, in a mouse
model of fulminant hepat, Alla/b injected intraperitoneally reduced serum INF| ev e | s
and hepatocyte damage in the lig€r4) The safety of alkylamides has not been

investigated extensively; however, no adverse effects from alkylamide adminisitnatioa

have been reportdd73-175)
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In a recent structuractivity relationship study, we synthesized structural derivatives
of A15 with variations irthe head group or alkyl chairwWe found that removing the double
bonds had no significant impeon A15 activity, but that reducing the length of the
hydrocarbon chain resulted in reduced inhibition of {88 wlated TNFU pr oduct i on f
RAW 264.7 cell{172). In contrast, changes to the isobutylamide head group led to reduced
inhibitory activity, although significant suppression was still obse(t@&@) The
modification of alkylamide structure through relatively simple chemical synthesis methods
may lead to improvements in their specific activity and effectiveness for suppressing
cytokine, chemokine, and prostaglandin production.

The mechanism of alkylamielmediated cytokine and chemokine suppression has
been investigated by sevegabupsbut remains unresolved. Raduner et al. demonstrated
that Alla/b and A15, but not A16, bound the cannabinoid receptor type:R((IZB).

However, the suppression of TNF, -1R, And 1:12p70from LPSstimulated human
whole blood by Alla/b, A15, and A16 was mediated throughi@dependent effectd 76)
In another study by Hou et al., Alla/b suppression oféfi*Sulated TNFU p ctiord u
from RAW 264.7 cells was attributed to JNKediated upregulation of heme oxygenase
(174). Finally, the alkylamide spilanthol (also known as affinin), which is produced by
Acmella oleraceandHeliopsis longipesinhibited LPSstimulated TNFU , -6)ahd I1-1R
secretion and INOS and C@Xexpression in RAW 264.7 cell$71) In these experiments,
the inhibitory effects were linked to decreasedi®NB-DNA binding after a 10 hour pre
treatmeni171)

In addition to cytokinesuppression, alkylamides have been investigated for the

tingling and numbing sensations they elicit on sensory neimahe mouth High quality
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Echinaceaextracts induce tingling/numbing effects whapplied orally, and this property is
due to the presence of alkylamid@37). Additionally,Zanthoxylunplants, which are
commonly referred to as fAtoothacheUtrees, 6 p
sanshool (sanshool), which elicit numbing, analgesic effects on the oral (@28)y

Sanshool and its derivatives were oraiy shown to activate transient receptor potential
vanilloid 1 (TRPV1) and ankyrin 1 (TRPAXgxpressing dorsal root ganglion, but Bautista
et al. later found that sanshool blocked 4paye domain potassium channels (KCNKSs) 3, 9,
and 18(175, 179, 180) In addition, sanshool blocked the excitability af #ocicepive
mechanosensitive sensory neurons by inhibiting volteded sodium channels, with a7
being the most strongly inhibitéd81). Spilanthol (mentioned above) is associated with the
analgesic and antinociceptive effectsAaimella oleraca andHeliopsis longipes The
antinociceptive effect of spilanthol may involve the NO anadKannel pathway&l 82)
Furthermore, pellitorine may inhibit capsaienduced pain by blocking calcium movement
through TRPV1(183) Finally, alkylamides have long been known for their insecticidal
activity, which was determined to be mediated through effects on vajtigd insect

sodium channel€l84, 185)

Overall, alkylamides appear to have broad, inhibitory effects on a number of different
cell types including epithelial cells, endothelial cells, macrophages, mast cells, T cells, and
neurons. Nmerous biological targets, especially ion channels in neurons, appear to be
impacted by alkylamides. However, the disruption of ion channel function by alkylamides in
immune cells has only recently been explored. For example, Walker et al. linked the
cytokine-suppressive effects of pellitorine to the activation of TRPV1 and TRPAL in LPS

stimulated U937 macrophag@s6) In addition, we recently reported that A15 blocked
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increases in intracellular calcium in A2318fmulated RBE2H3 mast cells, Jurkat T cells,

and RAW 264.7 macrophag€kr0). Calcium influx is critical for mast cell degranulation

and T cell activation, but its role is controversial in macrophage cytokine production.
However, A15 inhibited RB12H3 and bone marrowerived mast cell degranulation, in
agreemenwith the observed suppressive effect on calcium mobilizgtiéd) How do
alkylamides inhibit movement of ions through ion channels? Are specific channels targeted
by different alkylamides? Cahe activity and selectivity of alkylamides be improved

through structural modifications? These are important questions that need to be addressed
moving forward if alkylamides are to be developed for treating inflammation and pain.

5. Conclusions

Diseasesesuling in immunopathologiesontinue to impose significant health
burdens on the human population. Although treatments have improved significantly over the
past 60 years, available options are still limited, and many have serious side effects that
restict their usage. Therefore, additional pharmaceutical options are necessary to effectively
treat inflammation and pain caused by excessive or inappropriate immune responses. A
number of commonly used pharmaceuticals on the market today were origiaatly pl
derived molecules and additional compounds are likely to be discovered from natural
sources.Echinaceaspp.preparations were often used by Native Americans to treat different
inflammatory conditions, and although clinical trials investigakeina®aactivity have
produced contradictory results, molecules with usefutiafifimmatory activities may still
be identified. For example, the effects of alkylamides on inflammatory mediator production

and sensory neuron function may prove to be usefutdating inflammation and pain.

25



6. References

1.

2.

10.

11.

12.

13.

Iwasaki, A., and P. S. Pillai. 2014. Innate immunity to influenza virus infedian.

Rev. Immunoll4: 315328.

Szretter, K. J., S. Gangappa, X. Lu, C. SmithyAShieh, S. R. Zaki, S. Sambhara, T.
M. Tumpey, and J. M. Katz. 2007. Role of Host Cytokine Responses in the
Pathogenesis of Avian H5N1 Influenza Viruses in MiteVirol. 81: 27362744.

Perrone, L. A., K. J. Szretter, J. M. Katz, J. P. Mizgerd, and T. M. Tumpey. 2010. Mice
Lacking Both TNF and I£1 Receptors Exhibit Reduced Lung Inflammation and Delay
in Onset of Death following Infection with a Highly Virulent HSN1 Virus.Infect.

Dis. 202: 11611170.

Walsh, K. B., J. R. Teijaro, P. R. Wilker, A. Jatzek, D. M. Fremgen, S. C. Das, T.
Watanabe, M. Hatta, K. Shinya, M. Suresh, Y. Kawaoka, H. Rosen, and M. B. A.
Oldstone. 2011. Suppression of cytokine storm with a sphingosine analadegrov
protection against pathogenic influenza virBsoc. Natl. Acad. Sci. U. S. A08:
1201812023.

Wauquier, N., P. Becquart, C. Padilla, S. Baize, and E. M. Leroy. 2010. Human Fatal
Zaire Ebola Virus Infection Is Associated with an Aberrant Innat@uinity and with
Massive Lymphocyte ApoptosiBL0S Negl. Trop. Dist: e837.

Simmons, G., J. D. Reeves, C. C. Grogan, L. H. Vandenberghe, F. Baribaud, J. C.
Whitbeck, E. Burke, M. J. Buchmeier, E. J. Soilleux, J. L. Riley, R. W. Doms, P. Bates,
and S.Pdhimann. 2003. DGIGN and DGSIGNR Bind Ebola Glycoproteins and
Enhance Infection of Macrophages and Endothelial Céitelogy 305: 115123.

Gupta, M., S. Mahanty, R. Ahmed, and P. E. Rollin. 2001. Mondggtéved Human
Macrophages and PeripheraloBd Mononuclear Cells Infected with Ebola Virus
SecreteMIPL U and ®N | nl@-induded IFN®RJo |i yn  Virdlogy28at:.
20-25.

Bosio, C. M., M. J. Aman, C. Grogan, R. Hogan, G. Ruthel, D. Negley, M.
Mohamadzadeh, S. Bavari, and A. Schmaljop@03. Ebola and Marburg Viruses
Replicate in Monocyt®erived Dendritic Cells without Inducing the Production of
Cytokines and Full Maturatiod. Infect. Dis188: 16301638.

Zampieri, C. A., N. J. Sullivan, and G. J. Nabel. 2007. Immunopatholo@jgbfy
virulent pathogens: insights from Ebola virtdat. Immunol8: 11591164.

Geisbert, T. W., H. A. Young, P. B. Jahrling, K. J. Davis, E. Kagan, and L. E. Hensley.
2003. Mechanisms Underlying Coagulation Abnormalities in Ebola Hemorrhagic
Fever:Overexpression of Tissue Factor in Primate Monocytes/Macrophages Is a Key
Event.J. Infect. Dis188: 16181629.

Geisbert, T. W., H. A. Young, P. B. Jahrling, K. J. Davis, T. Larsen, E. Kagan, and L.
E. Hensley. 2003. Pathogenesis of Ebola Hemorritagyer in Primate Model&m.

J. Pathol.163: 23712382.

Chisari, F. V., and C. Ferrari. 1995. Hepatitis B virus immunopathogeAesig. Rev.
Immunol.13: 2960.

Cooper, A., G. Tal, O. Lider, and Y. Shaul. 2005. Cytokine Induction by the Hepatitis
B Virus Capsid in Macrophages Is Facilitated by Membrane Heparan Sulfate and
Involves TLR2.J. Immunol175: 31653176.

26



14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

Lu, H-L., and F. Liao. 2013. Melanoma Differentiatidkssociated Gene 5 Senses

Hepatitis B Virus and Activates Innate Immune Slgmp To Suppress Virus

Replication.J. Immunol191: 32643276.

Guidotti, L. G., and F. V. Chisari. 2006. Immunobiology and pathogenesis of viral

hepatitis Annu. Rev. Pathol: 2361.

Galle, P. R., W. J. Hofmann, H. Walczak, H. Schaller, G. QitoStremmel, P. H.
Krammer, and L. Runkel. 1995. Involvement of the CD95 (AFEas) receptor and

ligand in liver damagel. Exp. Med182: 12231230.

Balkow, S., A. Kersten, T. T. T. Tran, T. Stehle, P. Grosse, C. Museteanu, O.
Utermohlen, H. Pircher=. von Weizsacker, R. Wallich, A. Millbacher, and M. M.
Simon. 2001. Concerted Action of the FasL/Fas and Perforin/Granzyme A and B
Pathways Is Mandatory for the Development of Early Viral Hepatitis but Not for

Recovery from Viral Infection]. Virol. 75: 878%8791.

Thimme, R., S. Wieland, C. Steiger, J. Ghrayeb, K. A. Reimann, R. H. Purcell, and F.
V. Chisari. 2003. CD8+ T Cells Mediate Viral Clearance and Disease Pathogenesis

during Acute Hepatitis B Virus Infectiod. Virol. 77: 6876.

Kakimi, K., T. E. Lane, S. Wieland, V. C. Asensio, I. L. Campbell, F. V. Chisari, and

L. G. Guidotti. 2001. Bl oi@2kierfepn (IFK)2 mo K i n e

Inducible Protein and Monokine Induced by BN Act i vi t vy

Pathogenetic but nothé Antiviral Potential of Hepatitis B Viriispecific Cytotoxic T

Lymphocytes.J. Exp. Med194: 17551766.

I n

Vi vo

Hosel, M., M. Quasdorff, K. Wiegmann, D. Webb, U. Zedler, M. Broxtermann, R.

Tedjokusumo, K. Esser, S. Arzberger, C. J. Kirschning, A. Langenk@mipalk, H.
Bining, S. Rosdohn, and U. Protzer. 2009. Not interferon, but interlegkaontrols

early gene expression in hepatitis B virus infectldepatology50: 17731782.

Dunn, C., M. Brunetto, G. Reynolds, T. Christophides, P. T. Kennedyr®pertico,

A. Das, A. R. Lopes, P. Borrow, K. Williams, E. Humphreys, S. Afford, D. H. Adams,
A. Bertoletti, and M. K. Maini. 2007. Cytokines induced during chronic hepatitis B
virus infection promote a pathway for NK detiediated liver damagd. Exp.Med.

204: 667680.

Fatahzadeh, M., and R. A. Schwartz. 2007. Human herpes simplex virus infections:

Epidemiology, pathogenesis, symptomatology, diagnosis, and managemdémt.

Acad. Dermatol57: 73#763.

Schachtele, S. J., S. Hu, M. R. Little, and J. R. Lokensgard. 2010. Herpes simplex virus
induces neural oxidative damage via microglial cell -Tia# receptor2. J.

Neuroinflammatiory: 35.

Lund, J., A. Sato, S. Akira, R. Medzhitov, and A. lwasak@20roltlike Receptor B
mediated Recognition of Herpes Simplex Viuby Plasmacytoid Dendritic Celld.

Exp. Med198: 513520.

Thapa, M., R. S. Welner, R. Pelayo, and D. J. J. Carr. 2008. CXCL9 and CXCL10
Expression Are Critical for Control of Gieéal Herpes Simplex Virus Type 2 Infection

through Mobilization of HSVSpecific CTL and NK Cells to the Nervous System.

Immunol.180: 10981106.

Tumpey, T. M., V. M. Elner, S. H. Chen, J. E. Oakes, and R. N. Lausch. 1994.
Interleukin10 treatment aasuppress stromal keratitis induced by herpes simplex virus

type 1.J. Immunol153: 22582265.

27



27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Uemura, N., S. Okamoto, S. Yamamoto, N. Matsumura, S. Yamaguchi, M. Yamakido,
K. Taniyama, N. Sasaki, and R. J. Schlemper. 2001. Helicobacter pyloridnfaad

the Development of Gastric CancBi.Engl. J. Med345: 784789.

Noach, L. A., N. B. Bosma, J. Jansen, F. J. Hoek, S. J. H. Van Deventer, and G. N. J.
Tytgat. 1994. Mucosal Tumor Necrosis Faaboy Interleukinl/3, and Interleuki8
Productia in Patients with Helicobacter pylori Infectiddcand. J. Gastroenterd9:
425429.

Obonyo, M., M. Sabet, S. P. Cole, J. Ebmeyer, S. Uematsu, S. Akira, and D. G. Guiney.
2007. Deficiencies of Myeloid Differentiation Factor 88, Tke Receptor ZTLR2),

or TLR4 Produce Specific Defects in Macrophage Cytokine Secretion Induced by
Helicobacter pylorilnfect. Immun75: 24082414.

Mai, U. E., G. |. PerePerez, J. B. Allen, S. M. Wahl, M. J. Blaser, and P. D. Smith.
1992. Surface proteins frometicobacter pylori exhibit chemotactic activity for human
leukocytes and are present in gastric mucbsaxp. Med175: 517525.

Supajatura, V., H. Ushio, A. Wada, K. Yahiro, K. Okumura, H. Ogawa, T. Hirayama,
and C. Ra. 2002. Cutting Edge: VacA, acdolating Cytotoxin oflelicobacter pylorj
Directly Activates Mast Cells for Migration and Production of Proinflammatory
Cytokines.J. Immunol168: 26032607.

Handa, O., Y. Naito, and T. Yoshikawa. 2010. Helicobacter pylori: a-R@&ing
bacterialspecies in the stomadmflamm. Res59: 9971003.

Dhainaut, JF., N. Marin, A. Mignon, and C. Vinsonneau. 2001. Hepatic response to
sepsis: Interaction between coagulation and inflammatory proc€sge£are Med.

29: S42547.

Tracey, K. J.B. Beutler, S. F. Lowry, J. Merryweather, S. Wolpe, I. W. Milsark, R. J.
Hariri, T. J. Fahey, A. Zentella, J. D. Albert, G. T. Shires, and A. Cerami. 1986. Shock
and Tissue Injury Induced by Recombinant Human Cach&xtience234: 470474.
Nawroth, P P., and D. M. Stern. 1986. Modulation of endothelial cell hemostatic
properties by tumor necrosis factdr Exp. Med163: 740745.

Levi, M., H. Cate, T. van der Poll, and S. H. van Deventer. 1993. Pathogenesis of
disseminated intravascular coagigdatin sepsisJ. Am. Med. Asso@70: 975979.
GonzalezJuarrero, M., O. C. Turner, J. Turner, P. Marietta, J. V. Brooks, and |. M.
Orme. 2001. Temporal and Spatial Arrangement of Lymphocytes within Lung
Granulomas Induced by Aerosol Infection withMyacterium tuberculosidnfect.
Immun.69: 17221728.

Clemens, D. L., and M. A. Horwitz. 1995. Characterization of the Mycobacterium
tuberculosis phagosome and evidence that phagosomal maturation is inBilibeal.
Med.181: 257270.

Van der Wé& N., D. Hava, D. Houben, D. Fluitsma, M. van Zon, J. Pierson, M. Brenner,
and P. J. Peters. 2007. M. tuberculosis and M. leprae Translocate from the
Phagolysosome to the Cytosol in Myeloid Celigll 129: 12871298.

Mishra, B. B., P. Mourdlves, A. Sonawane, N. Hacohen, G. Griffiths, L. F. Moita,
and E. Anes. 2010. Mycobacterium tuberculosis protein EGAsTa potent activator

of the NLRP3/ASC inflammasome€ell. Microbiol. 12: 10461063.

Divangahi, M., S. Mostowy, F. Coulombe, R. Kozak, L. leui F. Veyrier, K. S.
Kobayashi, R. A. Flavell, P. Gros, and M. A. Behr. 2008. Ndua%icient Mice Have

28



42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.
54.

55.

56.

Impaired Resistance Mycobacterium tuberculoslafection through Defective Innate
and Adaptive Immunityd. Immunol181: 71577165.

Bekker, L:G., P. Haslett, G. Maartens, L. Steyn, and G. Kaplan. 2000. Thalidomide
Induced AntigerSpecific Immune Stimulation in Patients with Human
Immunodeficiency Virus Type 1 and Tuberculodgislnfect. Dis181: 954965.

Lopez, M., L. M. Sly, Y. Luu, D. ¥ung, H. Cooper, and N. E. Reiner. 2003. The 19
kDa Mycobacterium tuberculosiBrotein Induces Macrophage Apoptosis Through
Toll-Like Recepto2. J. Immunol170: 24092416.

Fayyazi, A., B. Eichmeyer, A. Soruri, S. Schweyer, J. Herms, P. Schwarz,.ahd H

Radzun. 2000. Apoptosis of macrophages and T cells in tuberculosis associated caseous

necrosisJ. Pathol.191: 417425.

Algood, H. M. S., J. Chan, and J. L. Flynn. 2003. Chemokines and tuberculosis.
Cytokine Growth Factor Ret4: 467477.

Peret, M., C. Badiou, G. Lina, S. Burbaud, Y. Benito, M. Bes, V. Cottin, F. Couzon,
C. Juruj, O. Dauwalder, N. Goutagny, B. A. Diep, F. Vandenesch, and T. Henry. 2012.
Crosstalk betweerStaphylococcus aureusukocidinsintoxicated macrophages and
lung epthelial cells triggers chemokine secretion in an inflammasdependent
mannerCell. Microbiol. 14: 10191036.

Takeuchi, O., K. Hoshino, and S. Akira. 2000. Cutting Edge: FDRficient and
MyD88-Deficient Mice Are Highly Susceptible ®taphylococcuaureusinfection.J.
Immunol.165: 53925396.

Choi, Y. W., B. Kotzin, L. Herron, J. Callahan, P. Marrack, and J. Kappler. 1989.
Interaction of Staphylococcus aureus toxin "superantigens” with human TRrelts.

Natl. Acad. Sci. U. S. 86: 89418945.

Verdrengh, M., T. A. Springer, J. C. GutierlBamos, and A. Tarkowski. 1996. Role

of intercellular adhesion molecule 1 in pathogenesis of staphylococcal arthritis and in
host defense against staphylococcal bacterdnfiect. Immun64: 28042807.

Nutten, S. 2015. Atopic Dermatitis: Global Epidemiology and Risk Fadars. Nutr.
Metab.66(suppl 1): 816.

Homey, B., M. Steinhoff, T. Ruzicka, and D. Y. M. Leung. 2006. Cytokines and
chemokines orchestrate atopic skin inflammatbmllergy Clin. Immunol118: 178

189.

Wood, L. C., S. M. Jackson, P. M. Elias, C. Grunfeld, and K. R. Feingold. 1992.
Cutaneous barrier perturbation stimulates cytokine production in the epidermis of mice.
J. Clin. Invest90: 482487.

Leung, D.Y. M., and T. Bieber. 2003. Atopic dermatitithe LanceB861: 151160.

Wilson, S. R., L. The, L. M. Batia, K. Beattie, G. E. Katibah, S. P. McClain, M.
Pellegrino, D. M. Estandian, and D. M. Bautista. 2013. The epitheliabdegiled
atopic dermatig cytokine TSLP activates neurons to induce @1l 155: 285295.
Soumelis, V., P. A. Reche, H. Kanzler, W. Yuan, G. Edward, B. Homey, M. Gilliet, S.
Ho, S. Antonenko, and A. Lauerma. 2002. Human epithelial cells trigger dendritic cell
mediated allegic inflammation by producing TSLRat. Immunol3: 673680.

Bunikowski, R., M. Mielke, H. Skarabis, U. Herz, R. L. Bergmann, U. Wahn, and H.
Renz. 1999. Prevalence and role of serumalgtibodies to the Staphylococauseu$
derived superantigen€8 and SEB in children with atopic dermatitis Allergy Clin.
Immunol.103: 119124,

29



57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Liu, F.-T., H. Goodarzi, and HY. Chen. 2011. IgE, Mast Cells, and Eosinophils in
Atopic Dermatitis.Clin. Rev. Allergy Immuno#1: 298310.

Spergel, J. M. 200 From atopic dermatitis to asthma: the atopic makah. Allergy.
Asthma. Immunoll05: 99106; quiz 107109, 117.

Broide, D. H., G. J. Gleich, A. J. Cuomo, D. A. Coburn, E. C. Federman, L. B.
Schwarte, and S. I. Wasserman. 1991. Evidence of ongaasg cell and eosinophil
degranulation in symptomatic asthma airwayAllergy Clin. Immunol88: 637648.
Robinson , D. S., Q. Hamid , S. Ying, A. Tsicopoulos , J. Barkans , A. M. Bentley, C.
Corrigan, S. R. Durham , and A. B. Kay 1992. Predontiii&l2-like Bronchoalveolar
T-Lymphocyte Population in Atopic Asthmid. Engl. J. Med326: 298304.

Bradding, P., J. A. Roberts, K. M. Britten, S. Montefort, R. Djukanovic, R. Mueller, C.
H. Heusser, P. H. Howarth, and S. T. Holgate. 1994. Interlebikd) and-6 and tumor
necrosis factealpha in normal and asthmatic airways: evidence for the human mast
cell as a source of these cytokindm. J. Respir. Cell Mol. Biol0: 471480.

Robinson, D., Q. Hamid, A. Bentley, S. Ying, A. B. Kay, andRSDurham. 1993.
Activation of CD4+ T cells, increased THgpe cytokine mRNA expression, and
eosinophil recruitment in bronchoalveolar lavage after allergen inhalation challenge in
patients with atopic asthma. Allergy Clin. Immunol92: 313324.

Pwnonen, J., G. Aversa, B. G. Cocks, A. N. McKenzie, S. Menon, G. Zurawski, R. de
Waal Malefyt, and J. E. de Vries. 1993. Interleukin 13 induces interleukin 4
independent 1gG4 and IgE synthesis and CD23 expression by human BPomils.
Natl. Acad. Sci. US. A.90: 37303734.

Metzger, H., G. Alcaraz, R. Hohman;R. Kinet, V. Pribluda, and R. Quarto. 1986.
The receptor with high affinity for immunoglobulin Bnnu. Rev. Immunod: 419

470.

Wernersson, S., and G. Pejler. 2014. Mast cell secrgraryles: armed for battle.
Nat. Rev. Immunoll4: 478494.

Martin, S. F., P. R. Esser, F. C. Weber, T. Jakob, M. A. Freudenberg, M. Schmidt, and
M. Goebeler. 2011. Mechanisms of chemicaluced innate immunity in allergic
contact dermatitisAllergy 66: 11521163.

Kaplan, D. H., B. Z. Igyart6, and A. A. Gaspari. 2012. Early immune events in the
induction of allergic contact dermatitidat. Rev. Immunoll2: 114124,

Vocanson, M., A. Hennino, A. Roziéres, G. Poyet, and J. F. Nicolas. 20@@tdEff

and regulatory mechanisms in allergic contact dermagilisrgy 64: 16991714.
Trautmann, A., M. Akdis, P. Schmi@rendelmeier, R. Disch, 8. Brocker, K.
Blaser, and C. A. Akdis. 2001. Targeting keratinocyte apoptosis in the treatment of
atogc dermatitis and allergic contact dermatitlis Allergy Clin. Immunol108: 839

846.

Kaufman, D. L., M. Clare&salzler, J. Tian, T. Forsthuber, G. S. P. Ting, P. Robinson,
M. A. Atkinson, E. E. Sercarz, A. J. Tobin, and P. V. Lehmann. 1993. Spontaneou
loss of Tcell tolerance to glutamic acid decarboxylase in murine insldpendent
diabetesNature366: 6972.

Bogdani, M., P. Y. Johnson, S. Potierigo, N. Nagy, A. J. Day, P. L. Bollyky, and

T. N. Wight. 2014. Hyaluronan and HyalurorBmding Proteins Accumulate in Both
Human Type 1 Diabetic Islets and Lymphoid Tissues and Associate With Inflammatory
Cells in Insulitis.Diabetes63: 27272743.

30



72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

CasciolaRosen, L. A., G. Anhalt, and A. Rosen. 1994. Autoantigens targeted in
systemic lupus etliematosus are clustered in two populations of surface structures on
apoptotic keratinocytes. Exp. Med179: 13171330.

Mohan, C., and C. Putterman. 2015. Genetics and pathogenesis of systemic lupus
erythematosus and lupus nephriligt. Rev. Neplul. 11: 329341.

Clynes, R., C. Dumitru, and J. V. Ravetch. 1998. Uncoupling of Immune Complex
Formation and Kidney Damage in Autoimmune GlomerulonephiB@ence279:
10521054.

Catrina, A. I, V. Joshua, L. Klareskog, and V. Malmstrom. 2016chderisms
involved in triggering rheumatoid arthritisnmunol. Rev269: 162174.

Roberts, C. A., A. K. Dickinson, and L. S. Taams. 2015. The Interplay Between
Monocytes/Macrophages and CD4(+) T Cell Subsets in Rheumatoid Arthritist.
Immunol.6: 571.

Yago, T., Y. Nanke, N. Ichikawa, T. Kobashigawa, M. Mogi, N. Kamatani, and S.
Kotake. 2009. IE17 induces osteoclastogenesis from human monocytes alone in the
absence of osteoblasts, which is potently inhibited byTaxE-alpha antibody: a novel
mechanism of osteoclastogenesis byl J. Cell. Biochem108: 947955.

Chabaud, M., E. Lubberts, L. Joosten, W. van Den Berg, and P. Miossec. 2Q01. IL
derived from juxtaarticular bone and synovium contributes to joint degradation in
rheumatoid ghritis. Arthritis Res.3: 168177.

Peltekova, V. D., R. F. Wintle, L. A. Rubin, C. I. Amos, Q. Huang, X. Gu, B. Newman,
M. Van Oene, D. Cescon, G. Greenberg, A. M. Griffiths, P. H. St Gédyglop, and

K. A. Siminovitch. 2004. Functional variants of OCTN cation transporter genes are
assocated with Crohn diseasiat. Genet36: 471475.

Larsson, J. M., H. Karlsson, J. G. Crespo, M. E. Johansson, L. Eklund, H. Sjovall, and
G. C. Hansson. 2011. Altered@dycosylation profile of MUC2 mucin occurs in active
ulcerative colitis and is assated with increased inflammatiomflamm. Bowel Dis.

17: 22992307.

Sartor, R. B. 2006. Mechanisms of disease: pathogenesis of Crohn's disease and
ulcerative colitisNat. Clin. Pract. Gastroenterol. Hepatd: 396407.

Elson, C. O., Y. Cong, VJ. McCracken, R. A. Dimmitt, R. G. Lorenz, and C. T.
Weaver. 2005. Experimental models of inflammatory bowel disease reveal innate,
adaptive, and regulatory mechanisms of host dialogue with the microlpimtainol.
Rev.206: 260276.

Kontoyiannis, D. M. Pasparakis, T. T. Pizarro, F. Cominelli, and G. Kollias. 1999.
Impaired On/Off Regulation of TNF Biosynthesis in Mice Lacking TNF-RIgh
ElementsiImmunity10: 387398.

Khoo, U. Y., I. E. Proctor, and A. J. Macpherson. 1997. CD4+ T cell degulation

in human intestinal mucosa: evidence for intestinal tolerance to luminal bacterial
antigensJ. Immunol158: 36263634.

Groux, H., A. O'garra, M. Bigler, and M. Rouleau. 1997. A CD4eell subset inhibits
antigenspecific T-cell responses andgvents colitisNature389: 737.

Berg, D. J., N. Davidson, R. Kuhn, W. Midiller, S. Menon, G. Holland, L. Thompson
Snipes, M. W. Leach, and D. Rennick. 1996. Enterocolitis and colon cancer in
interleukin10-deficient mice are associated with aberrartokipe production and
CD4(+) THZXlike responsesl. Clin. Invest98: 10161020.

31



87. Cain, D. W., and J. A. Cidlowski. 2017. Immune regulation by glucocorticbids.
Rev. Immunoll7: 233247.

88. Arth, G. E., J. Fried, D. B. Johnston, D. R. Hoff, L. S4rett, R. H. Silber, H. C. Stoerk,
and C. A. Winter. 1958. 1Blet hy | at ed sMethyl analahysof cortisone, 1 6 U
anewgroupofanii nf | a mmat o r-Halo derivativasJ. Aits Cherd. S8o80:
3161-3163.

89. Ray, A., and K. E. Prefontaine. 94. Physical association and functional antagonism
between the p65 subunit of transcription factor-Képpa B and the glucocorticoid
receptorProc. Natl. Acad. Sci. U. S. 81: 752756.

90. Jonat, C., H. J. Rahmsdorf, K. K. Park, A. C. Cato, S. Gebé&lphta, and P. Herrlich.
1990. Antitumor promotion and antiinflammation: doewodulation of APL
(Fos/Jun) activity by glucocorticoid hormortell 62: 11891204.

91. Biola, A., K. Andreau, M. David, M. Sturm, M. Haake, J. Bertoglio, and M. Pallardy.
2000.The glucocorticoid receptor and STAT6 physically and functionally interact in
T-lymphocytesFEBS Lett487: 229233.

92. Rea, D, C. van Kooten, K. E. van Meijgaarden, T. H. M. Ottenhoff, C. J. M. Melief,
and R. Offringa. 2000. Glucocorticoids transform CBA@gering of dendritic cells
into an alternative activation pathway resulting in antigessenting cells that seceet
IL-10.Blood95: 31623167.

93. Beaulieu, E., and E. F. Morand. 2011. Role of GILZ in immune regulation,
glucocorticoid actions and rheumatoid arthribisit. Rev. Rheumatdl: 340:348.

94. Liu, D., A. Ahmet, L. Ward, P. Krishnamoorthy, E. D. Mandelcd® Leigh, J. P.
Brown, A. Cohen, and H. Kim. 2013. A practical guide to the monitoring and
management of the complications of systemic corticosteroid theddipygy Asthma
Clin. Immunol.9: 30.

95. Berry, M., A. Morgan, D. E. Shaw, D. Parker, R. Gre&nBrightling, P. Bradding, A.

J. Wardlaw, and I. D. Pavord. 2007. Pathological features and inhaled corticosteroid
response of eosinophilic and neasinophilic asthmahorax62: 10431049.

96. Funk, C. D. 2001. Prostaglandins and Leukotrienes: Advandgsosanoid Biology.
Science294: 18711875.

97. Kumazawa, T., K. Mizumura, and H. Koda. 1993. Involvement of EP 3 subtype of
prostaglandin E receptors in PGEN2luced enhancement of the bradykinin response
of nociceptorsBrain Res632: 321324.

98. Moriyama, T., T. Higashi, K. Togashi, T. lida, E. Segi, Y. Sugimoto, T. Tominaga, S.
Narumiya, and M. Tominaga. 2005. Sensitization of TRPV1 by EP1 and IP reveals
peripheral nociceptive mechanism of prostaglanditd. Painl: 3.

99. Ricciotti, E., and G.A. FitzGerald. 2011. Prostaglandins and Inflammation.
Arterioscler. Thromb. Vasc. Biddl: 9861000.

100. Mahdi, J., A. Mahdi, and I. Bowen. 2006. The historical analysis of aspirin discovery,
its relation to the willow tree and antiproliferative and@aricer potentialCell Prolif.

39: 147155.

101. Mukherjee, D., S. E. Nissen, and E. J. Topol. 2001. Risk of cardiovascular events
associated with selective c@inhibitors.J. Am. Med. Asso286: 954959.

102. Edwards, A. M. 2005. The discovery of crolyn sodium and its effect on research
and practice in allergy and immunologly.Allergy Clin. Immunol115: 885888.

32



103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

Theoharides, T., W. Sieghart, P. Greengard, and W. Douglas. 1980. Antiallergic drug

cromolyn may inhibit histamine secretion by riedung phosphorylation of a mast cell
protein.Science207: 8682.

Oka, T., J. Kalesnikoff, P. Starkl, M. Tsai, and S. J. Galli. 2012. Evidence questioning

cromol vy
92:1472-1482.

nés effectiveness and

S kab.éngeti vi ty

Simons F., R. Estelleand K. J. Simons 1994. The Pharmacology and Use of H1
ReceptorAntagonist DrugsN. Engl. J. Med330: 16631670.

Thurmond, R. L., E. W. Gelfand, and P. J. Dunford. 2008. The role of histamine H1

and H4 receptarin allergic inflammation: the search for new antihistamiNes. Rev.
Drug Discov.7: 41.

Levander, S., M. StahiBackdahl, and O. Hagermark. 1991. Peripheral antihistamine
and central sedative effects of single and continuous oral doses of cetirizine and

hydroxyzine Eur. J. Clin. Pharmacol1: 435439.
Tagawa, M., M. Kano, N. Okamura,.Miguchi, M. Matsuda, Y. Mizuki, H. Arai, R.
lwata, T. Fujii, and S. Komemushi. 2001. Neuroimaging of histantil-receptor
occupancy in human brain by positron emission tomography (PET): A comparat
study of ebastine, a secoegdneration antihistamineand (+}chlorpheniramine, a
classical antihistamin&r. J. Clin. Pharmacol52: 5015009.
White, M. V. 1990. The role of histamine in allergic disea3eallergy Clin. Immunol.

86: 599605.

Klein, P. A., and R. F. Clark. 1999. An evideruzsel review of the efficacy of
antihistamines in relieving pruritus in atopic dermatifisch. Dermatol.135: 1522

1525.

Weinblatt , M. E., J. M. Kremer , A. D. Bankhurst , K. J. Bulpitt , R. M. Fleischmann ,
R. I. Fox , C. G. Jackson , M. Lange , andJDBurge 1999. A Trial of Etanercept, a

Recombinant Tumor Necrosis Factor Receptor:Fc Fusion Protein, in Patients with

Rheumatoid Arthritis Receiving Methotrexalé. Engl. J. Med340: 253259.
Colombel, J. F., W. J. Sandborn, P. Rutgeerts, R.,EBw8. Hanauer, R. Panaccione,

S. Schreiber, D. Byczkowski, J. Li, J. D. Kent, and P. F. Pollack. 2007. Adalimumab

for Ma i

ntenance

of Clinical

The CHARM Trial.GastroenterologyL32: 5265.
Menter, A., S. K. Tyring, K. Gordon, A. B. Kimball, C. L. Leonardi, R. G. Langley, B.

E. Strober, M. Kaul, Y. Gu, and M. Okun. 2008. Adalimumab therapy for moderate to

Response and

severe psoriasis: a randomized, controlled phase Il dri?dm. Acad. Dermatob8:

106-115.

van der Heijde, D., A. Kivitz, M. H. Schiff, J. Sieper, B. A. Dijkmans, J. Braun, M.

Dougados, J. D. Reveille, R. L. Wong, and H. Kupper. 2006. Efficacy and safety of

adalimumab in patients with ankylosing spondylitis: results omalticenter,
randomized, doubkblind, placebecontrolled trial. Arthritis Rheumatol.54: 2136

2146.

Maini, R., E. W. St Clair, F. Breedveld, D. Furst, J. Kalden, M. Weisman, J. Smolen,

P. Emery, G. Harriman, and M. Feldmann. 1999. Infliximab (chimerictamour

necrosi s

factor

U monocl onal

anti body)

receiving concomitant methotrexate: a randomised phase Il Tii@. Lancet354:

19321939.

33

vV e



116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

Hanauer, S. B., B. G. Feagan, G. R. Lichtenstein, L. F. Mayer, S. Behrdi F.
Colombel, D. Rachmilewitz, D. C. Wolf, A. Olson, W. Bao, and P. Rutgeerts. 2002.
Maintenance infliximab for Crohn's disease: the ACCENT | randomised Titia.
Lancet359: 15411549.

Bongartz, T., A. J. Sutton, M. J. Sweeting, |. Buchan,.Batteson, and V. Montori.
2006. AntiTNF antibody therapy in rheumatoid arthritis and the risk of serious
infections and malignancies: Systematic review and {aesdysis of rare harmful
effects in randomized controlled trials.Am. Med. Asso295:22752285.

Leonardi, C. L., A. B. Kimball, K. A. Papp, N. Yeilding, C. Guzzo, Y. Wang, S. Li, L.

T. Dooley, and K. B. Gordon. 2008. Efficacy and safety of ustekinumab, a human
interleukin12/23 monoclonal antibody, in patients with psoriasiswéék results

from a randomised, doubldind, placebecontrolled trial (PHOENIX 1)The Lancet

371: 16651674.

Sandborn, W. J., B. G. Feagan, R. N. Fedorak, E. Scherl, M. R. Fleisher, S. Katz, J.
Johanns, M. Blank, and P. Rutgeerts. 2008. A Randomizetofridstekinumab, a
Human Interleukinl2/23 Monoclonal Antibody, in Patients With Moder&teSevere
Crohn's Diseaséastroenterology 35: 11301141.

Cohen, S., E. Hurd, J. Cush, M. Schiff, M. E. Weinblatt, L. W. Moreland, J. Kremer,
M. B. Bear, W. JRich, and D. McCabe. 2002. Treatment of rheumatoid arthritis with
anakinra, a recombinant human interl eukin
met hotrexate: R el sveek, multicentér, ralomized edaublélindi, o u r
placebecontrolledtrial. Arthritis Rheumatol46: 614624.

Genovese , M. C.,-L. Becker , M. Schiff , M. Luggen , Y. Sherrer , J. Kremer , C.
Birbara , J. Box , K. Natarajan, I. Nuamah , T. Li, R. Aranda, D. T. Hagerty , and M.
Dougados 2005. Abatacept for Rheuom@tArthritis Refractory to Tumor Necrosis
Fact or UN.IEnghJ. Med358: @1141123.

Orban, T., B. Bundy, D. J. Becker, L. A. DiMeglio, S. E. Gitelman, R. Goland, P. A.
Gottlieb, C. J. Greenbaum, J. B. Marks, R. Monzavi, A. Moran, P. Raski
Rodriguez, W. E. Russell, D. Schatz, D. Wherrett, D. M. Wilson, J. P. Krischer, and J.
S. Skyler. 2011. Gstimulation modulation with abatacept in patients with receiset

type 1 diabetes: a randomised, dotitlied, placebecontrolled trial. The Lancet378:
412-419.

Viglietta, V., K. Bourcier, G. J. Buckle, B. Healy, H. L. Weiner, D. A. Hafler, S.
Egorova, C. R. G. Guttmann, J. R. Rusche, and S. J. Khoury. 2008. CTLA4Ig treatment
in patients with multiple sclerosis: An op&abel, phase 1 dlical trial. Neurology71.:
917-924.

Blackstone, E. A., and P. F. Joseph. 2013. The Economics of BiosirAilargiealth

Drug Benefits: 469478.

Cronstein, B. N., D. Naime, and E. Ostad. 1993. The antiinflammatory mechanism of
methotrexate. Inelased adenosine release at inflamed sites diminishes leukocyte
accumulation in an in vivo model of inflammatiah.Clin. Invest92: 26752682.

Roenigk, H. H., R. Auerbach, H. I. Maibach, and G. D. Weinstein. 1988. Methotrexate
in psoriasis: ReviseguidelinesJ. Am. Acad. Dermatol9: 145156.

Feagan , B. G., J. Rochon , R. N. Fedorak , E. J. Irvine , G. Wild , L. Sutherland , A.
H. Steinhart , G. R. Greenberg , R. Gillies , M. Hopkins , S. B. Hanauer , and J. W. D.

34



128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

McDonald 1995. Methotrexafter the Treatment of Crohn's Diseabk.Engl. J. Med.

332: 292297.

Weinblatt , M. E., J. S. Coblyn , D. A. Fox , P. A. Fraser , D. E. Holdsworth , D. N.
Glass , and D. E. Trentham 1985. Efficacy of LD@se Methotrexate in Rheumatoid
Arthritis. N. Engl. J. Med312: 818822.

Fric, J., T. Zelante, A. Y. W. Wong, A. Mertes-Bl. Yu, and P. RicciardCastagnoli.
2012. NFAT control of innate immunitiadlood 120: 13861389.

Wollina, U. 2007. The Role of Topical Calcineurin Inhibitors for SRiseases Other
Than Atopic DermatitisAm. J. Clin. Dermatol8: 157173.

Kitahara, K., and S. Kawai. 2007. Cyclosporine and tacrolimus for the treatment of
rheumatoid arthritisCurr. Opin. Rheumatoll9: 238245.

Brynskov, J., L. Freund, S. N. Rasmussen, K. Lauritsen, O. S. d. Muckadell, N.
Williams, A. S. MacDonald, R. Tanton, F. Molina, M. C. Campanini, P. Bianchi, T.
Ranzi, F. Q. di Palo, A. MalchoMgller, O. @. Thomsen, U. Tagkensen, V. Binder,

and P. Rus. 989. A PlacebeControlled, DoubleBlind, Randomized Trial of
Cyclosporine Therapy in Active Chronic Crohn's Dise&dkeEngl. J. Med321: 845

850.

Cyster, J. G., and S. R. Schwab. 2012. Sphingdsifbosphate and Lymphocyte
Egress from Lymphoid Orga. Annu. Rev. ImmunaBO: 6394.

Prager, B., S. F. Spampinato, and R. M. Ransohoff. 2015. Sphingepimasphate
signaling at the bloddrain barrierTrends Mol. Med21: 354363.

Kappos , L., EW. Radue , P. O'Connor, C. Polman , R. Hohlfeld , P. Calabresi , K.
Selmaj , C. Agoropoulou , M. Leyk , L. Zha#gberson , and P. Burtin 2010. A
PlacebeControlled Trial of Oral Fingolimod in Relapsing Multiple SclerobIsEngl.

J. Med.362: 387401.

Kindscher, K. 1989. Ethnobotany of purple coneflowBchinacea angustifolia
Asteraceae) and OthEchinaceaSpeciesEcon. Bot43: 498507.

Flannery, M. A. 1999. From Rudbeckia to Echinacea: The Emergence of the Purple
Cone Flover in Modern TherapeuticBharm. Hist41: 5259.

Sharma, M., S. A. Anderson, R. Schoop, and J. B. Hudson. 2009. Induction of multiple
pro-inflammatory cytokines by respiratory viruses and reversal by standardized
Echinacea, a potent antiviral herleatract.Antiviral Res83: 165170.

Sharma, M., S. Vohra, J. T. Arnason, and J. B. Hudson. 2008. Echinacea. Extracts
Contain Significant and Selective Activities Against Human Pathogenic Bacteria.
Pharm. Biol.46: 111116.

Fusco, D., X. Liu, CSavage, Y. Taur, W. Xiao, E. Kennelly, J. Yuan, B. Cassileth, M.
Salvatore, and G. A. Papanicolaou. 20E@hinacea purpureaerial extract alters
course of influenza infection in mic€accine28: 39563962.

See, D. M., N. Broumand, L. Sahl, andz].Tilles. 1997. In vitro effects of echinacea
and ginseng on natural killer and antibetpendent cell cytotoxicity in healthy
subjects and chronic fatigue syndrome or acquired immunodeficiency syndrome
patientsImmunopharmacolog$5: 229235.

Rininger, J. A., S. Kickner, P. Chigurupati, A. McLean, and Z. Franck. 2000.
Immunopharmacological activity oEchinacea preparations following simulated
digestion on murine macrophages and human peripheral blood mononucleat. cells.
Leukoc. Biol68: 503510

35



143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

Todd, D. A., T. V. Gulledge, E. R. Britton, M. Oberhofer, M. Lektego, A. N.
Moody, T. Shymanovich, L. F. Grubbs, M. Juzumaite, T. N. Graf, N. H. Oberlies, S.
H. Faeth, S. M. Laster, and N. B. Cech. 2015. Ethalaiinacea purpure&xtracts
Contain a Mixture of CytokinéSuppressive and Cytokideducing Compounds,
Including Some That Originate from Endophytic BactePiaoS Onel0: e0124276.

Pugh, N. D., C. R. Jackson, and D. S. Pasco. 2013. Total Bacterial Load within
Echinacea purpureaDetermined Using a New PCGBRased Quantification Method, is
Correlated with LPS Levels ard Vitro Macrophage ActivityPlanta Med.79: 914.

Pugh, N. D., H. Tamta, P. Balachandran, X. Wu, J. L. Howell, F. E. Dayan, and D. S.
Pasco. 2008. The majorityf o vitro macrophage activation exhibited by extracts of
some immune enhancing botanicals is due to bacterial lipoproteins and
lipopolysaccharidednt. ImmunopharmacoB: 10231032.

Cech, N. B., V. Kandhi, J. M. Davis, A. Hamilton, D. Eads, antSLaster. 2010.
Echinaceaand its alkylamides: Effects on the influenzairduced secretion of
cytokines, chemokines, and PSEom RAW 264.7 macrophagiéke cells. Int.
ImmunopharmacollO: 12681278.

Sasagawa, M., N. B. Cech, D. E. Gray, G. W. Elmraad C. A. Wenner. 2006.
Echinacea alkylamides inhibit interleuki#2 production by Jurkat T cellsint.
Immunopharmacob: 12141221.

Gutovskg, M., P. Capek, | . Kazimierovg,
FraRov§, . P a watz.a2015. JEhinacea coinpidhemical aiewcand
antrasthmatic profileJ. Ethnopharmacoll75: 163171.

Hoheisel, O., M. Sandberg, S. Bertram, M. Bulitta, and M. Schéfer. 1997. Echinagard
treatment shortens the course of the common cold: a dblibte placebecontrolled
clinical trial. Eur. J. Clin. Res9: 261268.

Goel, V., R. Lovlin, R. Barton, M. Lyon, R. Bauer, T. Lee, and T. Basu. 2004. Efficacy
of a standardized echinacea preparation (Echiffijifor the treatment of the common
cold: a endomized, doubkblind, placebecontrolled trial.J. Clin. Pharm. Ther29:

75-83.

Jawad, M., R. Schoop, A. Suter, P. Klein, and R. Eccles. 2012. Safety and efficacy
profile of Echinacea purpuredao prevent common cold episodes: a randomized,
doubleblind, placebecontrolled trial. Evid. Based Complement. Alternat. M2d12.
KarschVVolk, M., B. Barrett, D. Kiefer, R. Bauer, K. ArdjomatMloelkart, and K.
Linde. 2014. Echinacea for preventing and treating the common Caolchrane
Database Syst.d¥.

Taylor, J. A., W. Weber, L. Standish, H. Quinn, J. Goesling, M. McGann, and C.
Calabrese. 2003. Efficacy and safety of echinacea in treating upper respiratory tract
infections in children: a randomized controlled trial.Am. Med. Asso@90: 282-

2830.

Wagner, H., H. Stuppner, W. Schafer, and M. Zenk. 1988. Immunologically active
polysaccharides dEchinacea purpureaell culturesPhytochemistr27: 119126.

Bauer, R. 1999. Chemistry, analysis and immunological investigations of Eeaina
phytopharmaceuticals. Immunomodulatory Agents from Plard4-88.

Perry, N. B., E. J. Burgess, and V. I. Glennie. 2001. Echinacea standardization:
analytical methods for phenolic compounds and typical levels in medicinal spkcies.
Agric. FoodChem.49: 17021706.

36



157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

Hou, C. C., C. H. Chen, N. S. Yang, Y. P. Chen, C. P. Lo, S. Y. Wang, Y. J. Tien, P.
W. Tsai, and L. F. Shyur. 2010. Comparative metabolomics approach coupled with
cell-and genébased assays for species classification andrdtammatory bioactivity
validation ofEchinacegplants.J. Nutr. Biochem21: 10451059.

Barnes, J., L. A. Anderson, S. Gibbons, and J. D. Phillipson. 2005. Echinacea species
(Echinacea angustifolig DC.) Hell., Echinacea pallida(Nutt.) Nutt., Echinacea
purpurea (L.) Moench): a review of their chemistry, pharmacology and clinical
propertiesJ. Pharm. Pharmacob7: 929954.

Thygesen, L., J. Thulin, A. Mortensen, L. H. Skibsted, and P. Molgaard. 2007.
Antioxidant activity of cichoric acidrad alkamides from Echinacea purpurea, alone
and in combinationFood Chem101: 7481.

Maffei Facino, R., M. Carini, G. Aldini, L. Saibene, P. Pietta, and P. Mauri. 1995.
Echinacoside and Caffeoyl Conjugates Protect Collagen from Free Riuticaéd
Degradation: A Potential Use of Echinacea Extracts in the Prevention of Skin
PhotodamagePlanta Med61: 510514.

Luettig, B., C. Steinmdiller, G. Gifford, H. Wagner, andIMLohmannMatthes. 1989.
Macrophage activation by the polysaccharide arajalartan isolated from plant cell
cultures ofEchinacea purpureal. Natl. Cancer Inst81: 669675.

Classen, B., S. Thude, W. Blaschek, M. Wack, and C. Bodinet. 2006.
Immunomodulatory effects of arabinogalactaoteins from Baptisia and Echinacea.
Phytomedicinel3: 688694.

Bodinet, C., and N. Beuscher. 1991. Antiviral and immunological activity of
glycoproteins from Echinacea purpurea raéfibanta Med57: A33A34.

Leyte-Lugo, M., D. A. Todd, T. V. Gulledge, M. Juzumaite, F. S. Carter, S. M. Laster,
and N. B. Cech. 2015. Cytokistuppressive Activity of a Hydroxylated Alkylamide
from Echinacea purpuredlanta Med. Lett2: e25e27.

Boonen, J., A. Bronselaer, Nielandt, L. Veryser, G. De Tré, and B. De Spiegeleer.
2012. Alkamid database: Chemistry, occurrence and functionality of plant N
alkylamides.J. Ethnopharmacoll42: 563590.

Chicca, A., S. Raduner, F. Pellati, T. StrompenHKAIltmann, R. Schoopand J.
Gertsch. 2009. Synergistic immunomopharmacological effects-alkydamides in
Echinacea purpurea herbal extratits. ImmunopharmacoB: 850858.

LaLone, C. A., K. D. Hammer, L. Wu, J. Bae, N. Leyva, Y. Liu, A. K. Solco, G. A.
Kraus, P. AMurphy, and E. S. Wurtele. 200Echinaceaspecies and alkamides inhibit
prostaglandin E2 production in RAW264.7 mouse macrophage delgyric. Food
ChemJ55: 73147322.

Chen, Y., T. Fu, Tao, J. Yang, Y. Chang, M. Wang, L. Kim, L. Qu, J. Cassady, R
Scalzo, and X. Wang. 2005. Macrophage Activating Effects of New Alkamides from
the Roots oEchinaceaSpeciesJ. Nat. Prod68: 773776.

Spelman, K., K. liamddauser, N. B. Cech, E. W. Taylor, N. Smirnoff, and C. A.
Wenner . 20009. Rlo-2 ishibifion m T PelfsAbiEshinaceederived
undeca2E-ene8,10-diynoic acid isobutylamidelnt. Immunopharmacol9: 1260
1264.

Gulledge, T. V., N. M. Collette, E. Mackey, S. E. Johnstone, Y. Moazami, D. A. Todd,
A. J. Moeser, J. G. Pierce, andBl.Cech. 2017. Mast cell degranulation and calcium

37



171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

influx are inhibited by arEchinacea purpureaxtract and the alkylamide dodeca

2E,4Edienoic acid isobutylamidé Ethnopharmacoln press.

Wu, L., N. Fan, M. Lin, I. Chu, S. Huang, C. Y. Hu, andH&an. 2008. Ant

inflammatory effect of spilanthol frorBpilanthes acmellan murine macrophage by

downregulating LPSinduced inflammatory mediatord. Agric. Food Chemb56:

2341-2349.

Moazami, Y., T. V. Gulledge, S. M. Laster, and J. G. Pierce5.28¢nthesis and
biological evaluation of a series of fatty acid amides fiechinacea Bioorg. Med.

Chem. Lett25: 30913094.

Ku, S:K., I.-C. Lee, J. A. Kim, and 5. Bae. 2014. Anseptic Effects of Pellitorine

in HMGB1-Induced Inflammatory Respses In Vitro and In Vivanflammation37:

338-348.

Hou, C. C., C. C. Huang, and L. F. Shyur. 20EthinaceaAlkamides Prevent
Lipopolysaccharide/B5alactosamine Induced Acute Hepatic Injury through JNK

PathwayMediated HO1 ExpressionJ. Agric.Food Chem59: 1196611974.

Bautista, D. M., Y. M. Sigal, A. D. Milstein, J. L. Garrison, J. A. Zorn, P. R. Tsuruda,

R. A. Nicoll, and D. Julius. 2008. Pungent agents from Szechuan peppers excite sensory

neurons by inhibiting twaqpore potassium chaniseNat. Neuroscill: 772779.

Raduner, S., A. Majewska, J. Z. Chen, X. Q. Xie, J. Hamon, B. Faller, K. H. Altmann,

and J. Gertsch. 2006. Alkylamides frorRchinacea are a new class of
cannabinomimetics Cannabinoid type 2 recepipendent andhdepadent

immunomodulatory effectd. Biol. Chem281: 1419214206.

Woelkart, K., and R. Bauer. 2007. The Role of Alkamides as an Active Principle of

EchinaceaPlanta Med.73: 615623.

Bryant, B. P., and I. Mezine. 1999. Alkylamides that produnglitig paresthesia

activate tactile and thermal trigeminal neurddiin Res842: 452460.

Koo, J. Y., Y. Jang, H. Cho, C. H. Lee, K. H. Jang, Y. H. Changhih, and U. Oh.

2007. HydroxyU-sanshool activates TRPV1 and TRPAL1 in sensory neuEams.J.

Neurosci26: 11391147.

Riera, C. E., C. Menozf®marrito, M. Affolter, S. Michlig, C. Munari, F. Robert, H.

Vogel, S. A. Simon, and J. Le Coutre. 2009. Compounds from Sichuan and Melegueta
peppers activate, covalently and rmvalently, TRPAland TRPV1 channel&r. J.

Pharmacol.157: 13981409.

Tsunozaki, M., R. C. Lennertz, D. Vilceanu, S. Katta, C. L. Stucky, and D. M. Bautista.
2013. A 6toothache treebdal kyl ami de

mechanical painl. Physiol.591: 33253340.

DécigaCampos, M., M. Y. Rios, and A. B. Aguiluadarrama. 2010.
Antinociceptive Effect of Heliopsis longipes Extract and Affinin in Mie&anta Med.

76:665670.

Olah, Z., D. Rédei, L. Pecze, C. Vizler, K. Josvay, P. ForgWyigter, G. Dombi, G.
Szakonyi, and J. Hohmann. 2017. Pellitorine, an extragettdium daniellij is an

antagonist of the ion channel TRP\Phytomedicin&4: 4449.

Ottea, J. A., G. T. Payne, and D. M. Soderlund. 1990. Action of insecticidal N

alkylamides at site 2 of the voltagensitive sodium channdl. Agric. Food Chen88:

17241728.

38

nhi

t



185. Zlotkin, E. 1999. The insect voltagmted sodium channel as target of insecticides.
Annu. Rev. Entomod4: 429455.

186. Walker, J., J. P. Ley, J. Schrzter, B. Lieder, L. Beltran, P. M. Ziemba, H. Hatt, J.
Hans, S. Widder, and G. E. Krammer. 2017. Nonivamide, psatein analogue,
exhibits antiinflammatory properties in peripheral blood mononucleds e&ld U937
macrophagesviol. Nutr. Food Res51.

39



CHAPTER 2. Ethanolic Echinacea purpuregxtracts Contain a Mixture
of Cytokine-Suppressive and Cytokinenducing Compounds, Including

Some that Originate from Endophytic Bacteria

Daniel A. Todd, Travis V. Gulledge, Emily R. Britton Martina OberhoferViartha Leyte
Lugo, Ashley N. Moody, Tatsiana Shymanovich, Laura F. Grubbs, Monika Juzumaite, Tyler
N. Graf, Nicholas H. Oberlies, Stanley H. Faeth, Scott M. Laster, Nadja B. Cech

*These authors contributed equally to this work.

TVG desgnedthe experimentaprotocolsfor measuring cytokine and chemokine production
from untreated and LR8eated macrophage3.VG established appropriate conditions for
cell treatment experiments including the concentrations of each extract, fraction, and
xanthienopyran testedl' VG performed ELISAs and cytotoxicity assagsaphed the results,
and performed statistical analysd®wn in Figs. 24, 5, 6, 7 & 8. TVG assisted with writing
portions of the manuscript including the introduction, results auotdilegends associated
with the aforementioned figures, and the discussion.

Published May 1, 2015

DOI: 10.1371/journal.pone.0124276

40



@‘ PLOS | one

CrossMark

lick for updates

a OPEN ACCESS

Citation: Todd DA, Gulledge TV, Britton ER,
Oberhofer M, Leyte-Lugo M, Moody AN, et al. (2015)
Ethanolic Echinacea purpurea Extracts Contain a
Mixture of Cytokine-Suppressive and Cytokine-
Inducing Compounds, Including Some That Originate
from Endophytic Bacteria. PLoS ONE 10(5):
©0124276. doi:10.1371/journal. pone.0124276

Academic Editor: Horacio Bach, University of British
Columbia, CANADA

Received: December 19, 2014
Accepted: March 12, 2015
Published: May 1, 2015

Copyright: © 2015 Todd et al. This is an open
access article distributed under the terms of the
Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any
medium, provided the original author and source are
credited.

Data Availability Statement: All relevant data are
within the paper and its Supporting Information files.

Funding: This project was supported by grant #
1R15AT007259 from the National Center for

Comg tary and Alt Medicine (NCCAM),
a component of the National Institutes of Health.

Competing Interests: The authors have declared
that no competing interests exist.

Ethanolic Echinacea purpurea Extracts
Contain a Mixture of Cytokine-Suppressive
and Cytokine-Inducing Compounds,
Including Some That Originate from
Endophytic Bacteria

Daniel A. Todd'®, Travis V. Gulledge®*, Emily R. Britton', Martina Oberhofer?,
Martha Leyte-Lugo', Ashley N. Moody', Tatsiana Shymanovich?, Laura F. Grubbs®,
Monika Juzumaite?, Tyler N. Graf', Nicholas H. Oberlies’, Stanley H. Faeth®, Scott
M. Laster?, Nadja B. Cech'#

1 Department of Chemistry and Biochemistry, University of North Carolina at Greensboro, Greensboro,
North Carolina, United States of America, 2 Department of Biological Sciences, North Carolina State
University, Raleigh, North Carolina, United States of America, 3 Department of Biology, University of North
Carolina at Greensboro, Greensboro, North Carolina, United States of America

@ These authors contributed equally to this work.
* nadja_cech@uncg.edu

Abstract

Echinacea preparations, which are used for the prevention and treatment of upper respirato-
ry infections, account for 10% of the dietary supplement marketin the U.S., with sales total-
ing more than $100 million annually. In an attempt to shed light on Echinacea's mechanism
of action, we evaluated the effects of a 75% ethanolic root extract of Echinacea purpurea,
prepared in accord with industry methods, on cytokine and chemokine production from
RAW 264.7 macrophage-like cells. We found that the extract displayed dual activities; the
extract could itself stimulate production of the cytokine TNF-a, and also suppress produc-
tion of TNF-a in response to stimulation with exogenous LPS. Liquid:liquid partitioning fol-
lowed by normal-phase flash chromatography resulied in separation of the stimulatory and
inhibitory activities into different fractions, confirming the complex nature of this extract. We
also studied the role of alkylamides in the suppressive activity of this E. purpurea extract.
Qur fractionation method concentrated the alkylamides into a single fraction, which sup-
pressed production of TNF-a, CCL3, and CCL5; however fractions that did not contain de-
tectable alkylamides also displayed similar suppressive effects. Alkylamides, therefore,
likely contribute to the suppressive activity of the extract but are not solely responsible for
that activity. From the fractions without detectable alkylamides, we purified xanthienopyran,
a compound not previously known to be a constituent of the Echinacea genus. Xanthieno-
pyran suppressed production of TNF-a suggesting that it may contribute to the suppressive
activity of the crude ethanolic extract. Finally, we show that ethanolic extracts prepared from
E. purpurea plants grown under sterile conditions and from sterilized seeds, do not contain
LPS and do not stimulate macrophage production of TNF-a, supporting the hypothesis that
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the macrophage-stimulating activity in E. purpurea extracts can originate from endophytic
bacteria. Together, our findings indicate that ethanolic E. purpurea extracts contain multiple
constituents that differentially regulate cytokine production by macrophages.

Introduction

Echinacea is the third most popular herbal medicine in the US, with annual sales of over $100
million [1]. Preparations from several species of this botanical (most commonly E. purpurea
and E. angustifolia) are used for the treatment of upper respiratory viral infections such as
colds and flus, and there is considerable controversy over their efficacy for this purpose (re-
viewed in [2]). Several clinical trials have demonstrated positive results. For example, Jawad

et al. [3] treated subjects for 4 months and found a significant reduction in both total number
and severity of cold episodes. On the other hand, Barrett et al. [4] failed to find an effect when
Echinacea was used for several days to treat colds once symptoms had emerged. A confounding
factor in interpreting the results of clinical trials is the complexity and variability of Echinacea
products tested. Echinacea preparations used in clinical trials have been extracted from differ-
ent species, different portions of the plant (containing different constituents), and by different
processes. In the studies cited above, Jawad et al. [3] used a commercial preparation referred to
as “Echinaforce”, an ethanol extract of leaves (95%) and roots (5%) of E. purpurea, while the
study conducted by Barrett et al. [4] utilized roots from E. purpurea and E. angustifolia, that
were ground whole and dispensed in pill form. There is currently a lack of knowledge regarding
how to prepare Echinacea extracts with specific, desirable biological activities, and which con-
stituents serve as appropriate biomarkers of these activities.

In an attempt to shed light on the mechanism of action of Echinacea preparations, their
immunodulatory activity has been tested in vitro, primarily with studies focusing on macro-
phages and epithelial cells. During respiratory virus infection, activation of various host pattern
recognition receptors (PRRs) on macrophages and epithelial cells leads to the production of
pro-inflammatory cytokines, chemokines, and lipids. These molecules in turn bind receptors
on a variety of cells types, in a variety of organs and tissues, and trigger the well-known symp-
toms accompanying respiratory infections including fever, malaise, excess mucus production,
and anorexia [5, 6]. For this reason, a number of investigators have hypothesized that the pur-
ported relief provided by Echinacea extracts arises from inhibition of pro-inflammatory media-
tor production. In vitro, this hypothesis has been tested by adding Echinacea extracts to
cultures of macrophages and epithelial cells and monitoring effects on production of inflam-
matory mediators. Unfortunately, the results of these experiments have also been confusing
and contradictory. Sharma et al. [7] (who tested Echinaforce) found broad inhibition of cyto-
kine production when a number of different respiratory viruses were used to infect epithelial
cells and macrophages. Suppression of cytokine and lipid mediator production has also been
noted with alkylamides (also referred to as alkamides), which are fatty acid-like constituents of
Echinacea, following stimulation of macrophages with both respiratory viruses [8] and bacteri-
al LPS [9, 10]. However, not all Echinacea extracts suppress cytokine production in vitro. In a
study where we examined 17 E. purpurea root extracts (prepared in 75% ethanol), from plants
grown on different farms, we found that despite high alkylamide levels, only a few suppressed
production of the mediators PGE, and TNF-o. from RAW 264.7 cells stimulated with influenza
A strain PR/8/34 [8]. In fact, many extracts actually stimulated production of these mediators.
Similarly, using aqueous, organic, and detergent-based extraction procedures, Tamta ef al. [11]
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and Pugh et. al. [12, 13] found stimulation of soluble mediator production from RAW 264.7
and THP-1 macrophage-like cell lines. These authors attributed this activity to bacterial-de-
rived lipopolysaccharide (LPS) and lipoproteins found in the extracts, and suggested that these
compounds originated with endophytic bacteria living in the Echinacea plants. Suppression
and/or stimulation of cellular activity by Echinacea extracts has also been shown with T cells.
Sasagawa ef al. [14] used a 95% ethanol extract of E. purpurea leaves and flowers and demon-
strated inhibition of phytohemagglutinin-dependent production of IL-2 with the Jurkat human
T cell line, a finding that was subsequently linked to the inhibition of the nuclear receptor
PPARy[15]. More recently, using an aqueous E. purpurea extract with high polysaccharide
content, Fonseca et al. [16] also reported inhibition of Jurkat T cell function at low cell densi-
ties. However, these authors also reported stimulation of cell function by this extract when Jur-
kat cells were grown at higher cell densities [16]. The reason for this discrepancy is unclear.

Our laboratories are interested in understanding the in vitro effects of Echinacea extracts
and their constituents. Can these models be used ultimately to predict activity in vivo? The use
of different extracts by different laboratories, yielding complex and confusing in vitro results,
suggested to us that we take a step backward and more carefully dissect the chemical basis for
the in vitro immunomodulatory activity of a single extract. Insights gained from such experi-
ments should then be useful to inform rational design of Echinacea-based therapies in vivo. In
these experiments, we hypothesized that complex Echinacea extracts contain complex mixtures
of molecules, both of botanical and bacterial origin, capable of differentially modulating im-
mune cell function. Our goal with these studies was to test this hypothesis by comparing the ef-
fects of an E. purpurea (L.) Moench (Asteraceae) ethanolic root extract, and its constituents
and fractions, on the production of cytokines and chemokines from the RAW 264.7 macro-
phage-like cell line. We also sought to explore the potential role of LPS from endophytic bacte-
ria in dictating the in vitro immunomodulatory activity of E. purpurea extracts. We focused
specifically on E. purpurea in these studies because this is the Echinacea species that has been
most widely used for medicinal purposes in the US [17].

Materials and Methods
Instrumentation

Flash chromatography separations were performed using an automated Isco CombiFlash RF
system over silica gel columns (Teledyne Isco, Lincoln, NE). High performance liquid chroma-
tography (HPLC) separations were accomplished using a Varian HPLC system (ProStar 210
pumps, ProStar 710 fraction collector, ProStar 335 photodiode array detector) with Galaxie
Chromatography Workstation software (version 1.9.3.2). An Acquity ultra-high performance
liquid chromatography (UHPLC) system (Waters Corporation, Milford, MA) coupled to a
LTQ Orbitrap XL Hybrid mass spectrometer (Thermo Fisher Scientific, Waltham, MA) was
used for all LC-MS analyses. NMR spectra were acquired with a JNM-ECS 400 MHz NMR
spectrometer (JOEL USA, Peabody, MA). Unless otherwise stated, all solvents used in chemical
analyses were purchased from Thermo Fisher Scientific (Waltham, MA).

Preparation and fractionation of a large scale E. purpurea root extract

Echinacea purpurea roots were purchased from Pacific Botanicals (Grants Pass, OR). A vouch-
er specimen (NCU 633811) was deposited at the North Carolina Herbarium. Roots were
rinsed, crudely cut, and allowed to dry at 37°C for 1 week. Dried root material was ground me-
chanically using a Wiley Mill Standard Model No. 3 (Arthur H. Thomas Co., Philadelphia PA)
to mesh size 2 mm. The ground root material (1.9 kg) was macerated for seven days in 75%
ethanol (Pharmaco-AAPER, Shelbyville, KY) at a ratio of 5:1 (mL of solvent:g of dried root
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Fig 1. Partitioning scheme for the Echinacea purpurea extract. Dried E. purpurea roots (1.9 kg) were extracted in 75:25 ethanol:water, consistent with
standard practices in the dietary supplements industry. The ethanolic extract was evaporated by rotary evaporation and subjected to two stages of liquid:
liquid partitioning with hexane:methanol and chloroform. The resulting chloroform layer was fractioned into thirteen pooled fractions using normal phase flash
chromatography. These fractions were then profiled for chemical composition and subjected to biological assays. Marc, residue after extraction; EE, ethanol
extract; HL, hexane layer, ML, methane layer; AL, aqueous layer; CL, chloroform layer.

doi:10.1371/journal.pone.0124276.g001

material). The resulting extract was vacuum filtered using Whatman 24.0 cm grade 1 filter
paper, and the filtered extract was concentrated using a rotatory evaporator and subjected to
two stages of liquid-liquid partitioning (Fig 1). The first stage consisted of defatting by parti-
tioning between hexane and 10% aqueous methanol (1:1). Layers were separated and dried
using a rotatory evaporator. The dried aqueous methanol layer was then partitioned using
water:methanol:chloroform (4:1:5), resulting in two layers that were separated and again sub-
jected to rotary evaporation. The chloroform layer was fractionated with normal-phase flash
chromatography over a RediSep Rf silica gel column using a gradient of 100% hexane to 100%
chloroform to 100% methanol. The column eluent was combined into 13 pooled fractions
based on LC-UV chromatograms and the fractions were evaporated and stored dry at 4°C until
needed for bioassay or chemical analysis.

Isolation and identification of xanthienopyran

Fractions 9 and 10, prepared as described in the previous section, were combined based on sim-
ilar anti-inflammatory activity and LC-MS profile for a total yield of 747.7 mg. This combined
sample was subject to normal-phase flash chromatography using a RediSep Rf silica gel column
and a hexane:chloroform:methanol solvent system at a flow rate of 40 mL/min. The gradient
initiated at 50:50 (hexane:chloroform) and increased to 100% chloroform over 3 column vol-
umes, was held at 100% chloroform for 3 column volumes, decreased linearly to 10:90 (metha-
nol:chloroform) over 5 column volumes, then decreased linearly to 20:80 (methanol:
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chloroform) over 10 column volumes, decreased linearly to 50:50 (methanol:chloroform) over
4 column volumes, decreased to 100% methanol over 2 column volumes and was held at 100%
methanol for 2 column volumes. Fractions were combined into 8 pooled fractions (A-H) based
on UV absorbance.

Fraction E eluted from column after 14 column volumes and yielded 392.9 mg. This fraction
was subjected to an additional stage of flash chromatography with a silica gel Gold column
using a hexane:ethyl acetate:methanol solvent system and a flow rate of 30 mL/min. The gradi-
ent began at 50:50 (hexane:ethyl acetate) and increased to 100% ethyl acetate over 2 column
volumes, continued isocratically at 100% ethyl acetate for 5 column volumes, decreased linearly
to 10:90 (methanol:ethyl acetate) over 5 column volumes, continued to decrease linearly for 10
column volumes to 20:80 (methanol:ethyl acetate), decreased to 100% methanol over 2 column
volumes, and was held at 100% methanol for 2 column volumes. The eluent was combined into
3 pooled fractions (I-IIT) based on UV absorbance.

Fraction I contained eluent from the first three column volumes (yield: 174.9 mg) and was
subject to further separation using HPLC with a Gemini-NX 5 pum, 250 x 21.2 mm C-18 col-
umn (Phenomenex Inc., Torrance, CA). Samples were eluted from the column using a binary
solvent system with solvent A consisting of water (Barnstead Nanopure Diamond, Thermo
Fisher) with 0.1% formic acid and solvent B consisting of acetonitrile (HPLC grade) with 0.1%
formic acid at a flow rate of 21 mL/min. The gradient began at 60:40 (A:B) and decreased line-
arly to 20:80 (A:B) over 20 min, then decreased linearly to 0:100 (A:B) over 5 min. and was
held at isocratic conditions for 5 min. The eluent was combined into three pooled fracitons (a-
¢) based on UV absorbance. The second fraction (b) yielded 3.2 mg of 95% pure xanthieno-
pyran (1). NMR and high resolution LC-MS were employed to confirm the identification of
the isolated compound.

Quantitative analysis of alkylamides

Alkylamide concentraitons were determined using LC-MS. Each sample was re-suspended in
methanol to a concentration of 1 mg/mL prior to analysis, and serial dilutions of these solu-
tions were performed to achieve a concentration within the linear range of the calibration
curve. A 3 puL injection of each sample was eluted from the column (Acquity UPLC BEH C18
L.7um, 2.1 x 50 mm, Waters Corp.) at a flow rate of 0.25 mL/min using the following binary
gradient with solvent A consisting of water (Optima LC/MS grade) with 0.1% formic acid addi-
tive and solvent B consisting of acetonitrile (Optima LC/MS grade) with 0.1% formic acid addi-
tive. The gradient initiated at an isocratic composition of 90:10 (A:B) for 1.0 min, increasing
linearly from 1.0-8.0 min. to 10:90 (A:B), followed by an isocratic hold at 10:90 (A:B) from
8.0-9.0 min, gradient returned to starting conditions of 90:10 (A:B) from 9.0-9.1 min, and was
held at this composition from 9.1-10 min. The mass spectrometer was operated in positive ion-
ization mode over a scan range of 150-1000 with the following setting: capillary voltage set at 5
V, capillary temperature set at 300°C, tube lens offset set at 35 V, spray voltage set at 3.80 kV,
sheath gas flow set at 35, and auxiliary gas flow set at 20.

Alkylamides were identified by comparing retention times and m/z values with previously
published literature values [18], as described in detail elsewhere. The selected-ion chromato-
grams for the six most abundant alkylamides were plotted, and the peak area was determined
for each. These peak areas were used to compare the alkylamide concentration within each of
the fractions. One of the abundant alkylamides in the 75% ethanol extracts, dodeca-2E,4Z-
diene-8,10-diynoic acid isobutylamide (5), was quantified by linear regression of an external
calibration curve generated using an dodeca-2LE,4Z-diene-8,10-diynoic acid isobutylamide (5)
standard (Chromadex, Irvine CA) (Table 1). Concentrations for the remaining 5 alkylamides
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Table 1. Alkylamide content of an Echinacea purpurea extract, chloroform layer, and column fractions from the chloroform layer.

Sample Concentration of alkylamide 5 £ SD (ug/mg extract)® Estimated total alkylamide content * SD (pg/mg extract)
95% ethanol extract 7.9+057 51+82
Chloroform layer 26+1.1 140+ 4.7
Fraction 1 - -

Fraction 2 Below LOQ° Below LOQ
Fraction 3 ND° ND

Fraction 4 ND ND

Fraction 5 ND ND

Fraction 6 63 +12 310+ 42
Fraction 7 ND 22+0.38
Fraction 8 ND 0.14 £ 0.034
Fraction 9 Below LOQ Below LOQ
Fraction 10 ND ND

Fraction 11 ND ND

Fraction 12 ND ND

Fraction 13 ND ND

a. Concentration is reported for one of the major alkylamides in the extract, alkylamide 5 in Fig 3 (dodeca-2E,4Z-diene-8,10-diynoic acid isobutylamide).
The total alkylamide concentration was estimated using the calibration curve for this compound. Reported concentrations are means+/- SD from triplicate
measurements by LC-MS as described in the Materials and Methods.

b. Below LOQ (limit of quantification) indicates that alkyamides were detected but were present at concentrations below the limit of quantitation for

the method.

¢. ND indicates that alkylamides were not detected, i.e. not present at levels above the limit of detection (LOD).

doi:10.1371/journal.pone.0124276.1001

was estimated using the regression parameters for the dodeca-2E,4Z-diene-8,10-diynoic acid
isobutylamide calibration curve.

Quantitative analysis of lipopolysaccharides

To quantify lipopolysaccharide (LPS) levels in the extracts from sterilized E. purpurea plants, a
small amount (0.16-19.55 mg) of each was re-suspended in 1 mL of ethanol (PHARMA-
CO-AAPER, USA). Each suspension was then diluted 1:1000 with endotoxin free water, and
LPS was quantified using the Chromo-LAL assay (Associates of Cape Cod Inc., Falmouth,
MA). Reagents were provided by Associates of Cape Cod Inc. and analyses were performed on
a Synergy H4 Microplate Reader (BioTek Instruments, Inc, Winooski, VT).

Growth and extraction of Echinacea purpurea under aseptic conditions

E. purpurea seeds were obtained from Horizon Herbs, LLC (lot # 6784, Williams, OR) and a
voucher for the whole E. purpurea plants form this source is on file at the North Carolina Her-
barium (NCU583422). Two methods were used to sterilize seeds prior to germination. With
the first method, designed to remove surface bacteria but not bacterial endophytes (bacteria liv-
ing inside the seeds), the achene pericarp was removed, and the seeds were subjected to a sur-
face sterilization procedure slightly modified from that reported by Leuchtmann and Clay [19].
Sterilization was accomplished by sequential soaking for 1 min. in ethanol (70%), followed by 4
min. in sodium hypochlorite solution (~4.5%), and finally 30 sec in ethanol (70%). The seeds
were then rinsed in sterile water and germinated as described below.

A second sterilization procedure was used to kill both surface and endophytic bacteria. This
process included an added step of removal of the seed epidermis prior to sterilization. To
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remove the epidermis, pericarp-free seeds were soaked in a water bath for 20 min. at 40°C, and
individually scrubbed on a paper towel to disrupt the unicellular epidermis layer. Epidermis
fragments were removed with forceps. These seeds were then subjected to the same sterilization
method described above for the epidermis-intact seeds.

Germination was induced on water agar Petri dishes (1.5%) with seven seeds per plate. The
seeds were monitored daily for outgrowth of bacteria or fungi, and all seeds or seedlings with
signs of such contamination were excised and removed from the agar plate. After seven days,
all remaining symptomless seedlings were planted into sterile cultivation containers (Plantcon,
MP Biomedicals, LLC, Solon, OH), which contained 150 mL agar with Murashige Skoog media
[20] adjusted to pH = 7 and were maintained in sterile conditions at 25/25°C and 12 hr day/
night cycle in a climate chamber (Adaptis A1000, Conviron, Pembina, ND) until harvest.

Individual E. purpurea plants were harvested in a laminar flow hood, and transferred to
sterile 100 mL glass bottles, lyophilized for 48 hr, and stored at -80°C until extraction. Each
plant was extracted in 8 mL of 75% ethanol. Extracts were filtered using a 0.2 pm puradisc filter
(Whatman, GE Healthcare UK Limited, UK) connected to a nonpyrogenic syringe (Henke
Sass Wolf, Germany). An aliquot (1 mL) of each extract was diluted 1:1000 with water and ana-
lyzed using the Chromo-LAL assay as previously described. An additional 1 mL aliquot of each
plant extract was evaporated to dryness in a preweighed vial to determine mass of plant materi-
al per volume of extract.

Cell culture

Ethanol was used as the vehicle for E. purpurea extracts, partitions and fractions in all cell cul-
ture experiments. The maximum ethanol concentration was 1% in all assays and was found
not to affect cytokine production. RAW 264.7 cells were obtained from the American Type
Culture Collection, USA and were cultured in Dulbecco's modification of Eagle’s medium
(DMEM) supplemented with 4 mM L-glutamine, 4.5 g/L glucose, and 3.7 g/L sodium bicar-
bonate, 10% fetal bovine serum (FBS) at 37°C with 5% CO,. Media and supplements were ob-
tained from Caisson Labs (Logan, UT) and Sigma Aldrich (St. Louis, MO). FBS was obtained
from Gemini Bio-Products (Sacramento, CA).

Cell treatment and cytokine measurements

For bioassay of crude extracts and partition layers, RAW 264.7 cells were seeded into 24-well
tissue culture plates (Genesee Scientific, USA) at a density of 1.5 x 10° cells/well and allowed to
adhere for 24 hr. Extract, partition layers, and fractions were added at indicated concentrations.
The extracts prepared from endophyte-free plants were tested by adding 6.7 pL directly to the
cell culture medium under the conditions described previously [8]. For analysis of column frac-
tions, RAW 264.7 cells were seeded into 96-well plates at 2.5 x 10* cells/well. Treatments in-
cluded each fraction or starting material alone or in combination with 10 or 100 ng/mL of LPS
from Salmonella minnesota R595 (List Biological Laboratories, USA) for 16-18 hr. Superna-
tants were collected, centrifuged at 16,000 x g for 5 min. and stored at -80°C until analysis.
TNF-a, CCL3/MIP-1oc and CCL5/RANTES ELISA kits were purchased from R&D Systems,
USA or eBioscience, USA. Optical density was determined using a Synergy HT microplate
reader (BioTek Instruments, Inc.). Cytokine concentrations were interpolated from

standard curves.

Cytotoxicity assay

RAW 264.7 cells were seeded into 96-well plates and treated with each fraction or starting ma-
terial alone under the conditions described previously. Supernatants were collected after an 18
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hr. incubation and analyzed for lactate dehydrogenase (LDH) activity using a commercially
available kit according to the manufacturer’s instructions (Thermo Fisher Scientific). Briefly, in
a 96-well plate, 50 uL of supernatant was incubated with 50 pL of reaction mixture containing
a tetrazolium salt that is reduced to formazan in the presence LDH. The plate was incubated
for 30 min. protected from light before 50 pL of stop solution was added. The absorbance was
read at 490 nm with absorbance at 690 nm subtracted to remove background. Vehicle treated
cells were lysed with lysis buffer and used as the maximum LDH release.

Statistical analyses

Significant differences between means were determined using the Student’s T test with Graph-
Pad Prism software (GraphPad Software, San Diego, CA). Levels of significance are indicated
in individual figure legends.

Results and Discussion

The broad objective of these studies was to develop a more complete understanding of the ac-
tivity of an E. purpurea extract, and its constituents, on the production of cytokines and che-
mokines by macrophages. To achieve this goal, we utilized the RAW 246.7 murine
macrophage-like cell line as a model, rather than primary mouse macrophages. With the use of
this cell line, it was possible assay the large number of samples produced as a result of these ex-
periments. RAW 264.7 cells have been used extensively in studies of macrophage cytokine pro-
duction, and, like primary murine or human macrophages, produce an array of inflammatory
cytokines and chemokines following stimulation with agonists such as LPS. We have shown
that these cells produce high levels of six cytokines and chemokines following LPS stimulation,
including TNF-a, IL-6, G-CSF, CCL2 (MCP-1), CCL3 (MIP1-c), and CCL5 (RANTES) [21].
In the experiments described in this manuscript, we focused largely on RAW 264.7 cell produc-
tion of TNF-o.. TNF-oas was selected because it is a key inflammatory cytokine whose overpro-
duction has been linked to several chronic and acute inflammatory disorders such as
inflammatory bowel disease [22], psoriasis [23], and rheumatoid arthritis [24]. We and others
have shown that Echinacea extracts are capable of modifying TNF-« production [7, 21] and a
more complete understanding of these effects may lead to useful treatments for disease. In our
experiments, we also sought to obtain a broader view of the impact of E. purpurea extracts on
RAW 264.7 cell secretory activity, and therefore we expanded our analysis to include two of the
chemokines mentioned above (CCL3 and CCL5). Finally, we tested each E. purpurea extract or
fraction using two complementary approaches. The ability of the samples to induce the pro-
duction of inflammatory cytokine and chemokines production was evaluated by adding them
directly to RAW 264.7 cells in media with appropriate solvent controls. Alternatively, the in-
hibitory activity of the samples on production of inflammatory cytokines and chemokines was
tested by adding them to RAW 264.7 cells that had been activated by the addition of LPS.

Extract preparation and influence on cytokine secretion

Our studies employed an E. purpurea extract that was prepared consistent with practices com-
monly employed in the dietary supplements industry. E. purpurea roots were collected, dried,
and extracted in 75% ethanol. The ethanol extract (EE) was then tested in vitro for its effects on
production of TNF-o from RAW 264.7 cells. This extract reproducibly induced the production
of TNF-o. (Fig 2), with 10 ng/mL typically accumulating in cultures with a 24 hr treatment.
This amount was similar when concentrations of both 50 and 100 pg/mL of the extract were
tested (Fig 2A and 2B), suggesting that the maximum level of stimulation had been reached.
From a comparative perspective, the level of TNF-ainduced by the extract was not very high
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Fig 2. Influence of 75% ethanol extract and liquid:liquid partitions from Echinacea purpurea extract on TNF-a production by RAW 264.7 cells.
Extract and partitions were tested at concentrations of 50 pg/mL (A and C) and 100 ug/mL (B and D) expressed as mass of extract per assay well volume.
Cells were unstimulated in A and B and stimulated with 100 ng/mL LPS in C and D. Supematants were harvested after 16-18 hr. and levels of TNF-a
measured by ELISA. M, media; L, LPS; EE, ethanol extract; HL, hexane layer, ML, methane layer, WL, water layer; CL, chloroform layer. Values shown are
means +/- SD from a single representative experiment. Statistical analysis was performed using the Student’s T test, *p<0.05, **p<0.01, ***p<0.001.

doi:10.1371/journal.pone.0124276.9002

for these cells under these culture conditions. For example, as shown in Fig 2C and 2D, levels
of TNF-a can exceed 30 ng/mL when a dose of 100 ng/mL is used to stimulate RAW
264.7 cells.

The ethanolic extract (EE) was also tested for its ability to inhibit production of TNF-o in
the presence of LPS (Fig 2C and 2D). At a concentration of 50 pg/mL, it displayed a significant
but weak suppressive activity of approximately 10-20% (Fig 2C). However, at the higher,

100 pg/mL concentration, the suppressive effect was much more pronounced, approaching
50% (EE, Fig 2D). Apparently, the molecules mediating the suppressive effect were not present
at sufficient concentration when the extract was tested at 50 pg/mL, and the higher 100 pg/mL
concentration was necessary to observe the suppressive effect. It is likely that this activity
would have been overlooked had we not tested higher extract concentrations. We concluded,
therefore, that the complex ethanolic E. purpurea extract contains molecules capable of both
stimulating and inhibiting macrophage secretion of TNF-a and that it is critical to examine a
range of extract concentrations to detect these activities in vifro. It is also clear that the net ef-
fects of this extract to either stimulate or suppress production of TNF-c should be thought of
as the sum of multiple, possibly opposing activities rather than as a single stimulatory or sup-
pressive activity. In the future, it will be interesting to determine whether both activities are
bioavailable in vivo and whether they offset each other’s effectiveness.
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Fractionation and alkylamide content of the extract

Alkylamides from E. purpurea are well known to suppress production of inflammatory media-
tors in vitro 8,9, 25], and are used as markers for standardization of some E. purpurea prepa-
rations. Thus, we sought to determine if the ability of the complex ethanolic E. purpurea
extract to suppress secretion of TNF-ot could be attributed to the presence of alkylamides.
Quantitative analysis of the alkylamide content of the ethanolic E. purpurea extract indicated
that it contained approximately 51 pg/mg (5.1%) total alkylamides, which corresponds to an
assay concentration of 2.6 pg/mL alkylamides in Fig 2C. Previously, a higher concentration of
alkylamides has been reported to be necessary to significantly suppress TNF-o secretion by
RAW 264.7 cells (6-12 pg/mL) [8]. Thus, we suspected that components besides alkylamides
contributed to the activity of the crude E. purpurea extract. To investigate this further, the ex-
tract was partially purified with two stages of liquid-liquid partitioning (Fig 1), and each of the
resulting layers was tested for its ability to induce or inhibit the production of TNF-cby RAW
264.7 cells. As shown in Fig 2A and 2B, the stimulatory activity was generally conserved in the
methanol and chloroform layers (ML and CL, respectively). The chloroform layer also demon-
strated significant suppressive activity, as did the hexane layer (HL) (Fig 2C and 2D).

An additional level of fractionation, using flash chromatography over silica gel (Fig 1), was
undertaken to further purify the components responsible for the cytokine-suppressive activity
of the E. purpurea extract. The chloroform layer was chosen as starting material for these frac-
tionation efforts, but it is notable that additional anti-inflammatory constituents could be pres-
ent in the hexane layer (HL), which will be the focus of future studies. The chloroform layer
was separated into thirteen fractions, and the original chloroform layer and each fraction was
analyzed for alkylamide content. E. purpurea can produce an array of alkylamides that differ in
chain length and number and placement of double and triple bonds in the fatty acid portion of
the molecule [26]. Analysis of the chloroform layer indicated the presence of a number of
structurally distinct alkylamides (Fig 3). Consistent with previous reports [8], alkylamide 11a/b
was the dominant alkylamide. The alkylamide numbering system used here has been published
previously [18], and can be cross-referenced with that used by Bauer [26].

As a result of the partitioning process, the alkylamide content of the chloroform layer was
increased 2.7-fold as compared to that of the ethanol extract, for a total alkylamide content of
140 + 4.7 pg/mg (Table 1). Similarly, fractionation of the chloroform layer concentrated the
alkylamides into fraction 6, which contained 310 + 42 pg/mL alkylamides (Table 1), a 2.2-fold
increase. Thus, the chloroform layer and fraction 6 contained alkylamides within the concen-

tration range previously demonstrated to be biologically active [8], assay concentrations of
7.0 pg/mL and 15.5 pg/mL total alkylamides, respectively, for the experiment reported in Fig

Testing with RAW 264.7 cells revealed that three of the fractions (2, 3 and 13) strongly stim-
ulated the production of TNF-u (Fig 4A). In contrast, production of TNF-o. was significantly
inhibited by fractions 6-10 (Lig 4B). These results further substantiate the presence of both
stimulatory and inhibitory activities present in the original E. purpurea extract, and indicate
that chemical manipulations can be used to separate these activities from each other. It may be
possible, therefore, to use standard chemical processes to produce extracts with, for example,
enhanced suppressive activity.

Consistent with our earlier prediction, the results in Fig 4B indicate that the alkylamides are
not solely responsible for the suppressive effects noted in the chloroform layer. As expected,
the alkylamide-rich fraction 6 did suppress the LPS-induced production of TNF-e but several
other fractions (7-10) exerted this effect as well. The suppressive effects of these fractions must
be explained by the presence of other compounds. Other bioactive small molecules previously
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reported as constituents of E. purpurea, such as the phenolic compounds caftaric acid and
cichoric acid [27], and various ketone derivatives [ 10], could play a role in this activity. Overall,
however, we suspect that the TNF- suppressive activity of E. purpurea extracts is due to the
collective action of a host of small molecules, many of which have not yet been identified.
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Fig 3. Alkylamides from Echinacea purpurea. Chromatogram (A) of the crude chloroform layer (CL) from the E. purpurea extract showing the presence of
a series of alkylamides (3,4,5,8,9,10,11A,11B,14,15) which were identified according to molecular weight and retention time. The relative amounts of these
alkylamides in the silica gel column pooled fractions (1-13) are indicated by the peak areas shown in panel B. The numbering system used for these
alkylamides is consistent with that used in a previous report [18]. * indicates compounds detected, but not identified. The structures for seven alkylamides
selected to represent the alkylamide content are shown in panel C.

doi:10.1371/journal.pone.0124276.g0!
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Fig 4. The effects of Echinacea purpurea extract fractions on production of TNF-a. Fractions from the flash chromatography separation of the E.
purpurea extract chloroform layer (CL) were tested for their effects on the production of TNF-a from RAW 264.7 cells in the absence (A) or presence (B) of
10 ng/mL LPS. Treatments were for 16-18 h and levels of TNF-a in supematants were quantified by ELISA. Each fraction was tested at 50 and 100 pg/mL.
All data shown are means +/- SEM from three independent experiments. Statistical analysis was performed using the Student’s T test, *p<0.05, **p<0.01.
M, media; L, LPS; CL, chloroform layer.

doi:10.1371/journal.pone.0124276.9004

Cytotoxicity

In the experiments presented herein (Figs 2 and 4), we noted suppression of TNF-o. produc-
tion, which could occur if the added samples cause cell death. Each sample was therefore tested
for lactate dehydrogenase (LDH), a cytosolic enzyme released from dying cells into the culture
supernatant. As shown in Fig 5, the chloroform layer and most column fractions did not dis-
play any cytotoxic effects. A low level of cytotoxicity was noted for fractions 6-9, 1-5% at

50 png/mL and 10-25% at 100 ug/mL, respectively. Although cell toxicity may contribute some-
what to the observed activity of these fractions, it is highly unlikely that they account for the
observed 50-90% inhibition of TNF-ar (Fig 4).

Identification of xanthienopyran

Inan attempt to identify other compounds that play a role in the anti-inflammatory activity of
E. purpurea, the column fractions that significantly suppressed production of TNF-o {from
LPS-stimulated cells but did not contain high alkylamide content (7-10) were subjected to fur-
ther purification. Several of these fractions (7 and 8) were found to be very complex and/or of
very low yield, and efforts to isolate pure compounds from them were unsuccessful. However,
the compound xanthienopyran (1) (Fig 6A) was isolated from combined fractions 9 and 10.
Xanthienopyran has previously been reported as a constituent of the fruit and seeds of various
Xanthium species [28], but this is the first report of this compound from E. purpurea. NMR
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Fig 5. Cytotoxicity of Echinacea purpurea extract fractions and chloroform layer. Fractions from the
silica gel column and the chloroform layer were tested for cytotoxicity towards RAW 264.7 cells. Treatments
were for 24 h and cytotoxicity was determined using the LDH release assay. Each fraction was tested at 50
and 100 pg/mL. Data shown are means +/- SEM from three independent experiments. Statistical analysis
was performed using the Student’s T test, *p<0.05, **p<0.01, ***p<.001. M, media; CL, chloroform layer;
Ly, lysis buffer.

doi:10.1371/journal.pone.0124276.9005

data for xanthienopyran (S1 Fig) were in agreement with those previously published [29]. Ad-
ditionally, the measured monoisotopic mass ([M+H]" = 317.0838) was within 2.9 ppm mass
error of the calculated mass ([M+H]" = 317.0847).

Xanthienopyran has been shown to inhibit the production of superoxide anions in human
neutrophils [28], but its influence on macrophages has not previously been evaluated. We
found that xanthienopyran itself did not stimulate production of TNF-a. (Fig 6B). However, it
caused a dose dependent inhibition of the LPS-induced production of TNF-a (Fig 6C). From
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Fig 6. Structure and activity of xanthienopyran. The structure of xanthienopyran was elucidated by comparison of NMR and MS data with published
values (A). The influence of xanthienopyran on TNF-a secretion by RAW 264.7 macrophage-like cells alone (B) orin the presence of 10 ng/mL of LPS (C)
was evaluated. The influence of dodeca-2E 4E-dienoic acid isobutylamide (15) on TNF-a secretion by RAW 264.7 macrophage-like cells in the presence of
10 ng/mL of LPS (C) was evaluated as comparison. Treatments were for 16—18 hr. and levels of TNF-a in supernatants were quantified by ELISA. Data
shown are means +/- SEM from three independent experiments. Statistical analysis was performed using the Student's T test, *p<0.05.

doi:10.1371/journal.pone.0124276.g006
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these data, an ICs; of 3.4 pg/mL was calculated, very similar to the IC5, of 1.7 pg/mL reported
for inhibition of superoxide production from neutrophils [28]. Taken together, our data sug-
gest that alkylamides and xanthienopyran contribute to, but do not entirely explain, the activity
of the E. purpurea extract to suppress the LPS-induced production of TNF-c..

The broad nature of the suppressive effect

The experiments described thus far have focused on TNF-at as an indicator of macrophage me-
diator production. However, this cytokine is only one of several cytokines and chemokines pro-
duced by RAW 264.7 cells following treatment with LPS or other pathogen associated
molecular patterns. Previously, we [8] and others [7, 9] have performed comprehensive studies
of Echinacea extracts and their effects on macrophage secretory products, and this was not our
goal in this investigation. It was of interest, however, to evaluate whether the activities we were
monitoring were specific for TNF-o or also extended to other cytokines or chemokines. To this
end, we quantified levels of CCL3 and CCL5, chemokines known to play important roles in a
variety of inflammatory processes [30, 31],in RAW 264.7 cell supernatants. As with TNF-a,
fractions 2, 3, and 13 strongly induced production of CCL3 (Fig 7A). Lesser but significant
amounts were induced by the original chloroform layer, similar to the effects noted of this
layer on production of TNF-a. For CCL5, as shown in Fig 7B, significant increases were again
induced by fractions 2, 3,and 13, although it is notable that levels of this chemokine were rela-
tively low. The chloroform layer did not induce a significant increase in the level of CCL5.
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Fig 7. Echinacea purpurea fraction effects on CCL3 and CCL5. Fractions from the silica gel column were tested for their effects on the production of
CCL3 (MIP1-a) and CCL5 (RANTES) from RAW 264.7 cells in the absence (A and B) or presence (C and D) of 10 ng/mL LPS. Treatments were for 16-18 hr.
and chemokine levels in supematants were quantified by ELISA. Each fraction was tested at 50 pyg/mL. Data shown are means +/- SEM or SD from three
(CCL3) and two (RANTES) independent experiments. Statistical analysis was performed using the Student’s T test, *p<0.05. M, media; CL, chloroform layer.

doi:10.1371/journal.pone.0124276.9007
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CCL3 and CCL5 were also quantified in supernatants from RAW 264.7 cells stimulated
with LPS. As shown in Fig 7C, suppression of CCL3 was generally found for the same samples
responsible for suppression of TNF-a (samples 6-10 and CL), although in these assays the sup-
pression by fractions 8 and 10 did not reach a statistical level of significance. Similarly, the
same set of samples generally inhibited production of CCL5, with fractions 7 and 8 and the
chloroform layer displaying significant inhibition. Interestingly, we also noted that fractions 2
and 3 strongly inhibited production of CCL5, suggesting that additional suppressive com-
pounds exist in these fractions whose activity only becomes “visible” when the level of stimula-
tion is low. Overall, our experiments suggest that the stimulatory and inhibitory effects of the
chloroform layer and fractions are not specific for production of TNF-« and likely represent
more general effects on the secretory products of RAW 264.7 cells. On the other hand, the
CCLS5 assays further highlight the complexity of the extract and even the fractions collected
from the silica gel column. Dominant stimulatory or inhibitory compounds may be masking
opposing activities and the activity of these opposing compounds will not be revealed until the
dominant compounds are removed or the activities can be separated.

The role of bacterial endophytes in stimulatory activity of E. purpurea

Tamta ef al. [11] and Pugh et. al. [13] have previously shown that macrophage stimulatory ac-
tivity of E. purpurea extracts can arise from LPS and lipoproteins of bacterial origin. Based on
these reports, we employed the Chromo-LAL assay to measure the quantity of bacterial LPS in
the original ethanolic E. purpurea extract. The extract was found to contain LPS at a concentra-
tion of 14.6 + 8.4 EU/mg (where 14.6 represents the mean of two independent experiments,
each performed in triplicate (N = 6) and 8.4 is the standard deviation associated with these
measurements). As indicated by the poor precision of these measurements, quantification of
LPS levels in the ethanol extract proved difficult. Excessive well to well variation was observed
in the Chrom-LAL assay of the extract (but not LPS standards), and levels of LPS in the extract
were observed to decrease over time with repeated assays. The high well to well variability
could be explained by the inhomogeneous nature of the dried ethanol extract, which had a tar-
like consistency, making it very difficult to solubilize (even with extensive sonication). There is
literature precedent that endotoxin can exist in aggregates, and that the nature of these aggre-
gates dictates biological activity [32]. It is likely that LPS aggregates in the poorly solubilized ex-
tract are unevenly distributed among assay wells, giving rise to assay variability.

Although precise measurements of LPS levels in the ethanolic E. purpurea extract were diffi-
cult, our experiments did indicate the presence of bacterial LPS in this extract. Taking these ex-
periments a step further, it was of interest to test the hypothesis that this LPS could result from
bacterial endophytes (bacteria that live in the plant without causing overt disease). This hy-
pothesis has previously been proposed by Pasco [12, 13], and was shown to hold for studies
with alfalfa plants, but not tested for Echinacea plants. To evaluate the role of bacterial endo-
phytes in immunostimulatory activity of E. purpurea, E. purpurea plants were grown in a sterile
environment from sterilized seeds. At approximately 6 weeks of age, the plants were harvested
and extracted with 75% ethanol under aseptic conditions. The plants were small, so we used
the entire plant and not just the roots to produce the ethanol extract. The extracts were then
tested for LPS levels, and for their ability to stimulate production of TNF-afrom RAW 264.7
cells. As a negative control to account for LPS introduced though laboratory manipulation, an
extract was prepared from an empty vessel to which no plant material was added. As a positive
control, this experiment included a plant grown under identical conditions to the sterile plants,
but from a seed that had been subjected to surface sterilization only (a process that removes
surface bacteria, but preserves endophytes). This positive control plant was selected from
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Fig 8. Echinacea purpurea plants grown from sterilized seeds. E. purpurea seeds were sterilized
following removal of the epidermis and grown under sterile conditions for six weeks. The negative control was
prepared using the same reaction vessels and solvents as for the individual plants, but without plant material.
The seed used to grow plant 49 was subjected to surface sterilization but with epidermis intact (see S1
Table). Plants were harvested and extracts tested for LPS content (A) and ability to induce production of TNF-
a from RAW 264.7 cells after 16—18 h incubation (B). Data show the means + SD of duplicate experiments
measuring TNF-a secretion in panel A, and the mean + SEM of triplicate measurements of LPS contentin
panel B. Statistical analysis was performed using the Student's T test, ***p < 0.001.

doi:10.1371/journal. pone.0124276.9008

among 44 individual E. purpurea plants cultivated from surface sterilized seeds, and was inten-
tionally chosen because extraction of this plant produced moderately high levels of LPS (plant
49, S1 Table).

The extracts prepared from sterile seeds, and the negative control, contained very low LPS
levels (on the order of the limit of detection, Fig 8). The low levels of LPS observed for the ster-
ilized seeds is supportive of the success of the method employed for sterilization; recent reports
from Pasco et. al. have shown a very strong correlation between levels of bacterial LPS and
plant bacterial load [13]. Conversely, LPS was readily detected in the positive control plant. As
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