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Humancathelicidinantimicrobialpeptide (CAMR.L-37) is a cationic aninicrobial
peptide that is widel expressedby myeloid and epithelial cells at the human
environment interfacelt possesses broad spectrum antimicrobial capacity against
bacteria, fungi and viruses. In addition to its direct antimicrobial actiG8MPLL-37
also attracts and recruitsionocytes, reutrophils and other immune cells to fight
infections.It plays aressentiakole in innate immunity. Mice lackirthe cathelicidin
geneare more susceptible to skin, urinary and pulmonary tract infections. Likewise,
CAMPdeficiencyin humans idinked tohigher incidences of both bactetiand viral

infections

Thisdissertation presents three clpters of original researcHiocusing orthe
transcriptional regulation ofhe humanCAMP geneAll threechapters are

manuscripts that areither published oready to submitfor publication Studies



described inChapter 2 were designed identify alternativevitamin D recepto{VDR
ligandsthat regulatethe CAMP genePrevious studiebad suggested that curcumin
and certain polyunsaturated fatty acids (PURAes)e putative alternative VDR
agonists1h ,25-dihydroxyvitamin R(1,25(OH)Ds) induces CAMP gene expression by
activatingthe VDR and swe determined if thesealternative ligand candatesalso
activatedthe CAMP gene in human myeloid and epithelial c®ls.found that
curcumin but not PUFAsnducedthe CAMP gene at bottihe mRNA and protein

levels.Unexpectedlycurcumininductionof CAMPRvasindependent othe VDR.

Chapter 3summarizes our efforts to identify additional pathwaythat regulate

CAMP expession.In theseexperiments acellbased CAMP lucifase reporter

system was usetb screen a\ational Institute of HealthNIH) Clinical Collection of

446 moleculeghat are extensivelystudiedin both basic research and clinical trials.

Two stilbenoids, pterostilbene andresveratro| activatedthe luciferase reporteand
alsoup-regulated the endogenous CAMP gene in U937 and HaCaT cells in presence of
1,25(OH)Ds. Results from these two chapters indicate that natlyratcurring

dietaryfactors are poéntially importantregulatorsof innate immunity.

In dhapter 4 weexamined the complex crosstalk between vitamin D &ottike
receptor TLR signaling pathwaydVe showed that TLR3 and TL&bniss
significantly suppresgtamin Dinduced CAMP exprs®n by inhibitingetinoid-X-

receptorh (RXR) expression, which is requirddr VDR transactivatiohese



findings expanaur understandingf the role ofTLRsn CAMP regulatioand

providea potential mechanisnexplainingvirusinduced secondary baatial

infectonsP LYy | RRAGAZ2Y S 2 dzNJ Nibdindgkinase (BHiIwS & . G K
required for this suppression, thus identifyingatential therapeutictarget in

secondary bacterial infections.



© Copyright ly Chunxiao Guo
August 7, 2013
All Rights Reserved



TranscriptionaRegulation ofthe Human CathelicidinAntimicrobial Peptide Gene

by
Chunxiao Guo

A DISSERTATION
submitted to

Oregon State University

in partial fulfillment of
the requirements forlhe

degree of

Doctor of Philosophy

PresentedAugust 7, 2013

Commencement June 2014



Doctor of Philosophglissertation ofChunxiao Gupresented orAugust 7, 2013

APPROVED:

Major Professor, representing Biochemistry & Biophysics

Chair of the Department of Biochemistry & Biophysics

Dean of the Graduate School

| understand that mylissertation will become part of the permanent collection of
Oregon State University libraries. My signature below authorizes release of my

dissertation to any reader upon request.

Chunxiao GueAuthor



ACKNOWLEDGEMENTS

First | thank my advisoAdrian Gombartfor the enthusiasm, positiveupport and
tolerance of mypessimism over the last five yeakisunparalleed patienceand
creativity in problem solvingre deserving of great respect. | thahkn for giving me
the priceless oportunity to study inhislaboratoryandthe freedom topursue insane

ideas.

| thank Michael Freitador hishelp andadvicethroughouttheseyears andor giving
me theprecious opportunity to relew a submitted manuscriptHe graciously
listened to my endless storiesbout the broken bath sonicator aralways managed
to fix it. Without hishelp, my chromatinlP experimentswould have benimpossible.
| also thankmy other graduate committee membear Mark Leid Dan RockeyPatrick
Chiangand Brian Dolafor their interest in my development as a scientisam

grateful fortheir insightful questions and challengdaring all of our meetigs.

| owe a debt of gratitude to my labmatellary Fantacongour laboratory manager,
wasincrediblypatientin answeringmy stupid questions. | also thank Mary faiting
all of my manuscriptsand sharingan office withme during my last gar in the

laboratory.l thankMalcolm Lownyfor providing me withhisremarkable knowledge

of immunologyl have learnedanany valuableskills fromhim andthey will benefit me



throughoutmy careerl thank Jenny Trailena Rosohand Elahe Esfandiafor their

help with experiments.

| would also like to express my gratitude towdrdry Hagetfor allowing meto rotate
in hislaboratory. Hisassistancend encouragemenrthiave helped me to grow both
personally and scientificallyver the yearsl also thak Jeff Greenwoo@nd Siva

Kollurifor their interestand helpwith my research

| thank my good friends andassmatesBrian Sinnott andCamden Driggers for their
help to adapt toalife in a new country during last few yeaMr. Sinnott risked his
own life onthe highway to teach me how to drive a céfe isatruly incredible

teacher.

| thank my Mom andad.Theyg SNBY Qi KI LI 6KSYy L RSOARSR
doctor. Butthey supporied me with encouragement over the yearssincerely
believe thatour weekly conversations over Skype are truly wdrth ! & SNIIS NE Q

expensivalisk space

| would like to acknowledge thational Institutes of Healthnd the Linus Pauling
Institute for fundingour researc(5R01AI65604LPI starup funds). Otherwise

research presented in this dissertatigh 2 dzf R yin@riciallg fssible



Lastly and most importantly, | thank my wifinyi Fendor spending numerous
weekends with me in the lakyour love haalways been sunshirte my life. It

produces no vitamin D but s me up every morningd love you.



CONTRIBUTION OF AUTHORS

Elena Rosohand Jenny Tran completed part of theagtitative PCR experiments
described inChapters 2 and 4, respectively. Malcolm B. Lowry performed flow
cytometry experiments described @hapters 2, 3 and 4Mary Fantacone
contributedto the luciferase reporter constructs describeddmapter 3.Brian
Sinnottand Brenda Nu designedand carried outhe chemical library screening
experiment described iGhapter 3. Brian Sinnott also contributéo text of Chapter
3. Niels Borregaardontributed tothe hCAP18 ELISA describediapter 2.Adrian F.
Gombart was involved in the design, analysis and writing of all experiments and

chapters.



TABLE OF CONTENTS

Page

Chapter 1: TNESIS OVEIVIEW......ueeiiiieeeeiiiiiiiiie ettt e e e e e e e e e e e e 1
1. Introduction: Vitamin D and infectious diSEases..........ccccceervriiiiiiiriinenenenn. 2
2. Human cathelicidin antimicrobial peptide.............ccccoiiiiieeee 7
2.1 LE37 is an antimicrobial peptide..........ccccooiiiiiiiiiii e 8

2.2 LE37 modulates innate and adaptive immune responses.................. 11

3. Vitamin D directly regulates human catheliciexpression..............ccccccvuuee. 15
4. DisSsertation CONENLS..........uuuuiiiiiiieee e eeessiiii e e e e e e e e e e e e e e e s s annnes 18

Chapter 2: Curcumin induces human cathelicidin antimicrobial peptide gene

expression through a vitamin D receptiodependent pathway.................cc.eeeeee. 28
ADSITACL ...ttt e e e 29
L. INEFOTUCTION. ...t e e e nnre e e e e 30
2. Material and Methods............cooiiiiiiiii e 32

pZ20% R 0 T2 1 1o 11 ] o K= 32
2.2. Cell CUIUI ... 32
2.3. Quantitative reatime PCR (GRPCR).........ccooiviiiiiiiiiiiieeeceeeee e 32

2.4. Intracellular staining, fluorescence activated cell sorting and eniyke
IMMUNOSOIDENT @SSAY......uuiii i 33

2.5 CAMP promoter luciferase reporter assay...........cceeeveeeeeeeevriniiiieeenenenns 34



TABLE OF CONTEKO&htinued

Page

2.6. Chromatiimmunoprecipitation ASSaY...........ccoccvrrriririeeeeeeeeereiiieeeee 34
2.7. DAL ANIISIS. ....ceiiiieieiiiiii et 35
3. RESUIS .. 35
3.1. CAMP gene expression is induced by curcumin but not PUFAs........ 35
3.2. CM elevates NCAPL8 IeVEIS.........ooooiiiiiiiiieie e 37
3.3. CM does not enhaadl,25(0OH)D; induction of CAMP expression......... 38

3.4 Induction of theCAMPgene by CM does not require the VDRE in the CAMP

150 0 110 1T PP 38
3.5 CM does not increase VDR binding to@#éVPgene promoter............... 39
A, DISCUSSION. ....ettttteeeteeee e e e et e ettt et e e e e e e e e e s s bbb e e e e eeaaaeeesseannssttseeeeaaaaeaeaaans 39

Chapter 3Synergistic induction of huam cathelicidin antimicrobial peptide gene

expression by vitamin D and Stilbenoids.............oooiiiiiii 50
ADSITACL ...t e e 51
L. INEFOTUCTION. ...ttt e e e re e e e 52
2. Materials and Methods............ouviiiiiiiii e 54

2.1 Cell CURUIE.....eiiieiiieeeee e 54
2.2 Small Molecule Library SCreen..........coeieeeiiiiiiiiiii e 55

2.3 RNA isolation and quantitative redahe PCR (RFPCR)...........ccccvvvvunnnnn. 55



TABLE OF CONTEKO&htinued

Page

2.4 FIOW CYLOMEIIY. ...ciiiiiieeiiieiiti ettt e e e e 56

B RESUIES. ... 57
3.1 Chemical Library SCre@n..........coooiiiiiiiiiiic e 57

3.2 Induction of endogenous CAMP gene expression by candidate comg@a®unds
3.3 CAMP Protein EXPreSSION.........uueiiiiiieiiiiiiiiiiiiieee e 60
3.4 Mechanism of Induction of CAMP by Stilbenaids..............ccccoeinnnnnnee 61

3.5 Combinatorial induction of CAMP gene expression by stilbenoids and
MNP 2 H RDBANAIOES. ... oo e 65

A DISCUSSION. .. et ettt et 66

Chapter 4: Activation of TLR3 and TLR4 signaling suppresses vitardurcé&d

cathelicidin expression in human macrophages throughftR&HRF3 pathway.....79
ADSITACL ...ttt e e e 80
L. INEFOTUCTION. ...ttt e e e re e e e 81
2. Materials and Methods..............eiiiiiiiiiieiei e 83
2.1 BloOd Cell ISOIALION. .....eeeeieiiiiiii et 83

2.2 MACIOPNAQGES......ceeiiiii it e et eeaeaeand 83

2.3 Degranulated neutrophil eXtracts...........ccooieeiiiiiiiiiiiieee e 84

2.4 COMPOUNGS....uuuiiieiieiiiie e e et e e e et e e e e e e et 84



TABLE OF CONTEKO&htinued

Page
2.5 QUANLItAIVE PCR.... .. 84
2.6 Gel electrophoresis and Western blotting...........ccccvvvevviiieeeieniicciiiee 85
2.7 Fluorescencactivated cell SOrting...........coovevviiiiiiiiieiiiiieeeeeeeie 85
2.8 Statistial ANAIYSIS........ooiiiiiiieeieee e 86
3L RESUIS .. 86
3.1 Tollike receptors differentially regulate vitaminiBduced CAMP
expression in human MacroPhagES.......ccoviiiiiiiiiiiieee e 86

3.2 TLR3 and TLR4 agonists decrease vitarmdugzed CAMP expression
through the TRHRF3 pathway..........cccooiiiiiiiiiiiiieeeiiee e 87

3.3 Extracts from degranulated neutrophils protect macrophages from-TLR3

and TLR4nediated inhibition of CAMP eXpression............cccuuvveeeeeieeenninnnns 89

4. DISCUSSION. ...cctiiiitteete ettt e e ettt e e ettt e e e e et e e e e e st e e e e e annb e et e e e annneeeeeaannns 90
Chapter 5: Conclusions and OULIO0K ............uuueeeeiiiiiiiiiiiceeeee e 101
IS U1 0 0 =T Y2 PP 102
1.1 Alternative VDR ligandsS...........oovvviiiiiiiiiiiiiiiiiiiii s 102

1.2 Stilbenoids and vitaim D induce CAMP expression............cccccevvvvenn. 104

1.3 TLR3, TLR4 and vitamin D regulation of CAMP expression............. 107

2. FULUIE WOTK. ... 110



TABLE OF CONTERKI@&htinued
Page

2.2 Doe curcumin induced cathelicidin regulate microbiota in the mouse

INEESHINAL TraCt 2. e 113
2.3 Beyond the inhibition of CAMP expressily TLRS............ccccviiiiieennenn. 114
2.4 Do viral infections affect vitamin D induced CAMP expression?....... 115



LIST OF FIGURES

Figure Page
Figure 1.1 Domain Structure of CatheliCidins. ..o 22
Figure 1.2. CANIis @ VDR target geNe...........uuveiiiiiiiiiiiiiiiiiieeeee e 26
Figure 1.3. Main components of vitamin D pathway..............ccccceveveeiriiiiiinnnee. 27

Figure 2.1. Alternative VDR ligands fail to activate the human CAMP.gene....43
Figure 2.2. PUFAs and CM induced FABP4 expression in U937.cells............44
Figure 2.3. Curcumin and PUFAs do not increase levels of secreted hCAR1845
Figure 2.4. CM increases intracellular levels of NCARLS...........ccccoiiiiiineinnnnn A6
Figure 25. CM does not cooperatively increase CAMP expression by 1,25(0OH)2D3.
Figure 2.6. CM induces CAMBmoter activity in absence of VDRE..................48
Figure 2.7. CM does not enhance VDR binding to the human CAN®tero........ 49
Figure 3.1. Schematic of TSHBAMPFFL reporter plasmid...........cccccoeeeeveeeeennn. 69

Figure 3.2. Induction of endogenous CAMP gene expression by stilbenoid
COMIPOUNGS......eiiiiiiiiieiieeeeeeeee et e e s e e e e e e e e e e e aaeaaaaaaaaaaaaeaaeeaeeeeees 70

Figure 3.3. Induction of endogenous CAMP gene expression by resveratrol (RSV) in
combination with vehicle (untreated) or 1,25(0OH)2D3 (1,25D3) in human
KEratiNOCYLES.......cciiiiieeieeeeeeeeeeeeeeee s e s s e e a s e e e aneaenaaaaaananead L

Figure 3.4.Induction of cathelicidin protein (hCAP18) expression in U937 cells by
5101 o =T aTo] o [eTo] g ] o 01U T o KT PP 72

Figure 3.5. Synergistic induction of CAMP by 1,25(0OH)2D3 and stilbenoids does not
involve increased expression of the vitamin D receptor (VDR) by activation of the
estrogen reCeptor (ER)..... oo 73

FHgure 3.6. Inhibition of SIRT1 does not block stilbemmoetiiated CAMP inductioi@4

CA 3 dzNB -diddoxyddeno<ihE, @ EAMP pathway inhibitor, did not affect
resveratrol (RSYnhanced hCAMP eXpressiOn..........ccccceeeeeeeeeveeevniiiinieeesveennnnnnd D


file:///C:/Users/guoc/Dropbox/final%20exam/after%20review/Chunxiao%20Guo%20PhD%20Thesis%20DR_2.docx%23_Toc363807882
file:///C:/Users/guoc/Dropbox/final%20exam/after%20review/Chunxiao%20Guo%20PhD%20Thesis%20DR_2.docx%23_Toc363807883
file:///C:/Users/guoc/Dropbox/final%20exam/after%20review/Chunxiao%20Guo%20PhD%20Thesis%20DR_2.docx%23_Toc363807884
file:///C:/Users/guoc/Dropbox/final%20exam/after%20review/Chunxiao%20Guo%20PhD%20Thesis%20DR_2.docx%23_Toc363807885
file:///C:/Users/guoc/Dropbox/final%20exam/after%20review/Chunxiao%20Guo%20PhD%20Thesis%20DR_2.docx%23_Toc363807886
file:///C:/Users/guoc/Dropbox/final%20exam/after%20review/Chunxiao%20Guo%20PhD%20Thesis%20DR_2.docx%23_Toc363807887
file:///C:/Users/guoc/Dropbox/final%20exam/after%20review/Chunxiao%20Guo%20PhD%20Thesis%20DR_2.docx%23_Toc363807888
file:///C:/Users/guoc/Dropbox/final%20exam/after%20review/Chunxiao%20Guo%20PhD%20Thesis%20DR_2.docx%23_Toc363807889
file:///C:/Users/guoc/Dropbox/final%20exam/after%20review/Chunxiao%20Guo%20PhD%20Thesis%20DR_2.docx%23_Toc363807890
file:///C:/Users/guoc/Dropbox/final%20exam/after%20review/Chunxiao%20Guo%20PhD%20Thesis%20DR_2.docx%23_Toc363807891
file:///C:/Users/guoc/Dropbox/final%20exam/after%20review/Chunxiao%20Guo%20PhD%20Thesis%20DR_2.docx%23_Toc363807892
file:///C:/Users/guoc/Dropbox/final%20exam/after%20review/Chunxiao%20Guo%20PhD%20Thesis%20DR_2.docx%23_Toc363807893
file:///C:/Users/guoc/Dropbox/final%20exam/after%20review/Chunxiao%20Guo%20PhD%20Thesis%20DR_2.docx%23_Toc363807893
file:///C:/Users/guoc/Dropbox/final%20exam/after%20review/Chunxiao%20Guo%20PhD%20Thesis%20DR_2.docx%23_Toc363807894
file:///C:/Users/guoc/Dropbox/final%20exam/after%20review/Chunxiao%20Guo%20PhD%20Thesis%20DR_2.docx%23_Toc363807894
file:///C:/Users/guoc/Dropbox/final%20exam/after%20review/Chunxiao%20Guo%20PhD%20Thesis%20DR_2.docx%23_Toc363807894
file:///C:/Users/guoc/Dropbox/final%20exam/after%20review/Chunxiao%20Guo%20PhD%20Thesis%20DR_2.docx%23_Toc363807895
file:///C:/Users/guoc/Dropbox/final%20exam/after%20review/Chunxiao%20Guo%20PhD%20Thesis%20DR_2.docx%23_Toc363807895
file:///C:/Users/guoc/Dropbox/final%20exam/after%20review/Chunxiao%20Guo%20PhD%20Thesis%20DR_2.docx%23_Toc363807896
file:///C:/Users/guoc/Dropbox/final%20exam/after%20review/Chunxiao%20Guo%20PhD%20Thesis%20DR_2.docx%23_Toc363807896
file:///C:/Users/guoc/Dropbox/final%20exam/after%20review/Chunxiao%20Guo%20PhD%20Thesis%20DR_2.docx%23_Toc363807896
file:///C:/Users/guoc/Dropbox/final%20exam/after%20review/Chunxiao%20Guo%20PhD%20Thesis%20DR_2.docx%23_Toc363807897
file:///C:/Users/guoc/Dropbox/final%20exam/after%20review/Chunxiao%20Guo%20PhD%20Thesis%20DR_2.docx%23_Toc363807898
file:///C:/Users/guoc/Dropbox/final%20exam/after%20review/Chunxiao%20Guo%20PhD%20Thesis%20DR_2.docx%23_Toc363807898

LIST OF FIGURES (Continued)
Figure Page

Figure 3.8. Inhibition of the MAPK, PI3K and AMPK pathways does not block the
effect of resveratrol (RSV) on CAMP gene expressian...............cccceceevevvveeeeeen A 6

Figure 3.9. Synergistic induction of CAMP gene expression by stilbenoids and vitamin
D analogs used in the ClINIC...........cooiiiiiiiiieeeeeeeeece e ]

Figure 4.1. TLR signaling differentially regulates CAMP expression............... 94
Figure 4.2. LPS and poly(l:C) supressed 25D3 induced CAMP expression....95
Figure 4.3. CAMP suppression by TLR3 and TLR4 activationlRHRIEpenden©6

Figure 4.4. Neutrophil granule proteins are protective against inhibitory effect of
TLR3 and TLR4 GQ0INSIS .. ..uuiiiiiiiiiiieeee ettt e e 97

Figure 5.1. C/EBPs activate CAMP luciferase reparter...........cccccceeeerveninnnnee. 117


file:///C:/Users/guoc/Dropbox/final%20exam/after%20review/Chunxiao%20Guo%20PhD%20Thesis%20DR_2.docx%23_Toc363807899
file:///C:/Users/guoc/Dropbox/final%20exam/after%20review/Chunxiao%20Guo%20PhD%20Thesis%20DR_2.docx%23_Toc363807899
file:///C:/Users/guoc/Dropbox/final%20exam/after%20review/Chunxiao%20Guo%20PhD%20Thesis%20DR_2.docx%23_Toc363807900
file:///C:/Users/guoc/Dropbox/final%20exam/after%20review/Chunxiao%20Guo%20PhD%20Thesis%20DR_2.docx%23_Toc363807900
file:///C:/Users/guoc/Dropbox/final%20exam/after%20review/Chunxiao%20Guo%20PhD%20Thesis%20DR_2.docx%23_Toc363807901
file:///C:/Users/guoc/Dropbox/final%20exam/after%20review/Chunxiao%20Guo%20PhD%20Thesis%20DR_2.docx%23_Toc363807902
file:///C:/Users/guoc/Dropbox/final%20exam/after%20review/Chunxiao%20Guo%20PhD%20Thesis%20DR_2.docx%23_Toc363807903
file:///C:/Users/guoc/Dropbox/final%20exam/after%20review/Chunxiao%20Guo%20PhD%20Thesis%20DR_2.docx%23_Toc363807904
file:///C:/Users/guoc/Dropbox/final%20exam/after%20review/Chunxiao%20Guo%20PhD%20Thesis%20DR_2.docx%23_Toc363807904
file:///C:/Users/guoc/Dropbox/final%20exam/after%20review/Chunxiao%20Guo%20PhD%20Thesis%20DR_2.docx%23_Toc363807905

LIST OF TABLES
TABLE Page

Table 1.1. A List of bactegansitive t0 LA37 1N VItrO.......oenveeveeeeeeee e 23

Table 2.1 Primers and probes used for gfCIR............cccccceeeeeiiiiiiiiiiiiiieeeee A2



LIST OF SUPPLEMENTAL FIGURES

Figure Page
Figure S 3.1Combinatorial induction of CYP24A1 anddbin does not occur with

1,25(OH)D3 and reSVeratrQl............ueueiiiiiiiiseee e, 78
Figure S 4.1. LPS and poly(l:C) suppressed hCAP18 expression.................... 98

Figure S 4.2. poly(1:C) did not suppress CAMP expression in certain.danatr...99

CAadz2NBE { ndod® ¢[wHX ¢[wpX ¢[wTX ¢[wy IYyR
IN NUMAN MACTOPNAGES... .. iieiiiieeiieiiit e e 100


file:///C:/Users/guoc/Dropbox/final%20exam/after%20review/Chunxiao%20Guo%20PhD%20Thesis%20DR_2.docx%23_Toc363808111
file:///C:/Users/guoc/Dropbox/final%20exam/after%20review/Chunxiao%20Guo%20PhD%20Thesis%20DR_2.docx%23_Toc363808111
file:///C:/Users/guoc/Dropbox/final%20exam/after%20review/Chunxiao%20Guo%20PhD%20Thesis%20DR_2.docx%23_Toc363808112
file:///C:/Users/guoc/Dropbox/final%20exam/after%20review/Chunxiao%20Guo%20PhD%20Thesis%20DR_2.docx%23_Toc363808113
file:///C:/Users/guoc/Dropbox/final%20exam/after%20review/Chunxiao%20Guo%20PhD%20Thesis%20DR_2.docx%23_Toc363808114
file:///C:/Users/guoc/Dropbox/final%20exam/after%20review/Chunxiao%20Guo%20PhD%20Thesis%20DR_2.docx%23_Toc363808114

Dedicated to

My beautifulwife, Jinyi



TranscriptionalRegulation ofthe Human Cathelicidin Antimicrobial Peptide Gene

Chapter 1. Thesis Overview



1. Introduction: Vitamin Dand infectious diseases

0Sol est remediorum maximurdPliny the Elder

When the elder Pliny wrote hisow famodza |j &z is $ie BEst reme@discovery
ofvitamin @ (G KS Wa dzy wasvielf oSer 1@d thouserid years away
Nonethelesssun light has been utilizedo promote humanhealthsince the very
beginning of medicineHippocratesthe father ofWestern medicine,was also a
pioneer of heliotherapy. Hprescribed sunbathing to restore healithhAncient
Greece(Leving 1971) Since that time efforts toelucidatethe health benefitof sun
light have never ceasedh the late 1800sand early 1900ssun exposurgradually
became part othe standardtreatment fortuberculosigHowson, 1928; Koch, 1901)
In 1903 the Nobel Prize ifPhysiologyr Medicine was awarded tNiels Ryberg
Finsen whofound thatconcentratedrays from carbon arc lights were effective in
treatinglupusvulgaris- a skin infection oMycobacteriumuberculsis(Finsen,
1902)CAy aSy Qa f A 3 Ksun lighiBngim&addRanywheliius A OA | f
eliminatingthe need for long stayat sanatoriatypically locatecht higher elevations
In 1926 the Wunshine vitamifvas finally isolated bpjdolf Windausand others and
named vitamin OINorman, 2012)however, themechanistic relationshipetween
sun light and vitamin D wa®ot describeduntil 1936whenWindaus et alreported

that upon exposure talltraviolet (UV)radiation 7-dehydrocholesterois cawvertedto



vitamin Bin skin(Windaus A, 1936Y his finding explainedrhy sun light cures
rickets, a disease resuhg fromvitamin D deficiencyinspired by thee findings,
physiciandegan usingitamin I} to treat lupus vulgarisvith succesgDowling et al.,
1946; Gaumond, 1948)ackinga clearmechanisnof action the then nagent

vitamin D treatmentwasquickly replaced by newly developstteptomycinthat
targeted the causative agent of tuberculofigerrell and Nichols, 1945; Jones et al.,
1944) Since thenthe role of vitamin D inreating infectious diseases has been

largelyneglected

Almost four decades later, epidemiology studiesrelatedvitamin D deficiency with
a higher incidence oihfections.In 1985, Davies et akeported that serun25-
hydroxyitamin I} (25D3)levels vere lower in untreated tuberculosgatients than
in healthycontrol subjects(Davies et al., 1985)n patients withhuman
immunodeficiency virugHIV)infectionss & S NXzdihyaraxyvitamip R(1,25D3)
levels were lower tham healthy controlsubjectsand negatively correlated with
clinical outcomgHaug et al., 1994A large tudy of 103 paients and 45 healthy
volunteerswas published in 2000, demonstrating that low serum 25D3 levels

increasedhe riskof tuberculosis in an Asian populati¢wilkinson et al., 2000)

Thesecorrelations,along with the emergence @intibioticresistantM. tuberculosis
in the 19809David, 1980; Dutt and Stead, 1980, 1982pmpted severalresearch

groups to revisi question that had been lefinansweredy researchers sind@de



1940s:.what roledoes vitamin Oplay inprevening or curinguberculosisan 1986,
Rook at & reported that vitamin D did nadirectlykill M. tuberculosisinstead
vitamin Denhanced the intracellular killingf bacteria by human monocys€Rook et
al., 1986)Additionally, Ro&ett et al. demonstratedthat 1,25D3 was capable of
increasing production of nitric oxide (N®y activatingnducible nitric oxide
synthasg(iNOS) in human macrophatjke H-60 cell§Rockett et al., 1998)Reactive
oxygenspecies (ROSnothe important component of innate immunityere also
induced by 1,25D3 in human monocyderived macrophageSly et al., 2001)
Neverthelessthese putative mechanisms wepantroversialkince the role of NO
and RG inbacterid killing byhumanmacrophages w@asstill under debag¢: NO
productionby human cdb, especiallynacrophagesis so low that it may not be
adequate for bacteria killin¢Denis, 1994anddefects in ROS generation@hronic
Granulomatous Diseag€GDpatients did not altethe capacity oheutrophils or

macrophages to kiMycobacteria(Fazal, 1997)

The underpinning mechanism of vitamiAmluced bacteribkilling in macrophages
remainedenigmaticuntil three independentgroups nearlysimultaneouslydentified
that vitamin Ddirectly activated the human cathelicidin antimicrobial peptide gene
(CAMP) an important effector peptide in innate immunit§Gombart et al., 2005;
Wang et al., 208a; Weber et al., 2005)Based on thee findings, Liu et akxamined

vitamin Dinduced CAMP expressidaringM. tuberculosisnfection andfound that



a 19 kDal M. tuberculosis lipopeptide i3 altlike receptor2 (TLR2) agonigtat
induces 25D3deperdent CAMP expression in human monocyfes et al., 2006)
The ncrease in CAMP expressjamturn, enhancesntracellularM. tuberculosis
killing by monocytegLiu et al., 2006)The same groujater demonstratel that M.
tuberculosikilling by vitamin Ds mainly mediated bfCAMPA(Liu et al., 2007)
Furthemore, CAMPdependent autophagy also participam intracellular killing of
M. tuberculosidy vitamin D(Shin et al., 2010; Yuk et al., 20d8)addition,
interferon- (INF ,Ghe pivotal cytokingoroduced by T cells mesponseo M.
tuberculosisrequires vitamin Dinduced CAMRXxpressiorto enhance macrophage
killing (Fabri et al., 2011; Teles et al., 201Since the discovery that CANE?nduced
by vitamin Dmanyepidemiology stugks haveshown a correlation betweernvitamin
D deficiency anihcreased rislor severityof tubercuosis echoing similar findings
made in the 19806ArnedoPena et al., 2011; Arya and Agarwal, 2011; Friis et al.,
2008; Gibney et al., 2008; Htham et al., 2010; Perdzallero et al., 2008; Selvaraj
et al., 2009SitaLumsden et al., 2007; Wejse et al., 2007; Williams et al., 2008;

Yamshchikov et al., 2010)

More than acenturyhad passedbefore cliniciandinally gahered enough evidence
to testvitamin Donce againn clinicaltrials. In 2011 Martineauet d. reported thata
100,000 IU/week vitamin D supplement with standa@rdmonarytuberculosis

treatment significantlyacceleratedsputum culture conversion ipatients with thett



genotype ofthe vitamin D receptowhen compared to patientgeated with placebo
(Martineau et al., 2011)Vith the same treatment protocol and more rigorous data
analysis methos the same grougonducted another clinical trial anmbncluded that
vitamin D supplemetation accelerated sputum smear conversiaswell as other
clinical outcomes in pulmonary tuberculog@oussens et al., 201lore recentlya
clinical trial witha higherdose ofvitamin D 600,000 IjJand moresubjecs
confirmedthe effectiveness of vitamin D treating pulmonary tuberculosis

(Salahuddin et al., 2013)

Researchers looked beyond tuberculotiswserumlevek of vitamin Dhave been
linkedwith a higher incidence of inflenzaA infectiors (Aloia and Ng, 207) A
randomizeddouble-blind, placebacontrolled studyshowed thata 1,200 IU/day
supplementof vitamin Dlowersthe incidence of seasonal flu in school children
(Urashima et al., 2010%imilarly, vitamin s protective against flu itboth elderdy
peopleandAfrican American wome(Aloia et al., 2005; Avenell et al., 2007; Grant et
al., 2005)Also, vtamin D deficienciess as®ciated with anincreagd incidence of
upper respiratory tract infectiom(Sabetta et al., 201@nd a clinical triashowed that
4,0001U/dayof vitamin D lowes the se\erity of upperrespiratory tract infections

(Bergman et al., 2012)

In summary, the role of vitamin D in infectious diseases has lmeeaasingly

recognized by the research community the ranainderof Chapter 1, iwill



summarize the function of CAMP and the central role of vitalnin transcriptional

regulation ofthe CAMP gene.

2. Human cathelicidin antimicrobial peptide

In 1991, be first mammaliarcathelicidin was identified in rabbit bone marrow as a
18kD lipopolysaccharidéP$neutralizing protein anshamed CAP 1@ arrick et al.,
1991) Later, the same group reported that th€terminal 37 amino eids of CAP18
not only boundto LPS but also directly killed both grgrositive and grammegative
bacteria(Larrick et al., 1993, 1994)hese potentially important propertieprompted
other groups to study cathatidin in humans. In 1995, two independent groups
clonedthe human cathelicidigenefrom granulocyte§Cowland et al., 1995; Larrick
et al., 1995a)The newly identified protein was named hCAP18. Like its counterpa
in the rabbit, the Gterminal 37 aminaacidsof hCAP1§later named Li37)also
carried its bactericidahctivity (Larrick et al., 1995byeveral cathelicidins weresal
identified in other mammals andanetti el alrecognizedhe structural similarity 6
these proteins and nantethe family of proteingathelicidin(Zanetti et al., 1995)
Cathelicidins haveraN-terminal signal sequence targetitige endoplasmic
reticulum (ER)anda highly conserved cathelin domdmllowed by a positivel
charged @erminal antimicrobial domaiifFigure 1.1)Twostudiesaimed at

discerninghe function ofthe cathelin domairof hCAP18 weranconclusivgPazgier



et al., 2013; Zaiou et al., 20Q03herefore, n the nextsection | will mainly focus on

LL-37,the Gterminal active pepte portion of hCAP18

2.1LL-37 is an antimicrobial peptide.

2.1.1Bactercidal function of {37
The bactericidahctivitiesof LL-37 were apparent soon afteits discovery in 1995

Larricket al. reported that LE37 was capable of killing both grapositiveand gram
negative bacteria, includin§taphylococcus aureus, Klebsiella pneumoniae,
Escherichia coli, Pseudomonas aerugirashSalmonella typhimuriurLarrick et al.,
1995b) Over the yeard,.l-0 T 92@ad spectrunbactericidalpropertieswere
extensively studieéh numerousin vitrokillingassaygTable 1)Notably, L1=-37 killed
several antibiotic resista bacterial strainsuch asnethicillin-resistantS. aureus
(MRSA, suggesting that activatirthe human CAMBene maybe an effective way to

combat drugresistant bacterial infectionéSaiman et al., 2001; Turner et al., 1998)

As withmost antimicrobial peptides, k27 kills bacteria by disruptine cell
membrane(Oren et al., 1999; Turner et al., 1998)thoughthe undetying
mechanism omembranedisruptionfunctionis not yet fully understood structural
studies of L137 suggest that therare severakontributingfactors First,LL-37is a
positivdy charged peptideresulting fromits high Arg andlyscontent (+6 at
physiologically relevargH). The positive charge of 437 facilitatesbinding to the

bacteria by electrostatic effects because the bacterial cell membrane contains



negatively chargetipopolysaccharidesr teichoic acidin contrast zwitterionic
eukaryotic membranes are neutral arttierefore, not preferabe targets of Li37.
For example,ecularX-ray reflectivityexperiments indicate thaltl-37 disruptsthe
negativdy charged 1,ipalmitoytsn-glycero-3-phospheo mac-glycerol) (DPPG)
monolayer but nothe neutraly charged 1,2ipalmitoytsnglycere3-
phosphocholine (DPPC) and -tijpalmitoytsnglycere3-phosphoethanolamine

(DPPE) monolaye(bleville et al., 2006)

Secondnuclear magnetic resonan¢®MR) experiments sugdethat L1-37 adops
anamphiphilich -helical structurevhenin contact with membrane structuresuch as
dodecylphosphocholinéDPC) micelle@orcelli et al., 2008; Wang, 2008his
structural feature allows L-B7 to incorporateinto the lipid bilayerwith its
longitudinal axislying inthe planeof the membrane, suggestinifpat a \Parpet
mechanisn® Y| & 1t ferndmbl&&the membrangHenzler Wildman et al.,
2003; Oreret al., 1999)Alternatively, Lee et alreported that LE37 also indued
pore formation n lipid bilayers andhe longitudinal axis of the" -helix was
approximatelynormalto the plane othe membrane, suggesting 137 could also

disrupt membransby formingagueousransmembrane channeld.ee et al., 2011)

2.1.2 Anti-Biofilm effect of LI37

Many bacterial specighat causepersistent infectiongorm biofilms. Recently 1-37

was found tainhibit P. aeruginosebiofilm formation, which is the critical factor
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leading to chronic infections igysticfibrosis patientChennupati et al.,@9;
Overhage et al., 2008)1-37 suppresssbiofilm formation in other microbes
includingFrancisellanovisida(Amer et al., 201QuropathogenickE coli(KatLarsen et
al., 2010) S aureus(Dean et al., 2011afggregatibacter actinomycetemcomitans
(Sol et al., 2013Btenotrophomonas maltophiligeompilio et al., 2011gnd
Burkholderia pseudomall@anthawonget al., 2011)Several factors contribute®
Lo T Q& inibitingP.deniginosabiofilms. Overhage et ashowed that 1437
suppresseshe quorumsensing systemis P.aeruginosaby downregulatinglasiand
rhiR In addition,LL-37 alsainhibited genesequired forassemblingf flagella- a
crucial component in initiatingdherence during biofilm formatio(Overhage et al.,
2008) Dean et alshowedthat L1-37 alsoalteredthe expressiorof rhlA andrhiB,
two other genesmplicated in biofilm formation by.aeruginosgDean et al.,
2011b) Neverthelessthe mechanisms by which-BIZ exerts its antbiofilm function
againstother biofilmsremairs largely unknownlinterestingly, L137 usuallyinhibits
biofilms at submicrabicidalconcentrations For example, 437 preventedP.
aeruginosabiofilm formationat 0.5ug/ml, whereas the nimimum inhibitory
concentrationfor P.aeruginosas 64ug/ml (Overhage et al., 2008%imilar findings
were reportedfor inhibition ofother biofilms A.actinomycetemcomitangSol et al.,
2013) uropathogenickE coli(KatLarsen et al., 201D)suggesting that biofilm
inhibition might be a mee physiologicallyelevantfunction of LE37 than direct

bacterial killing which usually requires higher concentratiofihie peptide.
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2.1.30ther antimicrobiafunctiorns of LI-37
LL-37 inhibitsthe growth of virugs In 2004, Howell et apublished the first report

showingthat LL-37 directly kik vaccinia virugHowell et al., 2004) The lisof viruses
susceptible td_L-37 killinghasexpanded over the year3o date LI-37 is known to
inhibit growth ofherpes gnplex virus type 1 (HS1), adenovirus (Adl9), human
immunodeficiency virud (HI\/1),influenza A viruglAV) andraricella zoster virus
(VZV)Barlow et al., 2011; Bergman et al., 2007; Craei.e2012; Gordon et al.,

2005; Howell et al., 2006; Tripathi et al., 2012)

In addition toviruses, L4137 also kills fungi and parasit€sandida albicanwas
inhibited by Lt37 through membrane disruptiofden Hertog et al., 2005; Turner et
al., 1998) RicoMata et al discovered that L-B7 or its truncated small peptide
disrupted the membraneintegrity of Entamoeba histolyticerophozoites(RiceMata

et al., 2013)

2.2 LI-37 modulates innate and adaptive immuresponses

LL-37 exhibitsa wide range of immunodulatoryfunctions(Nijnik and Hancock,
2009) As a alarmin, IL-37 signals danger and chemoatttagmmune cells including
monocytes, neutrophils, T cells and mast cells and fatgs cytokine production in
these cell{Bowdish et al., 2006).1-37 alsoregulates apoptosis angromotes
angiogenesis and wound healifBucki et al., 2010).1-37 exerts thee functiors

throughanarray of transmembrane receptorshe next several sectionaill
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summarize b T Qa AmoédutirgrFunctions by tranmembrane receptors

mediating these functions.

2.2.1Formyl peptide receptor #FPR2)

FPR2 ia pertussis toxin (PTX) seng&iGi proteincoupledtransmembrane receptor
(Le et al., 2001)Jpon Lt37 binding, FPR2 mobilizes’Cand initiates chemotaxis
(De et al., 2000FPR2 isxpressed imanycirculatingimmune cellsincluding
neutrophils, monocytes and cellgCoffelt et al., 2009; Fu et al., 200B6)-37
recruitment ofneutrophils and monocytess important in clearingnvading microbes
or dead host cells. Mice laitlg cathelicidin exhibitn delayd neutrophil infiltration in
lung andas a result experienamore severeinfections(Kovach et al., 2012Along
with chemotaxis, activation of FPR2 in neutrophilsibits apoptosis,enablingthese

cells b produce more cytokine@Nagaoka et al., 2006)

FPR2g5also expressed by endothelial cells. Activation of FPR2-8y fuiomoted
proliferation ofendothelial praenitor cellsand thusenhancedangiogenesis
(Koczulla et al., 2003Activation of FPR2 by 137 affected two biological activitiei
epithelial cells First,as withneutrophils, epithelial cellsved longer due to
suppressed apoptosendsecondy, FPR2 sigiiag fed into pathways that up
regulated cell migrationand proliferation both of which arecrucial to wound healing

(Heilborn et al., 2003; Shaykhiev et al., 2005)
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2.2.2TolHike receptors (TLRS)
Thus farLL-37 alonehas not been shown to bind to any of the TLRs. Instead7LL

modulatesTLR signaling by interacting with TLR ligaAdaoted previously L1-37
bindsLPS and neutralizes its dowtream TLR4ignalingn macrophagesncluding
the release of tmor necrosis factor alphé ¢ b Ch NO progluBtion (Brown et al.,
2011; Ciornei et al., 2003; Scott et al., 2011; Turner et al., 1988%e findings kkto
several studieshowingthat LL-37 amelioratedgramnegative bacterial sepsis mice
or rats(Cirioni et al., 2006; Fukumoto et al., 200Ghapter 4will explore the role of

LL-37 binding to LPS in rescuing CAMP expressippressed by LPS

LL-37 alsoforms complexeswith negatvely chargel DNA or RNAolecules which
can be recognized bLR7, TLRELR®r TLR3. In psoriatekin, LE37 binds toself
DNAmoleculesreleasedrom damaged cellgjelivers theotherwiseextracellular
moleculesacross the membrane and presents theaithe intracellular TLR7/8
receptors The activation of TLR7/8nhanced type | interferon production in
plasmacytoiddendritic cells thus contributingto the pathogenesis gbsoriasis
(Ganguly et al., 2009; Lande et al., 2D®iathe same mechanism, 137 augments
TLR9nduced type | interferomproductionin keratinocyte{Morizane et al., 2011)
LL-37 is known to complex witthe TLR3 agonigiolyinosinepolycytidylic acid
(poly(IC));however, Lko T Qa STHR3SSOnAlng séems to be-tglle specificin

human fibroblasts, |-:B7 was reported to suppress poly(l:C) induasdrleukin 6
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(IL6), interleukin 8 (IL8), amthemokine 10 (CXCLIXpression(Into et al., 201Q)In
contrast, IL6 and IL®roduction wasup-regulated in humaroronchial epithelial cells
by the combinationof poly(l:C) and LB7 (Filewod et al., 2009; Lai et al., 2011a;dtai
al., 2011b)On the other hand, Hasan et ahowed Lt37 blocked poly(I:C) mediated
TLR3ignalingn mouse macrophageslampening typ | interferon production in

these cells.

2.2.3 P2X7
Purinergic receptoiP2X7 participatein transmembrane sigpling of Lt37, although

its legitimacyas a Li37 receptoremains controversiglPochet et al., 2006).1-37
induced IL1 release from human monocytes depsor P2X{Ebsner et al., 2004)n
addition, LE37 activation of P2X7 increaseell migration in intestinal epithelial cells
(Otte et al., 2009and stiffness in endothelial celByfield et al., 20103s well asL8
cycloxygenase2 (COX2) andprostaglandin E(2) (PGE(2)) productiogingival

fibroblasts(Chotjumlong et al., 2012; Montreekachon et al., 2011)

2.2.40ther transmembrane receptors
Severahlternative LE37 receptas have also beenlentified. L1-37 stimulates

monocyte migration throughfeemokine (EX-C motif) receptor 2 (CXCRZhang et
al., 2009) Masrelated gene X2 (MrgX®)ediated LE37 inducedchemotaxs and

degranulation in mast cel(Subramanian et al., 2011)
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LL-37 transactivate epidermal growth factor receptofEGFR) iniavay epithelial
cells and keratinocytes, stimulating cell migration and prolifera{diyonsaba et al.,
2007; Tjabringa et al., 2003; Tokumaru et al., 2005; Yin and Yu, B@i@gystingly
activation of EGFR pparsto be independent of.-37 configuration, becausthe

peptide made oenantiomersalso activated EGHKRraff et al., 2005)

3. Vitamin D directly regulates human cathelicidin expressio

Human CAMP isidely expressed by the celtsomposing the first line defense
againstinvading microbes. Neutrophils atlee predominantsource othCAP1&about
0.6 ug/10° cells),whereit is packaged in specific granul@owland et al., 1995)
Secretion from boa marrow isbelievedto bethe major contributor of hCAP18 in
blood (about 1.3ug/ml), which is higar thanmanyother specific granule proteina

the serum(Sorensen et al., 199700 a lessr extent, other immunecells including
macrophags (Gombart et al., 2005)3endritic cell§Agerberth et al., 2006)mast
cells(Di Nardo et al., 2003nonocyte,y I G dzNJF £ 1 A€ f SMcelSt f a =
(Agerberth et al., 20031l produceCAMP In skin, keratinocytes produce hCAP18 and
storeit in lamellar bodiegAberg et al.2008) Additionally CAMP is expressed by
epithelial cells in théntestinal(Hase et al., 2002)espiratory(Bals et al., 1998nd

urogenital tracs (Frohm Nilsson et al., 1999)

CAMPexpressionis regulated byytokines, bacterial components as well as

environmental stimul{Gombart, 200Q)For example, lsn injury causekeratinocytes
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to releaseCAMP(Dorschner et al., 2001; Sorensen et al., 20B8ychological stress
on the other hand, decreas&c€CAMP expression in sKiAberg et al., 2007 he
centerpiece of transcriptional regulation of CAMP expression is the vitamin D
signaling pathwayGombart et al., 2005; Way et al., 2004a; Weber et al., 200Bs
shown in Figure 1.2, 1,25D3, the active hormone of vitamin Begplates CAMP
expression through a VDR/RXR heterodimer bindirtgedCAMP promoterMuch of
the regulation of CAMP expressi@through the moduation ofthe vitamin D

signaling pathwayAs summarized in Figure 1.3yeeal key components in the
vitamin D pathwayre major regulatory poirg. One of thenis vitamin D1h -
hydroxylas§CYP27B1the enzymehat hydroxylatesandthus activate25D.As

briefly mentionedin section 1, TLR2 ligad@-kD M. tuberculosigierivedlipopeptide
increased the expression of CYP27B1tAndin situproduction of 1,25D& an IL15
dependent manne(Krutzik et al., 2008; Let al., 2006)Induction of CYP27Ednd
augmentation of vitamin D induced CAMP expression was also found in TLR8 agonist
treated human macrophagg€ampbell and Spector, 2012ransforming growth
factor beta 1(TGF M a growth factor that keratinocytes release in response to skin
injury, activated CYRB1 and thusncreasedCAMP expression keratinocytes
(Schauber et al., 20077heT cell cytokine interferon | ttigaged Jitamin B
induced CAMP expression by-tggulating CYP27BA macrophages¢Edfeldt et al.,
2010) asdid 1L13 in bronchial epithelial ce(Schrumpf et al., 2012 contrast

fibroblast growth factor 23 (FGF23).10 and interferoth 0 Ls@ppreséd
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CYP27B1 in human monocytes. This suppabgsamin D inducedCAMP expression

(Bacchetta et al., 2012; Teles et al., 2013)

Vitamin D24-hydroxylase (CYP24A1l) is the angyinitiating catabolism of 1,25D3.
Therefore, CYP24A1 activityarsother regulatory point controlling vitamin-mdduced
CAMP expressiofiL4, aT cell cytokine, lowered the 1,25D3 concentration by up

regulating CYP24A1 activity in macrophagedfeldt et al., 2010)

Changes in the expressionwfamin D receptor also affesftamin D induced CAMP
expressionBufalin a compound isolated from traditional Chinese medicine
augmented 1,25D3 induced CAMP byregulting VDR expressigAmano et al.,

2009)

Anotherregulatorypoint inthe vitamin D pathwaysthe coreguatorsof the VDR
transcription complex In keratinocytes, hairless (HRR coregulator of VDR
suppresseditamin D induced CAMP expression by enhancing VDR biading
corepressornuclear receptor corepress@NRC). This fored a repressive complex
and subsequently decreased CAMP expres&idruma et al., 2012%imilarly,¢ b Ch
inhibited VDR coactivatasteroid receptor coactivateB (SRE3) in human dveolar
macrophageSRE3 possesashistone acetyltransferase (HAT) activatyd actiated

CAMPranscriptionin the presence of vitamin [5chauber et al., 2008) herefore,
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¢ b @mediatedsuppressiorof vitamin Dinduced CAMP expression couégultfrom

SRE3 inhibition(Barna et al., 2012)

4. Dissertation Contents

This dissertation contagfouradditionalchapters.Chaptes 2, 3 and 4 are
manuscriptdescribinghree original studiesChapter 2vaspublishedin The Journal
of Nutritional Biochemistryin 2013 Chapter 3sacceptedfor publicationin

Molecular Nutrition and Food Reseamntd we plan to submitthapter 4 for
publication in September 2013. Chaptebisefly summarizes all three projects and
providesan outlook for future experimentdn the next three sections, | will provide

an overall introductionto each chapter ang@resentthe rationalebehind each study.

Chapter 2:6Curcumin induces human cathelicidin antimicrobial peptide gene
expression through a vitamin D receptiodependent pathway Chunxiao Guo,
Elena Rosoha, Malcolm B. Lowry, Niels Borregaard, Adrian F. Gomhieatburnal of

Nutritional Biochemistry2013, 24(5):7549.

When | joinedhe Gombart laboratory in 200 we were very much interested in
identifyingnovel VDR ligands, because of the emerging role of vitamin D in regulating
CAMP expression at the time. Asimmarized in section 2, CAMP/RL is capable of
killing a wide variety of bacterjancluding many strains of clinical significance such as

MRSATumer et al., 1998)Iin addition, LE37 promotes wound healing and
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angiogenesisTherefore, activation cCAMP/LL37 expression could be potential
therapeutic target for infectious diseasesinjuries(Gombart, 2009)Indeed this

idea has been supported Beveralstudies demonstratinghat overexpressingcAMP
by viral vectors was protective against infectious diseasesjuryin animalmodels
(Bals et al., 1999a; Bals et al., 1999b; Jacobsen et al., 2005; Pinkenburg et al., 2009)
However, theriskof clinical wse ofviral vectosisstill uncertain(\WWu and Dunbarr,
2011) Activating CAMP through VDR is a desirable way to increase CABIP/LL
production. In 2007, Jurutka et.@roposed that certain PURBAaNnd curcumirmay be
alternative VDR liganddurutka et al., 2007YVe tested these compounds iseveral
human cell lines in which all known VDR agomiaisstrongly activated CAMP gene.
We found that only curcumin modestly activated human CAMP and CYP24ALl. In
addition, the induction did not appear to depend thre vitamin D pathwayBased

on these results, we decided to design our own screemiagform in an effort to

identify regulatos of CAMP expression, whichdescribedn Chapter 3.

Chapter3:a { ey SNAAAGAO AYyRdzOUA2Yy 27F KdzYly OF 04K
expressiod @ @A Gl YAY 5 Iy R GaadfBfiad SnA@th BréndeéNiu/ K dzy E ;
Malcolm B. LowryMary L.Fantacone and Adrian F. Gombart. *irst Author. In

pressMolecular Nutrition and Food Research

Jurutka et alidentified PUFAs and curcumin as VDR ligands in a mammalian two

hybrid systemwhich used VDR binding to RXR agin endpoint(Jurutka et al.,
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2007) Since we concluded Chapter 2 that none were functional VDR ligarsiwe
believed that a morghysiologicallyelevant screeningystem wa necessaryo
identify compounds regulatinGAMP expression.|lAlompoundsknown to regulate
CAMP includingitamin D, lithocholic acid and butyratecreasel endogenous CAMP
expression in U937 celltherefore, wewere confident thathe CAMP gene ieadily
inducible in thee cells and decided to use U937 cellsh@dbisisof our screening
platform. Monitoring endogenous CAMP mRNA levels requires quantitative
polymerase chain reactiofgPCR)which is notechnicallyfeasible ina screening
platform. Instead, ve chose a dudlciferase reporter system to evaluate KR

expression in U937 celghich is highly scalablgyer et al., 2001)

We strategically chose to screem#H Clinical Collection (N©G3)for the following
reasonsFirst,it contains compounds thaire usedn clinical trialsThese
compoundsare well studied in prelinical research andegulate many important
pathways.The wealth body of knowledgéaut these compounds already laid the
foundation for subsequent studies about mechanismhaction Second, lhese
compounds are drugjke, indicating that they have good safety profildsus,
compounds identifiedrom the screening could be easily used clinicilihe.
identified two stibenoidghat activated the CAMP luciferase reporter. Additidha
these two compoundsaugmened 1,25D3 induced CAMP expression in human

monocytic cells and keratinocytes.
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Chapter 4 dActivation of TLR3 and TLR4 signaling suppresses vitamin D induced
cathelicidin in human macrophages through TRIF3 pathwag €hunxiao Guo,

Malcoim Lowry, Jenny Tran, Niels Borregaard and Adrian F. Gombart

During the chemical library screening stutbscribedn chapter 3we quickly

learned one important limitation of our screening platform: U937 cells used in the
screening lack response to Tagpnists As a result, we could have missed

compounds that modulate TLR signaling. Considering the importance of TLR signaling
in innate immunity, weaddresedthis questionin human monocyte derived
macrophages$rom healthydonors which are known to expressany TLRs

(Seneviratne et al., 2011; Szatmary, 20Ir¥teadof focusing on certain TLRs like
moststudies did, we tested a panel of TLR agonists to gpanaramicview ofthe

effect of TLR signaling in reguleg vitamin Binduced CAMP expressiam

macrophagesWe discoveredlTLR3 and TLR4 agonists bémtkitamin Dinduced

CAMP expression through a THRRF3 dependent pathway.
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Figurel.1 Domain Structureof Cathelicidirs.
| 2y as £ NRA |

I

A) Fullength protein of cathelicidin is composed of three domaingeiinal
signal sequence, cathelin domain andge@ninal antimicrobial domain. B) The
cathelicidin prepeptide stored in specific granules of neutrophils. C) The act
Gterminal peptide.



Tablel.1. A List of bactria sensitive to Li37in vitro.

Name

Classification

Reference

Actinobacillus
actinomycetemcomitans
Achromobacter xylosoxidan:
Acinetobacter baumannii

Aggregatibacter
actinomycetemcomitans
Bacillus anthracis
Bacillus subtilis
Borreliaspp.

Brucella suis
Burkholderia cepacia

Burkholderia pseudomallei
Burkholderia thailandensis
Capnocytophagapp.
Enterococcus faecalis
Escherichia coli

Francisella novicida
Fusobacteriunmucleatum
Group A streptococcus
Group B Streptococcus
Haemophilus influenzae
Helicobacter pylori
Klebsiella pneumoniae
Lactobacillus casei
Leptospira interrogans
Listeria monocytogenes
Micrococcus luteus
MRSA

Gramnegative

Gramnegative
Gramnegative

Gramnegdive

Grampositive
Grampositive
Gram
indeterminate
Gramnegative
Gramnegative

Gramnegative
Gramnegative
Gramnegative
Grampositive

Gramnegative

Gramnegative
Gramnegative
Grampositive
Grampositive
Gramnegative
Gramnegative
Gramnegative
Grampositive
Gramnegative
Grampositive
Grampositive
Grampositive

(Tanaka et al., 2000)

(Saiman et al., 2001)
(ThomasVirnig et al., 2009)
(Moffatt et al., 2009)
(McMahon et &, 2011)

(Lisanby et al., 2008)

(Barns and Weisshaar, 2013)

(Sambri et al., 2002)

(Dudal et al., 2006)
(Saiman et al., 2001)
(Turner et al., 1998)
(Kanthawong et al., 2009)
(Kanthawong et al., 2010)
(Tanaka et al., 2000)
(Krahulec et al., 2010)
(Isogai et al., 2003)
(Ohta et al, 2010)
(Larrick et al., 1995b)
(Chouinard et al., 2013)
(Amer et al., 2010)
(Ouhara et al., 2005)
(Dorschner et al., 2001)
(Wang et al., 2004b)
(Lee et al., 2009)
(Hase et al., 2003)
(Larrick etal., 1995b)
(Ouhara et al., 2005)
(Sambri et al., 2002)
(Turner et al., 1998)
(Kim et al., 2009)
(Turner et al., 1998)
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Table 1.1 Continued.
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Name

Classification

Reference

Mycobacterium bovis
(BCG)
Mycobacterium marinum

Mycobacterium
smegmatis
Mycobacterium
tuberculosis

Nocardia farcinica
Nocardia nova
Porphyromonas
circumdentaria
Porphyromonas
gingivalis
Porphyromonas levii
Prevotella intermedia
Prevotella loescheii
Prevotella
melaninogenica
Propionibacterium acnes
Proteus mirabilis
Pseudomonas aeruginos

Salmonella
gastroenteritis
Salmonella typhimurium
Shigella flexneri

Staphylococcus aureus

Gram
indeterminate
Gram
indeterminate
Gram
indeterminate
Gram
indeterminate
Grampositive
Grampositive
Gramnegative

Gramnegative

Gramnegative
Gramnegative
Gramnegative
Gramnegatiwe

Grampositive
Gramnegative
Gramnegative

Gramnegative

Gramnegative
Gramnegative

Grampositive

(Sonawane et al., 2011)
(Sato et al., 2013)

(Sonawane et al., 2011)
(Martineau et al., 2007)

(Rieg et al., 2010)
(Rieg et al., 2010)
(Isogai et al., 2003)

(Isogai et al., 2003)

(Isogai et al., 2003)
(Isogai et al., 2003)
(Isogai et al., 2003)
(Isogai et al., 2003)

(Lee et al., 2008
(Turner et al., 1998)
(Saiman et aJ 2001)
(Ohta et al., 2010)
(Larrick et al., 1995b)
(Kim et al., 2009)

(Larrick et al., 1995b)
(Isogai et al., 2003)
(Gudmundsson et al.,
2010)

(Krahulec et al., 2010)
(Kim et al., 2009)
(Lee et al., 2008)
(Ohta et al., 2010)
(Larrick et al., 1995b)
(Chouinard et al., 2013)
(Noore et al., 2013)
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Name

Classification

Reference

Staphylococcus
epidermidis
Stenotrophomonas
maltophilia
Streptococcus mitis
Streptococcus mutans

Streptococcus
pneumoniae
Streptococcus salivarius
Streptococcus sanguis
Streptococcus sobrinus
Tannerella forsythia
Treponema pallidum
Vancomycirfresistant
enterococci

Yersinia pestis

Grampositive
Gramnegative

Grampositive
Grampositive

Grampositive

Grampositive
Grampositive
Grampositive
Gramnegative
Gramnegative
Grampositive

Gramnegative

(Turner et al., 1998)
(Saiman et al., 2001)

(Ouhara et al., 2005)
(Ouhara et al., 2005)
(Ohta et al., 2010)

(Larrick et al., 1995b)

(Ouhara et al., 2005)
(Ouhara et al., 2005)
(Ouhara et al., 2005
(Lee et al., 2009)

(Sambiri et al., 2002)
(Turner et al., 1998)

(Galvan et al., 2008)
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Figurel.2. CAMP is a VDR target gene

1,25D3

HO OH

cytoplasm

Upon ligand binding, VDR heterodimerizes with RXR and migrates into

nuckeus, where the VDR/RXR dimer binds to a vitamin D response eleme
(VDRE) and initiates CAMP expression. The preferable ligand of VDR is

1,25D3, which is produced by hydroxylation of 25D3. This reaction is

catalyzed by CYP27B1 in macrophages.
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Figurel.3. Main components of vitamin D pathway

TLR2, TLR3, TLRS,
IL13, TGF-B1, INF-y
l{ L4
HO HO OH l OH
2503 '|' a HO OoH
1,25D3 1,24,25D3

IL10, FGF23, INF-B

cytoplasm

nucleus

TNFo —— Co- Lor
activator repressor

—— Down-regulation

Hairless ——>  Up-regulation

Vitamin D induced CAMP expression is modulated mainly through severg
components in the vitamin D pathway. CYP27B1 is thelmaiéng enzyme
controllingin situproduction of active vitamin D, 1,25D3. CYP24A1
hydroxylates 1,25D3 and initiates its degradation. These two cytochrome
P450 enzymes control the availability of 1,25D3 locally. Other component
such as VDR and coregulators of the VDR/RXR heterodimer@re als
regulatory targets in the vitamin D pathway.
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Abstract
The vitamin D receptor (VDR) mediates the pleiotropic biologic effects, 5 1

dihydroxyvitamin 3. Recentn vitro studies suggested that curcumin and poly
unsaturated fatty acids (PUFAS) also bind to VDR lexthaffinity. As potential
ligands for the VDR, we hypothesized that curcumin and PUFAs would induce
expression of known VDR target genes in cells. In this study, we tested whether
these compounds regulated two important VDR target gerfesman cathelicin
antimicrobial peptide CAMP and1,25dihydroxyvitamin R24-hydroxylase
(CYP24A1in human monocytic cell line U937, colon cancer cell lin2¥and
keratinocyte cell line HaCaT. We demonstrated that PUFAs failed to iAlé&or
CYP24AMRNA expssion in all three cell lines, but curcumintggulatedCAMP
MRNA and protein levels in U937 cells. Curcumin treatment indGé@dPpromoter
activity from a luciferase reporter construct lacking the VDR binding site and did not
increase binding of theDR to theCAMPpromoter as determined by chromatin
immunoprecipitation assays. These findings indicate that inducti@Adfl Py
curcumin occurs through a vitamin D receptodependent manner. We conclude

that PUFAs and curcumin do not function as ladgfor the VDR.
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1. Introduction

The nuclear receptor superfamily is divided into four groups based on whether the
receptor forms a homeor heterodimer complex and what class of ligand is bound
(Chawla et al.,@1) The endocrine receptors form homodimers and bind steroid
hormones produced by endocrine tissues. The xenobiotic receptors function as
heterodimers with retinoidX-receptor (RXR) and bind to xenobiotic compounds,
dietary lipids and cholesterol mdbalites. The third group forms heterodimers with
RXR and binds to thyroid hormone and vitamins A and D while the orphan receptor
group lacks known ligand€hawla et al., 2001)The vitamin D receptor (VDR, NR1I1
is widely expressed in most, if not all, human tissues and possesses characteristics of
both the second and third groug®ike and Meyer, 2011)it serves as the receptor

for 1h, 25dihydroxyvitamin D3 [1,25(OH)2D3] which binds with high affinity and for
the secondary bile acid lithocholic acid (LCA) that binds with low affiikishima

et al., 2002) Vitamin D is obtained either fno food, supplementation or synthesized
in the skin by UVB irradiation ofdehydrocholestero(Holick et al., 1980)LCA is a
secondary bile acid converted from primary bile acids by gut microlkaedorowski

et al., 1979) Upon engagemaerof a ligand, VDR forms a heterodimer with RXR and
binds to vitamin D response elements (VDRES) present in about 2000 genomic
locations and directly regulates approximately 200 geffeke et al., 2010; Szeles et

al., 2011) Target genes of the VDR contribute to bone mineral homeostasis,
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detoxification of exogenous and endogenous compounds, cancer prevention,

mammalian hair cycling and immune functi@fiaussler et al., 2008

The ability of the VDR to bind LCA suggests that it may interact with other novel
ligands. To identify additional VDR ligands, Jurutka and colleagues used a
mammalian twehybrid system to test high concentrations of curcumin (CM) and the
polyunsaturaed fats (PUFAs) docosahexaenoic acid (DHA), eicosapentaenoic acid
(EPA), arachidonic acid (AA), and linolenic acid(Juf)tka et al., 2007)These
compounds promoted the dimerization of VDR and RXR suggéstinthey may
function as novel lovaffinity ligands for the VDRurutka et al., 2007 More

recently, curcumin was shown to induce expression of the VDR target genes
CYP24ALYP3AATRPV@Nd CDKN1An the humancolon cancer cell line Caéb

(Bartik et al., 2011)

The human cathelicidin antimicrobial peptid@AMBP gene encodes the hCAP18 pro
protein that is cleaved to release the active peptideBiZL TheCAMPgene idirectly
regulated by binding of the VDR to a VDRE located in its promoter r@ganbart et
al., 2005) Expression of the huma@AMPMRNA and hCAP18 is strongly induced by
both 1,25(OH)D; and LCA in keratinoay$ and myeloid leukemia cell linSombart

et al., 2005; Peric et al., 2009)nduction of thecCAMPgene by LCA requires a 1600
fold higher concentration of LCA than 1,25(gI4)1 x 10° versus 1 x 18M,

respectively) as it is a lowaffinity ligand for the VDR . We hypothesized that if CM
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and PUFAs are |oaffinity ligands for the VDR then at high concentrations they may
induce the humarCAMRgene in cells via activation of the VDR. In this study, we
showed hat PUFAs did not act as VDR ligands and were unable to increase
expression of th&€€AMRgene in keratinocyte, colon and myeloid cell lines, but CM

acted through a VDRidependent pathway to increaseAMPexpression.

2. Material and methods

2.1 Compound
Curcumin C7727500MQ, cis4,7,10,13,16,19locosahexaenoic aci®2539, cis

5,8,11,14,17eicosapentaenoic aciE201), arachidonic acid¥9673, linolenic acid

(L2376, werepurchased from Sigmadkich (St. Louis, MO, USA).

2.2. Cell culture

Colonc epithelial cell line HZ9 was kindly provided by Dr. Rod Dashwood (Oregon
State University, Corvallis, OR). The human monocytic Bi®@the keratinocyte

HaCaT cell lines were a generous gift fromHDIPhillip Koeffle(CedarsSinai Medical
Center, bs Angeles, CA). U937 cells were maintained in RPMI 1640 medium-and HT
29 and HaCaT cells were maintained in DMEM medMetiatechinc.,Manassas,

VA USA). All media were supplemented with 10% (v/v) {readtivated FBS, 2 mM
L-glutamine, and 1% Pen/®&p (Invitrogen CorporatiorCarlsbad, CAJSA). Cell

cultures were incubated at 37°C in a humidified 5% i@€ubator.

2.3. Quantitative reatime PCR (QRFCR)




33

U937, HaCaT and 2B cells were treated with compounds as described in the figure
legends.Total RNA was isolated using tB¥Total RNAsolationSystemaccording to

0KS YIFydzFlF Ol dzZNBENRA LINRBAdsO2W) USA). RRACRH) I / 2 NL.
was converted to cDNA using SuperScript Il reverse transcriptase and random
KSEFYSNI LINAYSNB OLYZGAGNRISY [/ 2NLRNIGA2Y0
recommendations. PCR reactions were set up as described preiGashpart et

al., 2005) PCR was performed on a#ad iCycler iQ5 or GBE QPCR system (Bio

Rad Laboratories, Hercules, CA, USA). All the threshold cyalarfers were

normalized to 18S rRNA. The probes and primers for the hi@AdiPR CYP2A1,
FABP4ANdRN18S3Henes used for gRFCR are described in Table 1.

2.4. Intracellular staining, fluorescence activated cell sorting and enhyphed
immunosorbent assay

U937 cells were treated as indicated in the figure legends. Cells were fixed,
permeabilized and blocked using tle8ioscience Fixation and Permeabilization Kit

as described by the manufacturer (eBioscience, Ban Diego, CAJSA). Cells were
incubatedwith a rabbit, antthCAP18 polyclonal antibo@$orensen et al., 199@nd
a5ef A3aAKG cnd Cabbit@ntisodyRacksdnIrdmuhoyesearch, Pike

West Grove, PA, USAuorescence activated cell sorting (FACS) was performed on a
BDFACSCalibdilow cytometer (BD Biosciences, San Jose, CA, USA) and the results

were analyzedby 5 / S f v suaaré ¢BD Bidé@Elences). Thegmelinked
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immunosorbent assafELISA) was performed as described previdi@lyensen et

al., 1997)

2.5 CAMP promoter luciferase reporter assay

U937 cells were electroporated using a NEWtxansfection system (Life
Technologies, Grand Island, NY, USA) in Tip100 tips atcetisnilk

Hectroporation conditions were 1400 mV, 30ms, 1 pulse. A total of 10 pg plasmid
was used per elgroporation. After transfection, cells were treated with CM or
1,25(OH)D; or vehicle as indicated in the figure legends. Cells were lysed and dual
luciferaseassays were performed as described by the manufacturer (Promega,
Madison, WI, USA). The hum@AMPpromoter (nucleotide693 to 14) containing
GKS +5w9 |yYRTI GKS RSP &k SN q497 itoX4) Rdkihgl =
the VDRE were subcloned into a pXP2 firefly luciferase reporter plasmid previously
(Gombart et al., 2005A renilla luciferase reporter (phTKRL, Promegses co

transfected to normalize firefly luciferase activities in all experiments.

2.6. Chromatirlmmunoprecipitation Assay

Chromatinrimmunoprecipitation (ChlIP) experiments were performed as described

previously(Nelson et al., 2006)Briefly, U937 cells (18ells/IP) were treated with

compounds as specified in the figure legend for 24 hours. Cells then were fixed with

1% (v/v) formaldehyd for 10 minutes at room temperature and quenched by 0.1 M

glycine for 5 minutes. Fixed chromatin was sheared tcAIID bp fragments by a

y dzO
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bath sonicator (Bioruptd XL, Diagenode Inc. Denville, NJ) following the

YIydzFl Ot dzZNBND & NBVD2 YIVEY R 21 RE®IDR dndibodyysal A/
1008;H >-Z) VDR antibody, st009, &ntaCQruz Biotechnology Santa Cruz, CA)

were incubated with sheared chromatin for 16 hours at 4°C. Immunocomplexes

were pulled down by Protein A/G Plus Agrose bead2(68, &intaQuz

Biotechnology Santa Cruz, CA) and DNA was recovered using Chelex® 100 resin (Bio
Rad Hercules, CA To evaluate the VDR occupancy at the hu@aiMPgene

promoter, quantitative PCR was performed as described in section 2.3. Occupancy
by VIR was normalized with respect to chromatin input used for

immunoprecipitation. Primers and probe are listed in Table 1.

2.7. Data analysis

All gRTPCR and ELISA experiments were performed in triplicate or duplicate and
results were represented as meandzb ¢ A (i K { 5-tést wa§ pedaRn8d/ (i Q &
using Sigma PloSgstat SoftwargSan Jose, GAnd Microsoft Excel (Microsoft

Corporation, Redmond, WA).

3. Results

3.1. CAMP gene expressisnnduced by curcumin but not PUFAs
The humarCAMPand CYP24Aare known target genes of the VDR and induced by

1,25(OH)D; and LCAGombart et al., 2007; Ishizawa et al., 2008k predicted that

compounds that function as lowaffinity ligands for the VDR would induce expression
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of these two genes. To test this, we treated U937 (Fig. 1 A & B9KHig. 1 C & D)

and HaCaT (Fig. 1 E & F) cells aith DHA,BPA,AAand LA for 24 hours.

1,25(0OH)D; and LCA were included as positive controls and vehicle (ethanol or
DMSO) was uskfor the untreated control. Because 1,25(@Bi)does not induce
CAMPstrongly in H129 cells, sodium butyrate (NaB), a known induceCAMPn

colon cancer cell lines, was included for experiments witi?8i{Fig. 1 C &

D)Schauber et al., 2006)1,25(0OHD; and LCA strongly induced expression of both

the CAMRAFig. 1 A & E) amdYP24A(Fig. 1 B & F) genes in U937 and HaCaT cells. In
HT-29 cellsCAMPwas not strongly induced by 1,25(QBEjor LCA, but was inded

about fourfold by NaB (Fig. 1 CEYP24Ag&xpression was induced by LCA and
1,25(0OH)Ds in all cells tested (Fig. 1 B, D & F). The PUFAs (DHA, EPA, AA and LA) did
not induce humarCAMPor CYP24Agxpression in U937, HaCaT or28rcells (Fig. 1

A-F) CM consistently induced expression of huntxMPby about 3fold (n=3,

P<0.05) in U937 and k2P cells (Fig. 1 A & C) but not in HaCaT cells (Fig. 1 E). In all
three cell lines, CM did not indu€gYP24A(Fig. 1 B, D & F). To demonstrate that the
PUFAsised in this study were active, we examined expressidPAdP4a gene

induced by PUFASs binding the PBAdReptor in monocytegPelton et al., 1999)
FABP#xpression was induced in U937 cells demonstrating that the compounds

were functional (Fig. 2). To ensure that induction of CAMP or CYP24A1 did not peak
prior to 24 hours, we tested CM and DHA in a time course experiment (0, 3, 6, 12 and

24 hours) and observed maximal inductionrGAMPoy CM at 24 hours and no
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induction by DHA (data not shown). Collectively, these data indicate that PUFAs do
not act as lowaffinity agonists for the VDR and that CM indu€@MP but not

CYP24A1

3.2. CMelevates hCAP18 levels
Treatment of U937 cells with 10 nM 1,25(@By)increases levels of hCAP18 (the

protein encoded by the humaBAMPgene) secreted into the mediufjGombart et

al., 2005) We monitored secreted levels of hCAP18 in the medium by ELISA
(Gombart et al., 2005)Asexpected 10 nM 1,25(OHIp; increased secretion of
hCAP18 into the ndtum; however, treatment with 100 uM LCA and 1 nM
1,25(0OHyDs, which induceCAMPMRNA expression to similar levels, did not enhance
hCAP18 secretion and neither did CM nor the PUFAS3[Fighese results suggest
that modest increases IBAMPMRNA levelmay not lead to secretion of hCAP18

proteins in U937 cells.

To determine if induction cEAMPMRNA by CM would increase intracellular hCAP18
expression, U937 cells were treated with eitherrfd CM, 100rM DHA, 100vv

EPA, 100iM AA, 100rM LA, 100vM LCA or 10 nM 1,25(O4l); for 24 hours. The

hCAP18 levels were measured by intracellular staining and FACS. The PUFAs did not
increase hCAP18 levels (data not shown). CM increased the intracellular hCAP18

levels, however, they were lower than those indudsdLCA and 1,25(048 (Fig. 4).
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3.3. CMdoesnot enhancel,25(0OH)D; induction of CAMP expression
It was shown previously that treatment of Ca2aells with CM and 1,25(OiB)

resulted in a combinatorial activation of a transfected VELRE reporter castruct
(Bartik et al., 2011; Jurutka et al., 2007Mo determine if CM plus 1,25(QBEywould
activate theCAMPgene better than either compound alone, we treated U937 cells
with 15nM CM and increasing dosesh25(OH)D;. TheCAMPMRNA levels were
evaluated by gRPCR (Fig. 5). CM increassdMPMRNA levels by 2-#!d while 0.1
nM vitamin D induce€CAMPoy 6.5fold. The combination inducedAMPby 5.5fold
indicating no combinatorial activation of the gen&his lack of combinatorial

activation was observed with 1 nM and 10 nM 1,25(Dgj)as well (Fig. 5).

3.4 Induction othe CAMPgeneby CM does not require the VBRn the BMP
promoter.

We predicted that if CM induce@AMPhrough the VDR, then detion of the VDRE

in the CAMPpromoter should abrogate the induction. We transfect@dMP

promoter firefly luciferase reporters with or without the presence of the VDRE (pXP2
CAMPluc and pXPZAMPN | A VIR Lrdspectively, Fig. A) into U937 cells.

Camsistent with our previous repoiGombart et al., 2005Heletion of the VDRE in

the CAMPpromoter almost completely abolished induction of luciferase activity by
10 nM 1,25(OHPs; (Fig.6 B. On the other handzM was still capable of increasing
CAMPpromoter activity in the absence of the VDRE in the promoter GFg). 10niM

CM induced the luciferase activities by about tiedd regardless of the presence or
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absence of the VDRE. From these experiments, we concluded that induction of the

CAMPgene by CM doe®quire the VDRE

3.5 CM does not increase VDR binding to@#dVP gene promoter

CM does not appear to function as a ligand for the VDR, thus we predicted that it
would not increase VDR binding to the hum@AMPgene promoter. To test this, we
performed ChIP for VDR in U937 cells treated with CM, LCA and1,25{QH). 7).
We found that VDR binding to thi@AMPpromoter was increased with 1,25(QBj),
and LCA treatment and not by CM (Fig. 7), strongly suggesting thatdtigkd

humanCAMPexpression occurs through a VDiRlependent mechanism.

4. Discussion

VDR agosts are of great interest because of their potential therapeutic benefits in
treating cancer, psoriasis and other diseafes Borst et al., 2011; Peterlik et al.,

2009; Rucevic et al., 2009; Sun, 2011; Takiishli,e2011) Thousands of analogs

have been synthesized around the vitamin D backbone to reduce or eliminate its
hypercalcemicside effectdEduardeCanosa et al., 2010Another class of VDR

agonists is secondwamile acid LCA and its analdiehring et al., 200hat activate

VDR target genes without inducing hypercalce(ishizawa et al., 2008)The

identification of new agnists increases the toolbox of backbones upon which

additional analogs can be developed. To this end, we tested a group of potential VDR

ligands identified by a mammalian two hybrid systg@harutka et al., 2007We
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showed that CM modestly induced CAMP, but not CYP24A1 expression and that
PUFAs did not induce the mRNA levels these two VDR target genes in human
monocyte (U937), keratinocyte (HaCaT) or colon cance®i€ell lines. These
results suggest these cqraunds are not functional VDR agonists. On the other
hand, the known ligands, LCA and 1,25¢DkbBtrongly induced both genes. Of the
putative ligands tested, only CM increased intracellular levels of hCAP18. This
induction was observed in three of foakperiments and was less than either LCA or
1,25(0OH)Ds. The modest induction of CAMP by CM did not appear to occur through
the VDR. ChIP experiments showed that VDR binding tGAMPpromoter was not
increased by CM as it is by both LCA and 1,250HFurthermorewe

demonstrated byeporter assagthat CM activated theCAMPpromoter in the

absence of the VDRE

CM at the concentration we used can elicit ER st(Ps& et al., 20079nd a recent
study showe ER stress induces hum@AMPexpression in keratinocytd®ark et al.,
2011) We tested whether IE stress induce@ AMPAN our cell lines and were unable
to demonstrate a role for this mechanism (data not shown); therefore, ER stress
elicited by CM is not a likely mechanism for induction of hui@amMPgene
expression in our study. Collectively, thelmta argue that CM and PUFAs are not
low affinity ligands for the VDR and CM activai@&gMPexpression by a currently

unknown mechanism(s).
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The discrepancy between our work and the previous siddyutka et a).could be
attributed to several factors. First, recent molecular docking studies proposed that
two ligand binding pockets exist in the VDR ligand binding domain: the genomic and
alternative pockets. Vitamin D and its metabolites are ligands of thergenpocket
while CM is proposed to mainly bind to the alternative podiéénegaz et al., 2011)
Therefore, in the mammalian two hybrid system, the possible binding of CM to the
alternative pocket my have increased VDR/RXR dimerization; however, since CM
was a weak ligand of the genomic pocket, it did not activate transcription of VDR
target genes in our cell culture experiments. Second, prior studies demonstrated that
CM regulated the VDR targetrge CYP24A1 in Ca2cacells(Bartik et al., 2011) We

did not observe this in U937, HaCaT or29Tcells, suggesting that modulation of

VDR target genes by CM could be specific to the type of cell used.

Future eyperiments determining the crystal structure of the VDR/CM complex may
further define the role of CM as a VDR alternative pocket ligand. Also, additional
studies in other cell lines may be required to comprehensively understand the

possible function of Cnd PUFAs as VDR ligands.
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Table2.1 Primers and probes used for gFACR

Gene Primer Sequence Probe Sequence
CAMP F 5:GCTAACCTCTACCGCGBCCT p RAMACCCCAGGCCCACGATBER0 Q
R 5:GGTCACTGTCCCCATAGACC
CYP24A1 C -@AACGTTGGCTTCAGGAGAR p -@AMTGCGCATCTTCCATTTEHIRO Q
W -PABTTGCGGACAATCCASCA
FABP4 C -AGRACCATAACCTTAGATGGQG p -BAMATTCCACCACCAGTTTATCACTCGT
C -BGIGGAAGTGACGCCTITOA BHQlo O
CAMP C -@GBCAACETCCCTTGCAAGKD p -BAMCTCTAGGTTGGGGGTGGUGACTTCAT
CHIP C -TGRAAATTAGCCACGERT Q BHQo Q
RN18S1 F 5:AAACGGCTACCACATCGRAG 5'-FAMAGCAGGCGCGCAAATTAECTI0 Q

R 5*CCTCCAATGGATCCTCGEITA
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Figure2.1. Alternative VDR ligands fail to activate the human CAMP gene.
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U937 cells (A, B), B cells (C, D) and HaCaT cells (E, F) were treated with ]
nmM curcumin (CM), 108M docosahexaenoic acid (DHAPOnM
eicosapentaenoic aci(EPA), 10&M arachidonic acid (AA)YLOOnM linolenic
Acid (LA), 106M lithocholic acid (LCA) and 1 nM 1,25(¢glJor 24 hours. For
HT-29 cells, 2 mM sodium butyrate (NaBas used as positive control since
1,25(0OH)D;s is not a potent inducer of CAMP in these cells.- KR analysis of
humanCAMPA, C, and E) ar@dYP24A(B, D and F) mRNA levels were
normalized to 18S rRNA. Each panel is from one experiment, but is
representative of three independent experiments. *SignificaRi( 0.05)
difference compared witluntreated control
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Figure2.2. PUFAs and CM induced FABP4 expression in U937 cells.
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Figure2.3. Curcumin and PUFAS do not increase levels of secreted hCAP
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U937 cells were treated with 1@8M CM, 100rM DHA, 100rM EPA, 10&M
AA, 100nM LA, 100M LCA od,25(0OH)D3 (1 nM and 10nM) for 24 hours.
Culture medim was collected and subjected to ELISA to measure
extracellular hCAP18 protein levels. *Significéht 0.01) difference
compared with untreated control.
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Figure2.4. CM increases intracellular levels of AB18.
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U937 cells were treated with 18M CM, 100rM LCA and 1 nM 1,25(0OB)
for 24 hours. Intracellular hCAP18 levels were assessed by flow cytometr
This panel is from one experiment, but is representative of four independé

experiments.
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Figure2.5. CM does not cooperatively increase CAMP expression by
1,25(0OH)2D3.
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representative of two independent expenents. Levels ofCAMPexpression
were measured by gRFCR using primers and probe as described in Tablg
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Figure2.6. CM induces CAMP promoter activity in absence of VDRE.
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A) Schematic diagrams showetistructures of the twaCAMPpromoter-
luciferase reporter constructs used in this study. Solid filled black box
indicates the location afhe VDRE in th€ AMPporomoter. B) U937 cells were
electroporated with pXPZAMPIuc or pXPZLAMPN | A VIR plasinidand
then treated with 10nv CM, 10 nM 1,25(OkL); or vehicle for 20 hours. Dat
were presented as fold changes over the corresponding untreated contro
*Significant P< 0.05, n=3) difference compared with untreated control. Th
bar chart summarizes thesindependent experiments.




Figure2.7. CM does not enhance VDR binding to the human CAMP
promoter.

1.00%
0.80%
0.60%
0.40%

0.20%

ooy . R mm
Vehicle CM LCA 1,25D

percentage of 10% input

U937 cells were treated with 1M CM, 100vM LCA and 10 nNI,25(OH)D;
for 24 hours. ChromatihP was prformed as described in section 2.5. The
panel represents two independent experimentSignificant P< 0.05)
difference compared with untreated control.
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Abstract
The cathelicidin antimicrobial peptide (CAMP) gene is induced (351

dihydroxyvitamin B(1h,25(OH)Ds), lithocholic acid, curcumin, nicotinamide and
butyrate. Discovering additional small molecules that regulate its expression will
identify new molecular mechanisms involved in CAMP regulation and increase
understandng of how diet and nutrition can improve immune function. We
discovered that two stilbenoids, resveratrol and pterostilbene, induced CAMP
promoter-luciferase expression. Synergistic activation was observed when either
stilbenoid was combined withh125(OH,Ds. Both stilbenoids increased CAMP
MRNA and protein levels in the monocyte cell line U937 and synergy was observed in
both U937 and the keratinocyte cell line, HaCaT. Inhibition of resveratrol targets
sirtuin-1, estrogen receptor, cyclic AMP prodactiand the eJun Nterminal,
phophoinositide 3 and AMBctivated kinases did not block induction of CAMP by
resveratrol or synergy withh125(OH)Ds. Nevertheless, inhibition of the
extracellular signategulated 1/2 and p38 mitogeactivated protein kinases,
increased CAMP gene expression in combination WitR5(OH)D; suggesting that
inhibition of these kinases by resveratrol may ekplén part, its synergy with

vitamin D. Our findings demonstrate for the first time that stilbenoid compounds
may have the potential to boost the innate immune response by increasing CAMP

gene expression particularly in combination with,25(OH)Ds.
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1. Introduction

Modulating the expression of endogenoasstimicrobialpeptides (AMPS) or proteins
provides a viable approach for boosting the innate immune response as bacterial
pathogens are less likely to develop resistance to AiBesman, 2003) Nutrients
consumed in our food or through dietary supplements may provide a practical means
to improve immune function by increasing the expression of AlRsnpbell et al.,

2012) The humarmathelicidinantimicrobialpeptide CAMB gene is an ideal

candidate for increasing barrier defense as the peptide is effective at killing a wide
range of bateria and is expressed by both immune and epithelial ¢etbrer and

Ganz, 2002)

The expression of the hum@AMPI Sy S A & A Y R dzD§ IRhoahdlic mh T H p O h
acid, butyrate, and vitamin B&ombart et al., 2005; Kyme et al., 2012; Petial.,

2009; Schauber et al., 2006; Schauber et al., 2008; Termen et al., 2008; Wang et al.,
2004a) The first two compounds induce expression by acting as ligands for the

vitamin D receptor (VDR) which binds to t6@MPgene promoter{Gombart et al.,

2005; Wang et al., 2004&)utyrate treatment increases PU.1 and CREB1 recruitment

to the CAMP promotefChakraborty et al., 2009; Termen et al., 2088) vitamin B3

increases C/EBMinding to the CAMP promotéKyme et al., 2012)Based on a

mammalian twehybrid study, it was proposed that polyunsaturated fatty acids

(PUFAs) may act as low affinity ligands like lithocholic adlaus regulate VDR

target gene expressiofBartik et al., 2010) In this same study, curcumin was
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identified as novel ligand for the VDR in colon cancer cell and shown to induce
CYP24A1 gene expression. Rdgemte demonstrated that curcumin modestly
inducedCAMPgene expression through a VEdRlependent pathway in myeloid and

colon cells, but PUFAs did n@&uo et al., 2012)

In addition to the VDR, it was shown that the primary bile salt chenodeoxycholic acid
(CDCA) induced the expression of the human CAMP gene in a biliary carcinoma cell
line through the farnesoid X recept@-XRJD'Aldebert et al., 2009)It was proposed
that CDCA increased binding of FXR toG#d&1Ppromoter and activated gene
expression, but the binding site for FXR was not ident{fi#dldebert et al., 2009)

With the possibility of additional VDR ligands and other steroid hormone receptors
binding to the VDRE in tt@AMPpromoter, we hypothesized thaidditional small
moleculesnay modulateCAMPgeneexpression.Thediscovery of additional small
molecule regulators of th€AMPgene would increase our knowledge of the
biologically relevant pathways involved in regulatgMPgene expression and

could lead to better understanding of how diet and nutrition affect immdunaction
and/or the development of therapeutically useful natural compounds to boost the

innate immune response.

To identify new compounds that regulate CAMP gene expression, the NIH Clinical
Collection of 446 molecules that are being used in humanrcali trials was screened

in U937 myeloid cells transfected with the human cathelicidin promoter sequence
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cloned into the twestep transcriptional activator (TSTA) luciferase reporter construct
(lyer et al., 2001)We discovered that both resveratrol and pterostilbene activated
the CAMPpromoter and endogenou€ AMPgene expression was induced in both
myeloid and keratinocyte cell lines by either stilbenoid. Furthermore, when
pterostilbene or resveratrol was comtSnR ¢ A (i K g borisapafogsithére

was a significant synergistic increas€CiAMPgene expression above levels for cells

treated with either active vitamin D or the stilbenoid alone.

2. Materials and Methods

2.1 Cell Culture

The myeloid leukemia tidine U937and the keratinocyte cell line HaCa&re grown

in RPMI 164@r DMEM, respectivel\gupplemented with 10% FBS aaatibiotics

(100 units peirtillin/streptomycin; Life Technologies, Carlsbad, CA). Cells were
treated with various combinationsfawompoundsat concentrations and times

indicated in the figure legendResveratrol, 1,25 (OpDs; and sirtinol were purchased
from SigmaAldrich Corporationt. Laiis, MO); pterostilbene and fulvestrant were
purchased from VWR (Radnor, PA) &ayman Gémical CompanyAnn ArborMl),
respectively. The AMP kinase (AMPK) inhibitor ¥&.and adenylate cyclase
AYKAOARRRS 2 DS lo RS-PRAjViese Purchased FamSanta Cruz
Biotechnology, Inc. (Santa Cruz, CA). The kinase inhibitors for2HREID6244), p38
MAP kinase (SB203580)Jun kinase (SP600125) and PI3 kinase (LY294022) were all

purchased from Selleck Chemicals (Houston, TX).
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2.2 Small Molecule LibraScreen
A portion of thehumanCAMPpromoter (nucleotidex693 to +14)YGombart et al.,

2005)was cloned into the twestep transcriptional amplification vector that

expresses firefly luciferase (FFL) and was kindly provided by Michael Carey, University
of California at Los Angeles (Fig(Iggr et al., 2001)U937(5 x 10) cells were
transfected with 5 pg bthe TSTACAMPFFL and phTKRL that expredResilla

luciferase (RL; Promega Corporation, Madison, WI) for normalization of FFL
expression. Trasfections were performed usirtge Neon SystemiT{p-100,1400v,

30ms, Ipulse) as describelly the manufacturer (Life Technologjesdcells were
incubated with RPMI1640 mediusupplemented with 10% FBand no antibiotics. At

8 hpost transfectionthe cells wee evenly seeded into four 9%ell plates with
antibiotics and treated with control compounds (DM&hanol or 525(0OH)Ds) or

test compoundgrom the NIH Clinical Collection (NOQ3) (BioFocus DPI, Inc, Little
Chesterford, UK) a 10 M concentration. At 24 Ipost-transfection, DualGlo
Luciferase assays (Promega Corporation) were performed as instructed by the
manufacturerand quantified using SpectraMAXL luminometer (Molecular Devices,
Sunnyvale, CAXompounds that induced CAMP reporter activity were tested against
the promoterless TSTA vector to verify that induction was dependent on the

presence of the AMP promoter.

2.3RNA isolation and quantitative resme PCR (QRACR)
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Total RNA from 2 x @937 cells was prepared with Trizol as described by the

YIEydzZFl OGdzNBNJ 0[ AFS ¢SOKy2ft23ASave 'ttt O5bD
Superscript 11l reverse transcriptaae described by the manufacturer (Life

Technologies). The cDNAs were analyae@PCR using Tagman probes specific for

human CAMP, CYP24/&%actin and 18S rRNA as described previo(Glyo et al.,

2012) Reactions were performed in triplicfter each sample, normalized t018S

Nwb! FyR GKS F2fR OKFIy3S gt a OFfOdaZ I i SR d:
untreated) or the ratio of target gene/housekeeping gene (18S rRNA) was

determined (ratio = ?Cttarge{cﬁgg). To determine statistical sigrméince between two
RATFSNBY G YS -estwas performéddz®DPs). ra compare more than

G2 YSIyasz !bhx! gl a LISNF2N¥YSR F2{t26SR 0

procedure (p < 0.05).

2.4FlowCytometry
U937 cells were treated with - Yy 'a ™ BD3withp ab Wwithoiut 10uM

pterostilbene or resveratrol for 24 h. Cells were fixed, permeabilized, blocked and

stained with primary and secondary or secondary antibody alone as described
previously(Guo et al., 2012)The primary antibody for hCAIRB was rabbit anti

hCAP18, kindly provided by Niels Borregg&@uorensen et al., 1997and the

A4SO2YRIFENE FYy(iA02Re g & Flabt®lacksBnKi cndp Cl 6Q
Immunoresearch, Pike West Grove, BSA). Fluorescence activated cell sorting

(FACS) was performed on a BD FACSC#Hblwcytometer (BD Biosciences, San Jose,
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[V V{10 FYR 0UKS NBadzZ 6a 6SNBE Fylrfel SR o¢@

Biosciences).

3 Results

3.1 Chemical Librar§creen

To screen chemical libraries for small molecule activatoSANIPRgene expression, a
two-step transcriptional activator (TSTA) reporter constiiiger et al., 2001)
containing 710 bp of the upstream promoter regic96 to +14) of th&CAMPgene
was generated (Fig. 1). This strategy was utilipegligment the activity of the
humanCAMPpromoter (Gombart et al., 2005) Rather than directly inducing the
firefly luciferase gene (onstep activation), the&CAMPpromoter induces expression
of a GAL4DBMp16 fuson protein, a very potent transcriptional activator, that binds
to five GAL4 binding site repeats in the plasmid and thus driving expression of the
firefly luciferase gene (twstep activation, Fig. 1). Using this reporter construct
resulted in a 3610-fold increase in absolute firefly relative light units (RLUS) as

compared with the onestep construct (data not shown).

The expression of thEAMPgene is induced in the U937 myeloid leukemia cell line
gKSY Al Aa G NBDLER bugyvaté eCuraurnirfGomidati dt al.,

2005; Gombart et al., 2007; Guo et al., 2Q1Bgrefore, we selected this cell line for
transfection with the TST&AMRconstruct and the small molecule library screen. To

verify thatthis system would detect activators of the CAMP gene, U937 cells were
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transfected with TST-EAMPand treated with ethanol or DMSO (both negative
controls)or 1@ Yy a ™ h,Ds;fppsiive cahtrol). Ethanol and DMSO did not
activate the TSTRAMPO 2 vy & U NHzO (i = ,Djideieased FELagtivith Hy8
fold. A Zactor of 0.86 was calculated from three independent experiments
indicating that the system would bebust enough to detect activators of tf@AMP

gene (data not shown).

The NIH Clinical Collection was screened and compounds that induced the TSTA
CAMPpromoter construct Zfold or greater compared to the DMSO control, without
significantly decreasinglLRactivity, were retested in triplicate. Candidate compounds
that consistently activated the TST®MPconstruct were tested in triplicate on

U937 cells transfected with a promot&¥ss TSTA vector to exclude those compounds
that non-specifically activate the backbone of the vector (data not shown). The NIH
Clinical Collection compounds were also tested in combination withivLO

mh 3 H pDatb ideintify small molecules that could cooperatively ind@&MP
0$23S03KSNJ g D Rhrae compopnalshthgassed all of the criteria for
candidate activators, calcipitriene, resveratrol and pterostilbene, were used in
subsequent experiments. Calcipitriene is a synthetic derivative or analog of

m h X H pDawhlleresveratrol and pterostilbene belong to théllsénoid class of
compounds which are believed to have numerous health benefits. The identification

2F OFft OALIARUONRASYS g1 a y2i ZdNkindnd/BR 3 06 SOl d:
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ligand and would be expected to indu€AMPgene expression. Activatidoy both
VDR ligands demonstrated that the TSHAL assay was robust enough to identify

bona fide inducers of th€EAMPgene.

3.2 Induction of endogenous CAMP gene expression by candidate compounds

As a secondary screen, we tested the novel ability of me¢ra and pterostilbene to
increase endogenouUSAMPMRNA expression in cell cultur€AMPgene expression
was consistently induced2 fold in U937 cells treated with 10 uM resveratrol or
pterostilbene as compared to controls (Fig. 2A). Furthermore biaing either
pterostilbene or resveratrol (18 a 0 & A (0 K ;Dy(1CNMpindlucédiAMPevels

about3F 2 f R KA 3K S N}DilaheyFigMB EZ G)p 6 h 1 0

To determine if resveratrol specifically modulated expression of the CAMP gene or

vitamin D targegenes in general, we examined the response of another VDR target

gene, CYP24A1, and a AGDR target gene,-actin (Supplementary Fig. 1).

mMh T H pstrongly induced CYP24A1 mRNA expression, but resveratrol did not
(Supplementary Fig. 1A). In addit, a combinatorial induction was not observed

gA0K NBagSNI G DRASuppleyieRtarmfigs 1Ap 0Teé ekpression of

FOGAY gl a y20 AY Rd eRveratdl oraicamkisatth of boEhH p 0 h 1 0
(Supplementary Fig. 1B). Taken togethibe data suggest that resveratrol primarily
modulates CAMP gene expression and that it is not due to aspenific

transcriptional effect.
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HumanCAMPA Sy S SELINB&AaA2Y ABsinkefdiuzy®skR o0& wmMh IHp
(Schauber et al., 2006; Wang et al., 2004&) determine if the stilbenoids would

also induce CAMP in keratinocytes, HaCat cells were treated with resveratrol at 10

ka 2 NJ miDzanl® oMhdlone or a combination of both. There was no
significantincrease ifCAMPexpression in cells treated with resveratrol alone when

O2YLI NBR (2 G(KS dzy GNBIF G§SR 02y DyghéwedaCA I d o
small increase iICAMPexpression; however, in combination with resveratrol there

was an approximely threeF 2 f R A Y ONB I &d.5:;aBn@ FiyJ3mh Supdhl 0

3.3CAMPProtein Expression
To determine if stilbenoids induced CAMP protein (hCAP18) levels, intracellular

staining and FACS for hCAP18 was used to determine changes in protein expression
(Figno® !'a SELISOGSRI ! o 1.D:Q8M)ifoa24h FB.4BSR oA G
YR 53 a2f AR Odz2NWSaov aK2gSR | aA3IYyATFAOI Yy
fluorescent intensity compared with untreated cells (Fig. 4 A and C) indicating

inductionof hCAP18. A modest shift was observed in cells treated with either
NBE&GSNI GNRBE 2NJ LI SNE &G ADsindichtg tbamboth xk a 0 ¢ A (0 K
stilbenoids induced hCAP18 protein expression (Fig. 4 A and C, dashed or dotted

curves versus solid curvesells incubated with either resveratrol or pterostilbene

6mMn xalv (2380 KSNIng)showed mdredsedphCAPLprotein

expression with mean fluorescent intensities higher than those with either

compound alone (Fig. 4 B and D, dashed oregbtiurves versus solid curves). These
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results were consistent with the levels of induction of CAMP mRNA observed in U937

cells.

3.4 Mechanism of Induction of CAMP by Stilbenoids

The molecular targets that mediate the effects of resveratrol are numerads a

include siurtuins, cyclkand lipooxygenases, reductases, protein kinases and
transcription factorgPirola and Frojdo, 2008We tested several potential
resveratrol targets to determine the molecular mechanism by which it increased

CAMP gene gxession.

Estrogen ReceptoResveratrol is a phytoestrogen and acts as an agonist for the

estrogen recepto(Gehm et al., 1997Resveratrol induces expression of the VDR in
ERpositive breast cancer cell lingsus increasing the cell's sensitivity to

mh ¥ H pDg(Wietbke and Welsh, 2003)J937 cells express low levels of ER, but are
nonetheless responsive to estrogéDanel et &, 1985; Lu et al., 2004; Thongngarm

et al., 2003p 2S GNBFGSR ! ot OStfa oAl NBaISN.
for 24 hours and performed Western blotting for the VDR to determine if resveratrol
increased VDR expression. Expression levétedfDR were unchanged by these

treatments (Fig. 5 A) and estradiol did not increase VDR mRNA expression nor
SYyKFEyOS /!t at 3ISyS SELNSaGikBHB7 céllg @danét SNI 6 A
shown). Furthermore, treatment of cells with the ER antagonisekirant did not

0ft201 /!at AYRdzOGA2Y y2N) GKS aeySpEHAAGAO
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(Fig. 5 B) and resveratrdid not increase VDR binding to t@&AMPpromoter as
determined by ChIP (data not shown). Taken together, these data dauppbg
induction of CAMP via increased levels of VDR expression induced by resveratrol or

pterostilbene signaling through an fkediated pathway.

Activation of SirtlThe metabolic effects of resveratrol are tied to its ability to

indirectly activate Sirtin vivo(Beher et al., 2009; Borra et al., 2005; Kaeberlein et al.,
2005; Pacholec et al., 2010To determine if activation of Sirtl was involved in the
induction of CAMPgene expression, we treated cells witetSirt1 inhibitor sirtinol
(Grozinger et al., 2001pterostilbene and resveratrol induced CAMP gene expression
to similar levels in both untreated and sirtinbeated U937 cells and sirtinol did not
interferewii K (G KS & @&y S NBwher2cdmbimed Xith githér stilbenoid (Fig

6). Furthermore, NAM, another Sirt1 inhibitor, had no effect@hMPgene

expression in U937 cells (data not shown). Taken together, the data do not support a

role for Sirtl activatn in the induction of th&CAMPgene by either stilbenoid.

Activation of cCAMP signalingResveratrol increases cAMP levels by inhibiting cCAMP
degrading phosphodiesterases (PDESs) ultimately leading to the activation of the

I I Y Y-AMPK pathwayPark et al., 2012) This pathway activates both P@® | y R
Sirtl and may explain the metabolic effects of resvergfeairk et al., 2012)cAMP
signaling is very complex and numasoother transcription factors are activated

including thecAMP responsive element binding proteitREB1(Hoeffler et al.,
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1988) cAMP signaling induces CAMP gene expression in mucosal epithelial cells via
activation of the CREB1 and activator prot&ifARL) transcription factors

(Chakraborty et al., 2009)To determine if an increase of CAMP levels mediated the
induction of CAMP bgesveratro| we pretreated U937 cells with the adenyl cyclase
inhibitor2'5-RA RS 2 E & | R S-PRAkbISE the productivmof cAMP, but

CAMP induction byesveratrolwas not blocked (Fig. 7). Furthermore, cells treated

with the PDE inhibitor rolipram, which mimiessveratrolby increasing CAMP levels,

did not increase cathelicidin expression (data natwsh) nor did stimulating cAMP
production with forskolin (data not shown). Taken together these data do not
support a role for increased cAMP levels in mediating the induction of CAMP

expression in U937 monocytic cellsregveratrolor pterostilbene.

Modulation of Erk1/2, p38 MAPK, JNK, PI3K and AMPK pathResgeratrol
modulates the MAPK, PI3K/AKT and AMPK signaling patiiRewgt and Frojdo,
2008) To determine if one or more of these pathways is involved in the action of
resveratrolon the irduction of CAMPgene expression, we treated U937 cells with
inhibitors of these kinases and determined the effect they hacCaPnduction
with or withoutm " = H pDa. hNumherous studies in different cell culture systems
have demonstrated thatesveratol inhibits MAPK activit{fEFMowafy and White,
1999; Yu et al., 2001; Zhang, 200&) U937 cells treated with the MAPK inhibitors

AZD6244 (ERK1/2), SB203580 (p38 MAPK) and SP600125 (JNK), none of the inhibitors
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alone or in combination with resveratrol induc€RMPgene expression (Fig. 8A,
Untreated) nor did they enhance or impair induction of tBAMPgene in a
statistically significant manner (Fig. 8A, RSV). In combinatiorwiittE H pOg, h | 0
ERK1/2 and p38 MAPK inhibitors increased CAMP expression abod¥bhigher
thanm h X H pDjdiohei(Fig. 8A, 1,25D3). However, neither was as effective as
resveratrolwhich increased CAMP expression >200% aboveX H pDjdiohei(Fig.
8A,1,25D) and inhibition of INK did not affect CAMP inductiomby ~ 1 pDa.h | 0
Inhibition of ERK1/2, p38 MAPK or JNK did not block the synergy observed with the
combination ofresveratroland 1,25(OHpP; and, in fact, CAMP levels were increased
above thog seen with the combination alone (Fig. 8A, RSV + 3)29Dese

increases were likely due to the effect of these inhibitors on the induction by

mMh ZHpDB.hI 0O

Resveratroinhibits PI3K activitgFrojdo et al., 200) and so we tested the effect of

PI3K inhibition on induction of theAMPgene bym h ¥ H pDy. Hnduktion of CAMP

0 e wmh b planddr i@ combination with resveratrol was inhibited by the PI3K
AYKAOAU2NI [, Hpbnnnu 3 @DdandresvérStrolavasystiNA e 2 F
maintained(Fig. 8A, 1,25D3 vs RSV+1,25D3). The inhibition of VDR target genes by
PI13K inhibition was described previously and suggests that the overall reduction in
CAMP expression is due to the effect of LY294002 on the vitangodptor

(Dwivedi et al., 2010; Hmama et al., 1999)

M h
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Resveratrol activates the AMPK pathw®gaur et al., 2006; Park et al., 2007a; Zang et

al., 2006) therefore, we testedhe effect of AMPK inhibition on induction of the

CAMPASY S o6& ,mh Tha AMPK inhibitor BM75 had no statistically
AAIYAFTAOLYy G STTFSO0.DAoindicKEAMP éxprésdion Bor v@a¥ MM I H

the synergy with resveratrol affected by BMI5 (Fig. 8B).

Taken together, the data suggests that the inhibition of ERK1/2 and p38 MAPK by
resveratrol may contribute to the enhanced expression of the CAMP gene observed
GAOK G0KS O2YO0AYl UA2Y BfbuthBtinadfitibndoNIRK | YR ™
PI3K and AMPK activities by resveratrol do not play a role in the synergy observed
0Si6SSy wDiandirgsderatrod

3.5Combinatorial induction of CAMP gene expression by stilbenoids and
mh > H pDjdnadlags.

{8y UKSGAO I yI,D:2r8 ded 2liffically beEauge thaylhave a similar or

higher affinity for the VDR, but display significantly less activity in regulating calcium
YSGFo2ftAayY yR OFdzaAy3a KBUBempdt d.Q8INA L | & R
We tested whether a combination of stilbenoid with calcipitriene (Dovonex, Leo

Pharma, Inc., Parsippany, NJ), an analog used topically to treat plaque psoriasis, and
paricalcitol (Zemplar, Abbott Laboratories, Abbott Park, IL), another anakxdto

prevent or treatsecondary hyperparathyroidisassociated witkchronic renal

failure, would induce CAMP expression in U937 cells (Fid3&h resveratrol and

pterostilbene induced CAMP mRNA levels thi@@0-fold higher than paracalcitol
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alone (Fig. 9Aand fourto-eight-fold higher than calcipitriene alone (Fig. 9B). These
data demonstrate that both stilbenoids synergistically activate CAMP gene

expression with vitamin D analogs.

4. Discussion

Screening of the NIH Clinical Collection of 446 compounbi®lthe novel discovery

of two stilbenoids that induce the human CAMP gene. Although the induction of

CAMP by resveratrol and pterostilbene was modest, they synergistically induced
CAMPASYS SELINBaarzy ¢KSy.DORi¥symegpwRs 6 A G K mh I
observed in both monocyte and keratinocyte cell lines. The only other bona fide

AYRAZOSNI ARSYGATASR Ay (KS ORbrl&gOiArAz2y o1 &

Resveratrol has numerous Welocumented health benefits; however, its

mechanisms of action remain unclear because direct molecular targets of resveratrol

are numerous and difficult to identif§Pirola and Frojdo, 2008)We tested the

potential role for several molecular tagts in mediating the effects of resveratrol on

vitamin D induction o€CAMPgene pression. This included induction of VDR levels

08 IOUGAGIGA2Y 2F 9whx TOUAGIGAZ2Y 2F {ANIwm
of MAPK, PI3K and AMPK activities. These pathways do not appear to be involved in

the synergy that we observe, buteahinhibition of ERK1/2 and p38 MAPK enhanced

mh > H pDaihdudbion of CAMP suggesting that the effect of resveratrol on CAMP

expression may be due, in part, to the inhibition of these kinases. Expression of the
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VDR target gene CYP24A1 was not enhanceddweratrol alone or in combination

g A 0K ™ b suggeésting that the effect on CAMP expression was not due to an
enhancement of vitamin 8ignaling in general. The differential recruitment of
transcriptional factors or cofactors to the CAMP genenpoter remains to be

determined.

Resveratrol has been shown to induce endoplasmic reticulum stress and we have
observed increased XBPsplicing in our cells treated with resveratrol (data not
shown)(Park et al., 207b; Wang et al., 2011Furthermore, Park and colleagues
showed that endoplasmic reticulum stress induced with either thapsigargin (Tg) or
tunicamycin increased expression of t@&MPgene in HaCaT and normal human
keratinocytegPark et al., 2011 Nevertheless, they demonstrated that the induction
2T SYR2LI I AYAO NBGAOdz dzY gDiddBaishowray GKS
synergistic effect, but instead suppressed vitamim@uced CAMP expressigRark

et al., 2011) These findings would indicate that endoplasmic reticulum stress
induced by resveratrol does not contribute to the synergy that we observed in this

study.

Although, the mechanism by which resveratrol icda CAMP gene expression
remains unclear, the discovery that resveratrol in combination with vitamin D
enhances CAMP gene expression is intriguing and consistent with previous findings

that a number of natural small molecules regulate CAMP expre¢Siampbell et al.,

LIN
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2012) The potential of combining vitamin D with stilbenoids to improve immunity
remains to be determined. Bioavailability of stilbenoids upwgir oral consumption

is a problem as they are metabolized into glucuronated and sulfonated byproducts by
the intestine and livefWalle, 2011) Ne\ertheless, topical applications to improve
barrier defense in wounds or infections could be envisioned as active forms of
vitamin D are used to treat psoriasis and resveratrol is used in cosnfiiBagter,

2008; Benard and Berthon, 2000; Guilhou, 1998nterestingly, topical resveratrol
inhibits herpes simplex virus replicatianvitro andin vivoin mice(Docherty et al.,

1999; Docherty et al., 2004)Future work is rguired to determine if vitamin D alone

or in combination with resveratrol will be useful for boosting the innate immune

response or barrier defense against infection.
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Figure3.1. Schematic of TSFACAMRFFL reporte plasmid.
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Small molecules that induce expression from the human CAMP promoter
leads to the expression of the GAYR16 fusion transcription activator
protein. This transcriptional activator binds to the five GAL4 binding sites
upstream of the minimal pmoter driving expression of the firefly luciferase
(FFL) gene. Activation of the CAMP promoter by the small molecule is
indirectly measured by the amount of luciferase actiyltyer et al., 2001)
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Figure3.2. Induction of endogenous CAMP gene expression by stilbenoid
compounds.
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(Panel A) U937 cells were treated with either vehicle (untreated) 10 uM

pterostilbene (PTR) or resveratrol (RSV). Synergistic ioduat CAMP gene
expression by both stilbenoid compounds and 1,25¢0k)U937 cells were
treated with 1,25(OHPs;and either without (w/out) or with (w/) 10 uM PTR
(panel B) or RSV (panel C). Levels of CAMP gene expression were mea
by qRTPCR andarmalized to 18S rRNA levels. Results are shown as folg
change compared to cells without the stilbenoid (panel A) or 1,25(DH)
LI ySta . FYyR /0@ {GFrGAEAGAOLT -a)
test, *p=0.01; *p<0.0001, #p<0.05 and ##p<0.0
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Figure3.3. Induction of endogenous CAMP gene expression by resveratrg

(RSV) in combination with vehicle (untreated) or 1,25(0OH)2D3 (1,25D3) if
human keratinocytes.
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The human HaCaT cell line wasatedl with either ethanol vehicle, 10 uM
RSV, 10 nM 1,25(0O4B} or a combination. Levels of CAMP gene expressid
were measured by gRFCR and normalized to 18S rRNA levels. Results 3
shown as a ratio of CAMP/18S. Statistical significance was deterosiregl
I { ( dzR&Sty*1=0.6007 Data are from twiadependent experiments.
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Figure3.4.Induction of cathelicidin protein (hCAP18) expression in U937
cells by stilbenoid compounds.

U937 cells werereated with either 10 uM resveratrol (RSV, panel A) or 10
MM pterostilbene (PTR, panel C) alone or in combination with 1 nM
1,25(0OH)Ds (Panels B and D). Intracellular staining for hnCAP18 and FAC
used to determine the expression level of hCAP18 encills. Results are
representative of two individual experiments.








































































































































