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Zusammenfassung

1.%dza | YYSY Tl aadzy3

Diese Arbeit setzt sich aus vier Teilbereichen zusammen, welaich ihre Fragestellungen

im Zusammenhang stehen und in jeweils einer Publikation endeten. Zentral ist dabei vor allem
die ldee Small Moleculeswelche ein intrazellularegiel (vornehmlictiRezeptorenpesitzen,
pharmakokinetischverfigbar zu machen und in hoéherer Konzentration in relevante
Zellkompartimente zu akkumulieren. Dafur wurdenskrolidische Grundstrukturen, in der
Regel aufgebaut auf Azithromycin, verwendet und dienten als Tradekiilo Die
Eigenschaften dieser Azithromydifolekile beruhten auf ihren bekannten F&higkeiten
metabolisch stabilind saureresistent zu sein und gleichzeitig in einem hohen Mal3e in Gewebe
und Immunzellen zu akkumulierePazu wurden an diélydroxygruppenn den Positionen
MMYE HWY dzyR nda RSa !'TAGKNRY@OAya N@®SpwhaBAyYyS 9
oder Butyrat)ozw. Methylfumarat gekoppelt.

Kurzkettige Fettsduren bzw. SCFAs sind wasserlosliche Carbonsauren mit weniger als sechs
Kohlenstoffatomen. Sie entstehen gréf3tenteils durch bakterielle Fermentation von
Ballaststoffen im Darm und sind anaerobe Stoffwecls®lprodukte. Neben der Nutzuntsa
Energiequelle fur Epithelzellen sind sie wichtig fir die Kommunikation zwischen dem
Darmmikrobiom und dem Immunsystem des Wirts. Eine ballaststoffarme Ern&hrung und
damit eine geringere Menge an SCFAs wird in Zusammenhang mit verschiedenen
Autoimmunerkankungen gebracht. DiRegulierungdes Immunsystems lauft hierbei Uber

free fatty acid Rezeptoren (FFAR2 und FFAR3), welechter anderem lysosomal in
Immunzellen vorkommen. Um diese Rezeptoren spezifisch anzuspresheten 11-H W &
Triester von Propiorta und Butyrat mit Azithromycin synthetisiert und auf ihre
pharmakologischen Eigenschaften untersudfiir die genauere Evaluierung déerteilung

und der Stabilitéat dieser Substanzen wurden zusatzlich alle moglichen Hydrolyseprodukte
synthetisiert (je drei Diester und drei Monoester fur beide Fettsdurederivds)wurden
anschlieBendpharmakologische Studien in M&ausen durchgefihrt, welche zeigen konnten,
dass diese makrolidischen Sdbdivate schnell aufgenommen werden und sehr gut in
Gewebe penetrieren kdnnen. Es konnte weiterhin gezeigt werden, dass diese Substanzen
spezifisch in definierten Geweben unterschiedlich hydrolysiert werden. Abweichend von

zundchst gemessenein vitro Stabilitdten zeigte sicim vivg dassbestimmte Darmabschnitte
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(Jejunum und teilweise Duodenum) und Lebergewebe in der siagdie eigentlich stabilere

n €esterbindung zu spalten.

In vergleichbarer Weise sollten die Derivate ed Fumarate angegangen werden.
Dimethylfumarat findet Verwendung als aimiflammatorisches Medikament bei Psoriasis
und Multipler Sklerose. Der genau Wirkmechanismus ist nicht geklart, jedoch wird vermutet,
dass entweder die Michadddition der Doppelbidung der Fumarate an Thiole (haufig
Glutathion) oder die agonistische Bindung an degeRoppelten Rezeptor GPR1094n

I SYGdNF £ SNI . SRSdziidzy3 aAyR® 5AS Y2LILX dzy3d G2y a
dzy Rk 2RSNJ naov &zt t i Se Veriigh&rkeid eBraiched Ni& damyjt §aMbhl S f d:
Glutathion (oder moéglicherweise andere Thimhgende Stoffe) als auch den lysosomalen
GPR109A ansprecheBs konnte gezeigt werden, dass e#ugderst schnelle Reaktion mit
Glutathion inin vitroundin situstéttfindet und dort auch eine effektive antnflammatorische
Reaktionauslost(etwa 25fach geringere Konzentration notwendig als im Vergleich DMF um
TNE und -1 signifikant zu reduzieren)Dies trifft vor allem aufSubstanzen min &
Fumaratenzu, welcheein stabiles und nachweisbares Produkt mit Glutathion eingehen
konnten. In Psoriasis Mausmodellen zeigten sich jedoch die Verbindungen mit den leichter
K& RNR f & & A-Bshin | alsB yWirksambt. Sie waren in der Lage niedrigen
Konzentrationsbereichen @ bis 0,12 mg/kg)Cremeinduzierte Hautverdnderungen
abzumildern und die Genexpression von{mflammatorischen Zytokinen ¢ b C-L73, ILL |
17F, 16, Ikmi = b [ wi23A)zdmérRngdrrDiese Daten deutedaherdarauf hin, dass

in vivorelevante Mechanismen auf die Interaktion mit GPR109A angewiesen sind.

Die endosomalen Tdike Rezeptoren(TLR7 und 8 spielen eine zentrale Rolle in der
Erkennung von viralen Infektionen und sind damit ein wichtiger Teil der angeborenen
Immunantwort. Neben den natirlich vorkommenden einzelstrangigen RNAs sind vor allem
Imidazoquinoline (z.B. Imiguimod oder Resiquimod) als Agonisten bekannt. Nachteilig an
diesen synthetischen Agonisten sind ihre starken Nebenwirkungen bei systemischer
Anwendung. Dies lgt vermutlich an einer schnellen Metabolisierung und Eliminierung der
Substanzen und damit einhergehend niedrigen Ad@a under the curyeund hoherer
maximaler Konzentrationwas zu einer scharf ansteigenden und schlecht vertraglichen
Zytokin Freisetzum fuhrt. Die in dieser Arbeit vorgestellten TLRAonisten nutzen das
bekannte Bindungsmotiv aus den Imidazoquinolinen und binden dies Uuber - nicht

hydrolysierbare Amidbindungen an Azithromycimburch die @durch veranderten
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pharmakokinetischen Eigenschaft wurden bessere AUC unédine geringere maximale
Y2YT SYGiNIGA2Y SNNBAOKG® 5AS [SAGadomaidlyl Sy
menschlichen Leukozyten im gleichen Bereich wie Resiquimod, induzieren aber mindestens
10t Sy A3ISNI ¢ b Ch DidsyieR RidhSna Matismodellarépdudieren, in
welchem TLR8 keine bekannte Aktivitat gegenulsanall Moleculeszeigt. Die neuen
Substanzen zeigten, unabhéngig ob gekoppelt an ein Makrolid oder als ungebundenes
sekundéares Amin, eine langere Exposition asidiimod und damit auch eine verénderte
Kinetik in der Freisetzung proinflammatorischer Zytokine. Diese Ergebnisse kdnnten Probleme
bei der Vertraglichkeit lindern und geben Einblicke in die TLRKi{®ierung dieser
Substanzklasse.

Ein weiterer Teil dies Arbeit war die Untersuchung und Weiterentwicklung v@reme
induzierten Psoriasis Mausmotk. Es handelt sich dabei um eibei Mausen meist durch

die Applikation von Aldaf@ausgeldste, lokale Hautveranderung, welche sich durch Rétung,
Schuppen und/erdickung optisch dufRert und eine Ausschittwng proinflammatorischen
Zytokinen bewirkt. Aldara® wird eigentlich zur Behandlung von Basalidltkrebs,
aktinischer Keratose und Feigwarzen und kutanen Warzen verwendet und enthélt Imiquimod
als Wirkstof, welcher im Mausmodell auch als Induktionsstoff publiziert ist. Es zeigte sich
jedoch, dass die Induktion auch stark abhangig ist von dem zugesetzten Hilfsstoff
Isostearinsaure. Im Mausmodell konnte gezeigt werden, dass Cremeformulierungen, welche
Isostaarinsédure beinhalteten innerhalb von 2 Tage zu einer lokalen Hautentziindung gefuhrt
haben, wahrend Imiquimotialtige Cremes bis zu 5 Tage flr eine Hautreaktion benotigten. Es
konnte weiter gezeigt werden, dass Isostearinsaueemutlich Uber eine Inflammasm-
Aktivierung die Ausschittung von proinflammatorischen Zytokinen begunstigt hat. Insgesamt
zeigen die Daten, dass Psoriagisnliche Hautreaktionen bei Mausen starker von
Isostearinsdure angetrieben werden, als allgemein berichtet,wiats bei der Verendung

dieses Mausmodells zwingend mitbeachtet werden muss.



Abstract

2.1 0&a0 NI O

This work is composed of four salbeas, which aréroadlyinterrelated and eaclof which
resulted in a publication. The central ideeas to make small molecules, which have an
intracellulartarget (primarily receptors)pharmacologically available and to accumulate them

in high concentrations ithe relevant cell compartments. For this purpose, basic macrolidic
structures, usually built omazithromycin, were usednd actedas the carrier molecule. The
properties of these azithromycin derivatives were based on their known ability to be
metabolically stable, acitesistant, and to accumulate to a high degree in tissue and immune
cells. Theradre, shortchain fatty acids (propionate or butyrate) or methyl fumarate were
coupled to the hydroxy groups in positions 11, 2' and 4" of azithromycin via an ester bond.
Shortchain fatty acids or SCFAs are wageluble carboxylic acids with less than cixbon
atoms. They are largely formed by bacterial fermentation of dietary fiber in the intestine and
are anaerobic metabolic end products. In addition to being used as an energy source for
epithelial cells, they are important for communication betweese tjut microbiome and the

host immune system. A diet low in fiber and thus lower in SCFAs has been linked to various
autoimmune diseases. The free fatty acid receptors (FFAR2 and FFAR3) are part of the immune
system and can be found lysosomally in immunbscén order to specifically target these
receptors, 112'-4" triester of propionate and butyrate were coupled to azithromycin and
investigated for their pharmacological properties. In order to evaluate the distribution and
stability of these compounds idetail, all possible hydrolysis products weadditionally
synthesized (three diesters and three monoesters, each for both fatty acid derivatives).
Subsequently, pharmacological studies were carried out in mice, which showed that these
macrolide SCFA deatives are rapidly absorbed and can penetrate tissues very well. It was
further shown that these substances are specifically hydrolyzed differently in defined tissues.
Deviating from the initially measureith vitro stabilities, it was showin vivothat certain
intestinal sections (jejunum and partially duodenum) and liver tissue are able to cleave the
more stable 4-ester bond.

In a similar way, the derivatives of fumarates were addressed. Dimethyl fumaaaiese as

an anttinflammatory drug against ps@asis and multiple sclerosis. The exact mechanism of
action is not fully understood, but either a Michael addition of the double bond of the
fumarates to thiols (often glutathione) or agonistic binding to thecdiipled receptor

GPR109A is thought to berteal to this. The coupling of methyl fumarate to azithromycin (in

4
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positions 2' and/or 4") should achieve better intracellular availability, thus targeting both
glutathione and the lysosomal GPR109A. What was demonstrated is an extremely fast
response to titathione inin vitro and in situ experiments and also an effective anti
inflammatory response (about 2®wld lower concentration needed than in comparison to

5aC F2NJ aA3AYyATAOl Yivi WB&artpounds yithZ2fimatatesgWhich y R L [
were able to form a stable and detectable product with glutathione. However, in psoriasis
mouse modelsjow doses (0.06 bis 0.12 mg/kg) thle compounds with the more readily
hydrolyzable 2esterswere shown to be more effective. They were able to attenuatanor

induced skin lesions and reduce gene expression ohpyo¥ £ I YY I 12 NB QA 21 Ay S
IL-17F, I6, Ibmi X b [ wt28A). TheséRlataLs[iggest thalevantin vivomechanisms

rely on interactios with GPR109A.

The endosomal Telike receptas TLR7 and 8 play a central role in the recognition of viral
infections and are an important part of the innate immune response. In addition to naturally
occurring singlestranded RNAs, imidazoquinolines (elmiquimod orResiquimogd are the

most weltknown agonists. Disadvantages of these synthetic agonists are their strong side
effects when used systemically. Thidikely due to rapid metabolization and elimination of

the compounds with consequently low AUC (area under the cynand higher peak
concentratiors, resulting in a sharply increasing and poorly toleratldase ottytokines. The

TLR7/8 agonists presented in this work utilize the known binding motif from the
imidazoquinolines and link this to azithromycin \@anon-hydrolyzable amide bond. The

resulting changes in pharmacokinetic properties resulted ipetter AUC and lower peak
O2yOSYUuUNYGA2y®d ¢KS fSIFIR O2YLR2dzyRa AYyRdzOSR L
same range aBesiquimod, butinduced atleast¥0ldISa a4 ¢bCh Ay (GKAA&a aeail
reproduced in a mouse model, in which TLR8 shows no known activity toward small molecules.
The new compounds, whether coupled to a macrolide or as an unbound secondary amine,
showed longer exposure thaResiquimod andthus altered kinetics in the release of
proinflammatory cytokines. These results may alleviate tolerability issues and provide insight

into TLR7/8 activation of this class of compounds.

Additionally in the course of this work, the creamduced psoriasisnouse model was
investigated. For this model local skin change in mice is triggered by the application offAldara
which visually manifests itself agbor, scaling and thickening and causes a release of pro

inflammatory cytokines. Aldaf@wasoriginallyused for the treatment of basal cell skin cancer,
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actinic keratosis and cutaneous warts and contains imiquimod as the active ingredient, which
is also published as an inducer in this murine psoriasis model. However, it was shown that the
induction is alsstrongly dependent on the excipient isostearic acid. In our mouse model, we
showed that cream formulations containing isostearic acid induced local skin inflammation
within 2 days, while creams containing imiquimod required up to 5 days for a skin reaction
Isostearic acid was further shown to promote the release of proinflammatory cytokines via
inflammasome activation. Overall, the data show that psoribkgsskin reactions in mice are
driven more strongly by isostearic acid than is commonly reporé@dmportant point to

considerwhen using this mouse model.
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4.9A Yt SAldzy 3

Eine zentrale Herausforderundpei der Entwicklung neuer Medikamente stellt die
Pharmakokinetikdar. Die Einnahme durch Patientinnen soll mdglichst komfortabel, sein
jedoch musgleichzeitig der applizierte Stoff das Targgit erreichen und die notwendige
Stabilitat aufweisen um so eineWirksamkeit zu habenDas halbsynthetische Makrolid

Azithromycinverbindet diese Eigenschaften

4.1. Azithromycin

Makrolide sindeine Klasse von Verbindungen, welche naturlich oder semisynthetisch
vorkommen und aus einem Lactonring mit 14 bis 16 Atomen bestehd mindestens einen
Zucker beinhalten!. Azithromycin (@eoxy9aaza9a-methyF9a-homoerythromycin A
Abbidung 1 entstand aus der Erweiterung des Lactonrings von Erythromyeém
urspranglich in der Natur vorkommenden Makrolah der Position 9 durch die Einfihrung
einer Methylaminogruppeund war damit der erste Vertreter der Klasse der Azalideurch

die zweite Aminogruppevird im Vergleich zu Erythromyceine bessere Stabilitat bei sauren
pHWerten und eine vorteilhaftere Pharmakokinetikerreicht, welche Azithromycin einen

breiten Einsatz als Antibiotikum verschaftig

Desosamin

Lactonring

W
Cladinose

Abbildung 1. Struktur von Azithromycirmit den beiden Zuckern Desosamin und Cladinose am zentralen Lactonring.
Nummeriert sind die Positionen, welche fir die Synthesen von Interesse warsiellt mitChemDraw 20.1.

4.1.1 Pharmakokinetik und lysosomale Aufnahme

Azithromycin wird nach oraler Gabe sehr schnell resorbiert und in Gewebe verteilt.
Vorzugsweise sind dies Lunge, Leber, Milz und Haut. Azithromycin erreicht so ein Gewebe zu
Serum Verhaltnis vom 1®is 100fachen, wohingegen Erythromycin einen Faktor von etwa

0,5 bis 5 erreicht. Uber dieses Gewebe ist eine langsame Riickfiihrung in den Blutkreislauf

10
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vorhanden, wodurch eine lange Wirksamkeit erreicht wikdch 12 bis 48 Stunden nach Gabe
einer Einzeldosis (500 mg) wurden noch Konzentrationen @ tnig/kg) in Gewebe erreicht,
die oberhalb der MH#§ (Minimale HemmKonzentration fir 90% der Bakterienstamme) lagen
5. Die Eliminierung erfolgbrimar biliar mit den Faeces, zu einem kleinen Teil auch Uber den

Urin .

Extrazelluldres

Medium
Lysosom
B B pH=~4-5
A
ﬂH* P H
BH* gz P BH gz BH

Abbildung 2. Subzellulére Verteilung von schwachen Ba@endiesem Fall von makrolidbasierten Wirkstoffen) zwischen
extrazellularem Medium, Zytosol und saurem LysosBnrstellt mit Biorender. Angepasst gusnd JULA.

In vitro Studien zeigten eine subzellulare Verteilung von AzithromycirLyisosomen,
intrazellulare Vesikel zum Verdau von Materiallegi saurem pHWert 7. Die Aufnahme in
Zellen erfolgt Uber einen kurzen Zeitraum werdeicht einen Faktor von Gber 200 im Vergleich
zum extrazellularen Mediuf®. Dies geschieht in der Regel durch einen passiven Influx in die
sauren Kompartimente, eine anschlielRende Protonierung der Substanzen und dadurch einen
sehr geringen Anteil an Efflux unthe langsame Rickverteilurggbbildung 2) Dieser Effekt

ist typisch fir schwache Basen, wi@n Beispiel Makrolide

Lysosomale Kompartimengeichnen sich aus durch inféhigkeit zellfremdes und zelleigenes
Material zu verdauen. Dies geschieht dudik dort im sauren pkFBereich aktiven Enzyme
(Proteasen, Lipasen und Nukleasenglcheeingeschlossene Pathogene wie Bakterien und
Viren verdaen. Beim Verdau freigesetzidolekile und Strukturmotive, welche als pathogen
assoziierte molekulare Muster (PAM) bezeichnet werden, kdénnen durch Rezeptoren
innerhalb der Zelle erkannt werden. SogenanRttern RecognitioRezeptorenPRRs3ind

ein zentraler Teil der angeborenen Immunantwort und kommen sowohl an Zelloberflache, als
auch intrazellular vor. Zu dentrazellularen Rezeptoren gehor&ODlikeRezeptoren (NLRS),
einige Toltike Rezeptoren TLR7, 8 und)9aber auch bei der Phagozytose eingeschlossene
membranstandige Rezeptoren, wie kurzkettigen Carbonsdure Rezepfoeenfatty acid
receptor 2 (FFARR FFAR3 und GPR109A° Anhand dieser Rezeptoremrkennen

Immunzellen potentielle Pathogene oder deren Strukturmotive.
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Ein Beispiel dafur isSsPR108 ein G-Proteingekoppelte Membranrezeptor, welcher Niacin,
Buttersdure undMonomethylfumarat MMF) als endogene Agonisten binden kann und von
Keratinozyten und Immunzellen, insbesondere von Neutrophilemd Makrophagen
exprimiert wird 1. Eire Aktivierung von GPR109A steht im Zusammenhang mit dem anti
inflammataischen und protektivem Schutz von DMF in Mi®&l bei Psoriasid®'2 Des
Weiteren fuhrt die Aktivierungzur Ausschittung von geféfwveiternden Prostaglandinen,
was eine Erklarung fur das haufig auftreterfelashing(Erréten) ist'2.

FFAR2 und FFAR3 gehoetrenfallszur Klasse def>-Proteingekoppelten Rezeptoren (auch
bekannt unter den Namen GPR43 fur FFAR2 bzw. GPR41 fur FFAR3), wobei beide stark in
Immunzellen exprimiert werdenZusatzlich kommt FFAR2 in Fettgewebe, lleum und Colon
vor. FFAR3 ist ebenfalls in Fettgewebe, aber auch in Milz und anderem immunrelevantem
Gewebe exprimiert®15 Dabei spielen sie eine Rolle unter anderem in der Hemmung von
Entzindungsprozessen und der Krebsbildungy, 8Starkung verschiedener Elemente der
Dickdarmbarriere und bei der Verringerung von oxidativem Stte<sine Aktivierung von
FFAR2 und 3 fuhminter anderemzu einer Verringerung de€hemokine bzwZytokine
ChemokinLigand (CCL)1, CCL2,-GBF (GranulozyteviakrophagerKoloniestimulierende
Faktor), I[L1h H-1i  dzy' R -1¥laskichea Interzellulares Zelladhasionsmolekdl.1)

Als ein zentraler Teil der angeborenen ImmunitatdsiToltlike Rezeptoren in der Lage
unterschiedliche Pathogene anhand spezifischer Mustihér auch Teil der Klasse der
MustererkennungsrezeptorenPattern Recognition Receptord®RR))zu erkennen. Sie
konnten in allen Wirbeltieren, aber auch in einfach@rganismen (urspriingliche Entdeckung
in Drosophila melanogasteals ToHRezeptoren®), nachgewiesen werderDabei sindzum
Bebpiel in Menschen zehn und in Mausen 12 Subtypen bekdnidtese kdnnen grob in zwei
Gruppen eingeteilt werden: die an der Zelloberflache vorkommendieispielsweise beim
Menschen TLR1/2/4/5/6/10 und die intrazellularenin diesem FallTLR3/78/9. Die
endosomalvorkommenden TLR7 und 8 spieltatbeieine zentrale Rolle in der Erkennung von
viralen und bakteriellenInfektionen 2%2L Hierbei sindeinzelstrangige Ribonukleinsauren
(RNA) dienaturlichen Liganden, wahrend synthetisch vor allem Imiquim¢tLR7)und
Resiquimod TLR7/8pls Vertreter der Imidazoquinoline bekannt si#¢223 TLR7 ist stark in
plasmazytoida dendritischen Zellen (pDC) exprimiert, wohingegen TLR8 eher in Monozyten,

Makrophagen und myeloiden dendritischen Zellen (mDQ3oramt 2425,
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Bei der Reaktion auf Pathogene durch das angeborene Immunsystaiiesem Fall mittels
TLRsspielen vor allem die beiden TskriptionsfaktorenNuclear factor kappdight-chain

enhancer of activated B cefSIFS . 0  dzfFaRilieLipvieferon regulatory factons(siehe
Abbildung 3)2%27. Eine NF . 1T GAGASNHzy3 (IYYy RIFIOSA SyidgsS
kanonischen oder den niclianonischen, alternativen Signalweg stattfinden, wobei der
kanonische Signalweg Uber die PRPRatérn Recognition Receptdrablauft und der nicht
kanonische mehr dem adaptiven Immunsystem zugeschrieben ®inddie Regulierung der
kanonischen NF . Y | & 1 LR/ AA0&AGG 2REBELKOmplexyhbtyendigSwelcher hier
vornehmlich tber IKKund IKK ablauft 2628 Die humane IRFamilie besteht aus neun
Mitgliedern, welche zentral an der Expression von Interferonen beteiligt.idbabei sind
IRF3/5/7 die wichtigsten Vertreter fur die Regulierung der Typ | Interferone, wobei IRF5,
ahnlich zu NF . = | dzOikflarRnfatBrisdn#Nagtokin Expression beeinflui¥sDie am €
Terminus der TLRs standigToll/l:1 Rezeptor (TIR) Doméane bindet Adaptemd
Bruckenproteine, wie myeloide DifferenzieruAgemarantwort 88 (MyD88)TIRdomain
containing adaptetinducing interferor (TRIF) odeTRIFrelated adapter moleculéTRAM)

und ist verantwortlich fir ds DownstreamSignalling?®-2°. Dabei sind, abgesehen von TLRS3,

alle TLRs abhéangig vbtyD88, welches wiederum fiir die Translokation voR*NF  dzy R LwC .
den Zellkern verantwortlich iskyD88 bildet mit deinterleukinl receptorassociatedinase

(IRAK; 1/2/4) ein Mydbsom, in welchem IRAK1/2 phosphoryliert werden. Dadurch wird eine
Konfomationsanderung ausgelgstvelche dazu fuhrt, dass TRARGn{or necrosis factor
receptor (TNFRjssociated factor 6an das Mydosome bindét. IRAK1 fiihrt zur Aktivierung

von IRF7. IRAK2 und TRAF6 konnefi NF | {1 A OASNBY > 620SA -¢w! Cc
Komplex aktiviert. TRAF6 ist des Weiteren in der Lage mit IRF5 und IRFTagierga und

deren Aktivierung auszuldsen, was eine Genexpression von TYyARAFNund IRFByw. pro

inflammatoiischen Zytokinen (IRF5) zur Folgefat
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Abbildung3. Signalwegeind Lokalisierungerschiedener TLR&obei TLR1/2/4/5/6/10 in der Zellmembran vorkommen und

TLR3/7/8/9 intrazellular liegen. TLR7/8 werden dabei von ssRNA $mmall MoleculegKlasse der Imidazoquinoline)
angesprochen. MyD88 bildet dabei das Adapterprotein am Rezeptor (fur alle TLRSTlaRBerIRAK1/2/4 und TRAF6 bilden

ein Mydosome, welches im phosphorylierten Zustand (IRAKL/Z)NF | { G A GASNI ® ! {1 G A GASNHzy3I RSNJI ¢
<. dzy’' R -F&nSlinJuHrtw@® Expression von grdlammatorischen Zytokinen bzw. Typ | Interferan&rstellt mit

Biorender aus Vorlage von N. Odoarttl nach A. Kusigk3%
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4.1.2 Antiinflammatorische Eigenschaftemon Makroliden

Obwohl Azithromycinpriméar als Antibiotikum eingesetawird und tUber Wirksamkeit gegen
Streptococcus pneumoniae, Mycoplasma pneumoniae, Haemophilus influenzae, Moraxella
catarrhalis, Chlamydia pneumoniamd Legionella pneumophilaerfigt 3, hat esdarlber
hinaus jedoch Uber weitere Eigenschaften. So publiziert, dass die Applikation von
Azithromycin zu einer antiinflammatorischen Reaktion fiiHm Lipopolysaccharid (LPS)
induzierten Model fur Sepsis in Mausen fuhrte die Applikation von Azithromycin zu einer
Verringerung von proinflammatorischen B&ignen wie Interleukin (I, 11-:13 und
Tumornekrosefakto (TNF) 32, Diese Effektdassen sich jedoch nicht auf eine direkte
Immunsuppression reduzieren, es kommt dagegen vielmehr zu einer immunmodulatorischen
Reaktion. Dabei ist Azithromycin unter anderem in der Lags Gleichgewicht von pro
inflammatorishen M1 Makrophagen hin zu M2 Makrophagen zu verschiég#.

Es konnte weiterhin gezeigt werdendass Azithromycidie Phagozytos&igenschaften von
apoptotischen Zellen durch Alveolar Makrophagen wiederherstellen RatthDie Gabe von
Azithromycin zeigte sich dtdfreich in Bronchiolitis obliterans, zystischer Fibrose und diffuse
Panbronchiolitis'. Eine Gabe Uber einen langeren Zeitrafiihrt jedoch zur mdoglichen
Ausbildung von Resistenzen in Bakteriend ist daher unvorteilhaft Als mdglicher
Losungsansatz wirden Bichier nichtantibiotische Derivate von Azithromycin anbieten,

welche jedoch weiterhin immunmodulatorische Eigenschaften besit#éh

4.1.3Verwendungvon Makrolidenals Prodrug
Mit den Eigenschaften der ¢gn Pharmakokinetikschnellen Aufnahme unlgdoher Stabilitat

eignet sich Azithromycin als Tragermolekul Wiirkstoffe. Dabei gilt zu beachten, dass die
urspringlichen Eigenschaften von Azithromycin erhalten bleiben. Dies bezieht sich vor allem

auf die pharmakologischen Eigenschaften. Chemisch gut zuganglichalar@ynthese
beschrieben ist vor allem diglodifikation derl @ R NB E & 3 NHztBbdGion®. AhniRIS NJ 1 W
dazu konnerauchReaktionerdr y RSY t 23A0A2Yy Sy nda d@yRrtistm @2 NI
zum Beispietine Bindung Uber einen Ester méglich, welcher idealerweise tber Hydrolyse im
Zielsystem wader verfigbar gemacht werden kann. ZusatzlichEstersynthesen in diesen
Positionen, werden in dieser Arbeit auch Modifikationen am Amin des Desosamines
vorgenommen, welche keiner Hydrolyse unterliegen, jedoch die pharmakologischen

Eigenschaften nicht &erordentlich verandern.
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4.2. Kurzkettige Carbonséauren

Kurzkettige Fettsduresind Carbonséauren mit bis zu sechs Kohlenstoffatofddibildung 4
links und mittig) Es sind stechend bis unangenehm riechende, bei Raumtemperatur flussige,
Substanzen mit einem hoheBiedepunkt. Durch die Carboxygrugpest diese Stoffgruppe
sehr gut wasserldslich. Ein verlangerte Alkylkette verstarkt den lyophilen Charakter, womit die

Wasserldslichkeit abnimmt.

HO HO X > \
OH
\"/ \”/\)J\ N’\\
(0} (0] N
Essigsdure Fumarsiure N
Y
G N NH,
HO\"/\ HO\H/\)J\ - Imiquimod
(0]
0] (0] /
Propionsdure MMF %/\ (¢}
HO ,(
N
\
0 N
X
HO 0 X -
\”/\/ ~ 0 _
N NH,
(0] (0]

Buttersdure \ DMF I Resiquimod

Abbildung4. Klassische kleinmolekulare Agonisten fiir aufgefiihrte intrazellularen Rezeptoren. Gelb: Kurzkettige Fettsauren
(FFAR2/3, GPR109A). Blau: Fumarsaure(DiAfMethylester (GPR109A). Griin: TLR7 bzw. TLR7/8 Agonisten aus der Klasse
der Imidazoquinoline.

4.2.1SCFA

Kurzkettige Fettsauren (SCFA; meist bezogen auf Acetat, Propionat und Babadungs

links) sind Monocarbonsauren mit weniger als sechs Kohlenstoffatomen. In Lebewesen
entstehen sie grofdtenteils durch bakterielle Fermentation von Ballaststoffen inm Dad

sind anaerobe Stoffwechs&ndprodukte. Im humanen Dickdarm kdénnen SCFA hohe
Konzentrationen erreichen (Acetat 64 mM, Propionat 27 mM, Butyrat 25,mipei die
Menge abhangig ist von verschiedenen Faktoren, wie zum Beispiel Ernédhrung und Mikrobiom
Diese SCKEAdienen dort hauptséchlich als Energiequelle fur Dermepithelzellen spielen

aber auch eine Rolle bei der Kommunikation zwischen ddikrobiom und dem
Immunsystem des DarmepitheBiese Kommunikation findetabei unter anderentiber die
Fettsaurerezeptoren FFAR2 und FFAR3 oder Uiber GRREQD*142 Dabei ist FFAR2 sensitiv

fur Acetat und Propionat, wohingegen FFARS3 eine hohere Affinitat fir Propionat, Butyrat und

Valerat besitzt343 Beide Rezeptoren werden von Immunzellen exprimigxd kanmen in

einer Vielzahl von Gewebe vb¥** Neben Nikotinsaure und Fumaraten wird GPR109a auch
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durch Butyrat aktiviertund wird vor allem auf Zellen des Fettgewebes, aber auch auf
Neutrophilen und Makrophagen exprimiett

Lokal im Darm konnen diese kurzkettigen Fettsauren zu einer verbesserten Epithelbarriere
beitragen und einen regulatorischen Einfluss auf das Immunsystem nefimiémies wird
relevant in Bezug auf verschiedene Autoimmunerkrankungee wsthma, Allergien oder
chronischentziindliche Darmerkrankungennflammatory boweldisease (IBD)haufigste
Vertreter hierbei sind Morbus Crohn und Colitis ulcerobigr kann ein Mangel an SCFAs zu
einer Verschlimmerung dieser Krankheiten fuhr&f’. Man geht davon aus, dass die
Umstellung der Erndhrung in westlichen/entwickelten Landern und die damit einhergehende
Verringerung der Aufnahme von Ballaststoffen (durchschnittlich circa 16 g pro Tag, statt der
empfohlenen 25 bis 38 g pro Tag) mitndé&nsieg von Autoimmunerkrankungen korreliert
47148 Dabei spielt die Menge an SCFAs, nebeBFettsauren, eine zentrale Rolfé. Eine
geringe Zufuhr von Baktstoffen kann zu einddysbiose des Darmmidbioms(z.B. Abnahme

von Butyrateproduzierenden BakterieRoseburia hominisnd Eaecalibacterium prausnit)zi

einer schlechten intestinalen Barrierefunktion und einer damit einhergehenden
fehlregulierten Immuantwort flihren 4%, Eine intakte Immunantwort ist ein wichtiger
Faktor bei entziindlichen Darmerkrankungen.

Der Ursprungeiner IBDist nicht vollstandig geklart, jedoch geht man dawars, das®ine
genetische Pradispositiofz.B. Durchlassigkeit der Epithelbarriexelgrunde liegt, welche
Kombination mit gewissetumweltfaktoren einer Dysbiose im Darmmikrobiorand einer
Ubersteuerten Immunantwort zu einer chronischédarmentziindung fiihren kanf?53
Auslésend ist hierbei vermutlich TNFwelcheswiederum zu einer Hochregulierung von
anderen Entziindungsmediatoren -1l 1-6) fuhrt (Medikation durch antiTNF Antikérper

wie z.B.Adalimumab, Etanercept und Infliximabd Im gesumden Zustand verhindert die
Epithelbarriere eirbertreten von Bakterien und anderen Mikroorganismen und sorgt fiir die
Passage von Wasser, Elektrolyten und N&ahrstoffén Durch eine Rickbildung der
Mukusschicht und einer geringeren Dichte der Diffusionsbarriere in den Zellzwischenrdumen
(tight junctiong entsteht eine héhere Permeabilitat und damit einhergehend der mdgliche

Ubertritt von Bakterien in dikamina Propigsiehe Abbildung 5).
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Abbildung5. Immunregulierung und Epithelbarriere in gesunder Darmumgebung (links) und in IBD (leahs)hitzende
Mukusschicht und eine geringe Enge déght Junctiongwischen den Zellen fuhrt zu einer erh6hten Permeabilitat der

Epithelzellschicht und einem Utigtt von Bakterien. Dies in Kombination mit einer genetischen Pradisposition kénnen zu

einer Dysregulierung des Immunsystems fiihren und so einen inflammatorischen Kreislauf von erhéhten Chemokinen und
Zytokinen und einer Rekrutierung von Immunzellen &hidbernommen und angepasst aus Biorender.

Zur Behandlung stehen neben der Anwendung von Antikorerch Small Moleculezur

Verfugung. Eine haufige Anwendung findet hierbei zum Beispiel Sulfasalazin, eine

entzindungshemmende Verbindung besteheads dem Sulfonamid Sulfapyridin und- 5

Aminosalicylsaure. Es konnte auch gezeigt werden, dass die Supplementieruhgham

Dosen an Butyrat oder Propionat eine Linderung der Symptome zur Folge hat. Durch Geruch

und Formulierungsproblemen ist die Anwendung jeddichitiert 165657 In dieser Arbeit

wurde jedoch versucht mit Hilfe von Makrolid Derivaten kurzkettige Fettsauren in relevantem

Gewebe bzw. in die dazugehoriggmmunzellen verfigbar zu machen. Dazu wurden die

Fettsaurenl y

Esterbindung gebunden. Als zentrale Molektle wurden hierbei die Triester von Propionat bzw.

Butyrat ausgewahlt, da ése die grof3ten Mengen an SCFAs in relevanten Zellkompartimenten

| @ RNRE& INHzLILISY Ay RSy

t2aAGA2y Sy

bereitstellen konnten und die dortigen Fettsaurerezeptoren eine Sensitivitat aufwefsen.

genauen Analyse der Stabilitat, Verteilung und Metabolisierung dieser Substanzen wurden

zusatzlichalle D und Monoester dieser Substanzen synthetisiert und charakterigdentiiber

hinauswurden jedoch weitere Substanzen (siehe Tabelle 1) hergestellt, charakterisiert und
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teilweise auf ihre Eigenschaften in zellbasierten Assays und in Mausmodellen geSsstet.
wurden mdgliche Kandidaten gesucht, welche Eigenschaften aufwiesen, welche
moglicherweise einen Nutzen in der Behandlung von IBD haben. So zeigten sich zum Beispiel
die Ester von Propionat und Butyrat als vielversprechend und sollen weitergehend untersucht

werden®g,
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Tabellel. Im Laufedieser Arbeit synthetisierte kurzkettige FettsatiEsterauf Basis von AzithromycihKetolid Derivat von
Azithromycin, ohne Cladinose. Auch publiziert unter CSY®073Nicht-antibiotisches AzithromyciDerivat mit
a2NLIK2f AYyINHzZLIIS Ay oW t2a8AGA2yXT Fyadlad 5AYS

Seitenkette Basis Pos. 11 2' 4"
Butyryl Azithromycin N

Butyryl Azithromycin X .

Butyryl Azithromycin X . «
Butyryl Azithromycin X

Butyryl Azithromycin X «
Butyryl Azithromycin «
Butyryl Azithromycin . «
Butyryl KetolidAzithromycin* X

Propionyl Azithromycin <

Propionyl Azithromycin N .

Propionyl Azithromycin N . «
Propionyl Azithromycin N

Propionyl Azithromycin N «
Propionyl Azithromycin «
Propionyl Azithromycin . «
Acetyl Azithromycin N

Iso-Butyryl Azithromycin .
2-Acetoxypropionyl Azithromycin .

Pivaloyl Azithromycin .

Niacin Azithromycin .
Cyclobutylcarbons&ure Azithromycin .
Cyclopropylcarbonsaure Azithromycin .

Methoxyacetyl Azithromycin N
3-Hydroxybutyryl Azithromycin .
Pyrazincarbonsdure Azithromycin .
Monomethylsuccinyl Azithromycin «

Hippursaure Azithromycin .
Phenylthiocarbamat Azithromycin .
Monomethylfumaryl Azithromycin N
Monomethylfumaryl Azithromycin . «
Monomethylfumaryl Azithromycin «
Monomethylfumaryl KetolidAzithromycin* X
Monomethylfumaryl Morpholin-Azithromycin** X
Monomethylfumaryl Morpholin-Azithromycin** X x
Monomethylfumaryl Morpholin-Azithromycin** X X

Abbildung 6. Struktur vonAzithromycinmit

den beiden Zuckern Desosamin und Cladinc
am zentralen Lactonring. Nummeriert sind di
Positionen, welche fir die Synthesen vc
Interesse warenkErstellt mit ChemDraw 20.1

Desosamin
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4.2.2Fumarate

Fumarate (Abbildung 4 Mitte) sind Ester der ungesattigten Dicarbonsaure Fumarsaure.
Fumarate werden schon séititte der 1990er zur Behandlung von Psoriasis esegzt. Unter

dem Namen Fumader®wird eine Mischung aus Dimethylfumarat (DMF), Monoethyl
Fumarat (MEF) als €aMg?* und Zr#* Salz eingeset2P. In neuerer Zeit finden Fumarate auch
Anwendung zur Behandlung von Multipler Sklerose (MS). Dif#s auf die Ester DMF
(vermarktet als Tecfide@, Diroximelumarat (vermarktet als Vumeri® und MMF
(vermarktet als Bafierta® zu 6%62, Diese Medikamente wirken alle mechanistisch an der
gleichen Stelle So sind diese Substanzen alle darauf ausgelegt nach Applikation MMF
systemsch verfigbar zu machefpMF und Diroximel Fumarat nach Hydrolyse und MMF
direkt), welches der aktive Metabolit i&t.

Genaue Aufklarung tber den Mechanisnwas MMFgibt es noch nicht, jedoch ist bekannt,
dassMMF ein Agonist fir GPR1A%auchHydroxcarboxylic acid receptor(®CA)) ist, DMF
hingegen nicht3. Studien konnten zeigen, dass die Aktivierung von GPR#0&ch MMF
eines der zentralen Mechanismen in der Behandlung von M8nitdie Wirksamkeit im
Mausmodel EAEEkperimental Autoimmune Encephalomyélitisachweisen'%4 Eine
Bindung fuihrt zur Reduktion von proinflammatorischen Zytokinen und einer verringerten
Anzahl an Neutrophil Adhéasion, Migration und Rekrutier®ify.

Alternativ zum ersten Mechanismusteht die kovalente Bindungder ThiolGruppe von
Glutathion (GSH) an die Doppelbindung von Fumarsauree@®chael Reaktionjedoch zum
groRen Teil limitiert auf DMF oder andere Diester der Fumargéurel eine damit
einhergehendeantientziindliche, immunsuppssive und zytoprotektive Eigenschaff<’?.
Diese Reaktion ist jedoch nicht limitiert auf GSH allein und kann auch mit anderen Cysteinen
oder Thioltragenden Stoffen passiereurch die schnelle Hydrolyse von DMF nach oraler
Applikation ist der vermutlich aktive Metabolit MMfer zentrale Wirkstoff®.

Neben dem Einsatz als Medikament gegen MS finden Fumarate Anwendung gegen mittlere
bis schwere Psoriasis. Patienterund Patientinnemit Psoriasis konnte gezeigt werden, dass
die orale Gabe von Fumarsaureestern zu einer Verschiebung von proinflamrolagori$
Helferzellen (Th) 1 und Th17, hin zu amtzindlichen Th2 Zelltypen beglnstigt. Dies ging
einher mit der Reduktion von17A, IE1R, 122, 11-36" und 11-:36' 7>73 Psoriasidst eine
chronische Hautentziindung und #®immunerkrankung, welche sich durch sichtbare und

schmerzhafte Entzindung und Hyperproliferation der Haut manifestiedt bei etwa 12%
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der Menschen auftritf“. Klinische Anzeichen sind eine lek&erdickung der Epidermis durch
Hyperproliferation von Keratinozyten, ein reduziestezw. fehlendesStratum granulosum
(Hypogranulosis) lokale Rotung der Haut aufgrund einer Erweiterung der Blutgefalle,
Akkumulierung von Neutrophilen igtratum corneunfMunro-Abszesse) und die Infiltration

von CD4+, CD8+ und antigenprasentierenden dendritischen Zellen in Dermis und Epidermis.
Eine Heilung ist bisher noch nicht mégliggdoch beinhalterBehandlungen unter anderem
topische, systemische und Phelterapie Das zentrale Ziel einer Therapie besteht dabei
darin, die psoriatische Entziindung zu verringern, ohne das Immunsystem generell zu
unterdriicken. In dieser Hinsicht hat die Einfuhruder auf 11-17 und IE23 gerichteten
Therapie zu einer erheblichen Verlsesung der Lebensqualitat gefuhrt.

Die Suche nach verbesserten Therapien fiir Psoriasis erfordert Modelle, welche die
Krankheitsmechanismen in ihrer Form nachbilden kénnen und in der Lage sind &ahnliche
Symptome hervorzurufen. Van der Fés al. schlugen 209 erstmals ein Mausmodell fur
Psoriasis vor, welches auf der wiederholten topischen Applikation von Imiquimod (pro
inflammatorische Reaktion durch Aktivierung von TLR7) in Form von Aldara® Bragés

fuhrt zu einer preinflammatorischen Reaktion und einer lokalen Hautveranderung, welche
der akuten Phase der Psoriasis beim Menschhanelt. Auf Grund der geringen Kosten,
einfachen Anwendung und schnellen Etablierung wird dieses Modell in der Praxis haufig
angewandt’®. Es muss jedoch betrachtet werden, dass die Induktion limitierende Faktoren
hat. So wirkt unter anderem IMQ auch systemisch und verursachtn&@plegalie,
Lymphadenopathie und moglicherweise erhohte systemische Zytokine und ist wahrscheinlich
auch ein Adenosinrezeptdnhibitor 778, Walter et al. (2013) zeigten, dass Isostearinsaure
(25%von Aldara®)in vitro und in vivo ebenfalls proinflammatorische Effekteervorrufen
konnte und daher ein wichtiger Faktor in der Entwicklung der Krankheitsmechanismen und
Symptomen ist®. In einer, im Zuge dieser Arbeit angefertigten, Publikatioinde weiter auf

die funktionelle Rolle von Isostearinsaure im beschriebenen murinen Psoriasis Modell
eingegagen.

Die im Zuge dieseArbeit publizierten neuen Derivate basieren auf Estern von MMF mit

I TAGKNRY@OAY Ay RSaaSy HWY dzyRKk2RSNI na tz2aiia
Negativiontrolle zu den Fumaraten eird-Monomethylsiccinylester von 2Athromycin
synthetisiert.Im Laufeder Anfertigung derPublikation zeigte, dass die Fumafaibstanzen

nitzliche antientzindliche Effekte hattenjedoch mdogliche antibiotische Effekte von
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hydrolysiertem Azithromycin zu bakteriellen Resistenzéiihren konnten wurde
weitergehend eine Klasse an nienttibiotischen FumaramMakrolid-Derivaten entwickelt

(siehe ebenfalls Tabelle 1, unten). Diese basieren entweder auf CSY0073, einem Ketolid von
Azithromycin, welches ohne Cladinose keine antibiotisdBigenschaften besit#t%oder auf
AzithromycinDerivaterE ¢ St OKS S A y S-Stelle lilweisei. RligrbeiwirdeRiBeNJ o W
eine EpoxidZwischenstufe® das Dimethylamin durch ein Morpholin ersetzt. &ie
strukturelle Veranderungerhindert die Bindung an bakterielle Ribosomen und damit eine
direkte antibiotische WirkungDaten nicht gezeigtDie weitergdenden Eigenschaften sind

jedoch mit Azithromycin vergleichbar. Daten aus pharmakokinetischen Studien (nicht

publiziert) zeigten ahnliche Verteilungen, Stabilitat und Aufnahme dieser Substanzen.

Die AzithromycinFumaratewurden auch in anderen Krankheitsdellen abgesehen von den

in den Publikationen aufgefihrten Mausmodellen (Cremguzierte Psoriasis und
Mononatriumurat (MSU) Gicht Modelligetestet So zeigte sich in IBBine deutliche
Verschlechterung der Symptome, des Kérpergewichts und der Larsg€aens am finalen
Studientag im Vergleich zur Vehikgtuppe und zur KontrelBruppe (Ciclosporin 25 mg/kg).
Dies konnte sowohl fiur DMF (30 mg/kg), als aue®onomethylfumaratAzithromycin (0,1
mg/kg) festgestellt werdenauch wenn dafiir DMFbisher anders publiziert wurdé?83 Dies
koénnte ein Hinweis auf die starken immunregulierenden Eigenschaften dieser Substanzklasse
sein, welche dazu fiuhrtedass das Immunsysterawar unterdriickt, aber dadurchein
bakterielles Infektionsgeschehen toleriert wurdees Weiteren konnte im EABodell zwar

eine Wirksamkeit von DMF (100 mg/kg) gezeigt werden, jedoch waren die verwendeten
makrolidischen Fumareéd S NJ&A @-MdanSmethyifitharatAzithromycin 0,05 und 0,ig/kg

dzy’ Rn @M8homethylfumaratAzithromycin 0,025 und 0,05 mg/kg)jrkungslos und zeigten
keine Verbesserungler Symptome im Vergleich zur Vehi#@tuppe was vermutlich am

Makrolid-Gerust liegt, welches eiburchdringen der BlutHirn-Schranke verhindé#4,
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4.3. Imidazoquinoline

Imiquimod und Resiquimod sind TLR7 bzw. TLR7/8 Agonisten (Abbldtexhts), welche
beide der Klasse der Imidazoquinoline angehdren. Dsase trizyklische niedermolekulare
Verbindungen mit meist antriralen bzw. mmunstimulierenden Eigenschaftemnd eine
damit einhergehende Induktion von proinflammatorischen Zytokinen (Interferon alpha
(IFN* OTNPF, 11-:12 und andere)®. Inhre Bindungsstelle befindet sich dabei konserviert im
selben  Motiv, wobei der Aminoquinolyl Teil Uber Stacking planar
Wasserstoffbriickenbindungen in der Rezeptortasche eingéhé Butylseitenkette des
Resiquimods bildet dabei hydrophobe Wechselwirkunigeziner Seitentasche aus, wobei die
Kettenlange von vier Atomen am gunstigsten fir die Bindun¢sishe Abbildung) 838688,

Eine Modifikation mit Heteroatomen (Sauerstoff im Fall von Resiquimod) kann zu einer leicht

verbesserten Affinitat fihref’ 88 Diese Seitenkette ist bei Imiquimod nicht vorhanden.

Wahrend Resiquimod zwagpotenter wirkt, ist Imiquimod als erigesals Medikament
zugelassen. Klinische Anwendung findet Imiquimod in der Behandlung von
Basalzellenkarzinomen oder Genitalwarzen. Jedoch beides nur in topischer Anwendung, da
systemisch angewendet starke Nebenwirkungen zu erwarten sind. Dies issond&een fir
Resiquimod zu beachterzwarzeigten sich gute Effekte in der dermalen Applikation zur
Behandlung von Genitalherpes in einer Phase Il Studie, diese konnten sich jedoch in Phase IlI
nicht bestatigen. Weiterhin zeigte sich in der oralen Anwerglbei chronischer Hepatitis C
zwar eine Reduktion der Virustiter, aber gleichzeitig fuhrten schon geringe Dosen zu starken
Nebenwirkungen, welche haufig als grippedhnliche Symptome beschrieben wéidén

Diese Effekte treten vermutlich auf Grund von einer sehr steilen BslaungsKurve, einer
kurzen Halbwertszeit und schlechten Eigenschaften in der Gewebeverteilung und einer damit
einhergehenden hoheren Dosis auf. Ziel war es daher das therapeutisaister dieser
Substanzen zu vergréfRern und die pharmakokinetischen Eigenschaften zu verbassern
gleichzeitig die immunstimulierenden Eigenschaften beizubehalier Ansatz in dieser
Arbeit beruhte dabei auf die Kopplungon bekannten ImidazoquinoliMotiven (siehe
Abbildung 8) Uber Linkermolekilean ein makrolidisches Grundgerist und der
miteinhergehenden bessererPharmakokinetikund damit Aufnahme in Gewebe und

Immunzellen.

24



Einleitung

Es zeigte sich im Laufe der Untersuchung der neuen Strukturen jedoch, dtass die
ImidazoquinolLinkerMolekile (ohne Makrolideine erheblich héhere Stabilitat urigessere
Pharmakokinetikaufwiesen, wie das die Vergleichssubstanzen Imiquimod und Resiquimod
zeigten.Daherwurden die Charakterisierung und die Untersuchung sowohl von Makrolid
gekoppelten TLHRgonisten, als auch der freien Agonisten weiter untersublatbei zeigten

sich darlber hinaus jedoch auch eine Verschiebung der Zytokin Antwort auf die Stimulation
mit den besbriebenen TLRAgonisten im Vergleich zu Resiquimod und Imiquinveabei sich

die Affinitdt der Substanzen bezlglich ihrer Rezeptoren eher in Richtung TLR7, statt TLRS,
verschiebt. Wobei die Rezeptor Affinitat jedoch vermutlich eine unterdeete Rolle sgit

und im Vordergrund hierbei eher die Pharmakokinetik bzw. die spezifische Verteilung in

lysosomale Zellkompartimente ist.

T532*

S Les7  -Tsge
e N265

Abbildung 7. Links, vergréBerte AnsichMmTLR7Resiquimod Bindung. Rechts, schematische Darstellueg d
Wechselwirkungen zwischen Resiquimod und TLR7. Der orangefarbene Bogen zeigt hydrophobe Interaktionen zwischen der
Ethoxymethylgruppe von Resiquimod und TLR& roten Kreise stellen Wassermolekule dar. Wasserstoffbriicken sind durch

die Strichlinien geennzeichnet. Ubernommen von Zhagigal. 88,

Die Synthesevorschriftefiir die TLRAgonisten, welchen dieser Arbeitsynthetisiert und

spater publiziert wurdenpasieren vor allem auPublikationen von Shuklat al., weichen
jedoch an einigen Stellen 4A So wadie Substitutionseaktion des Chlors durch ein Amin in
Schritt 6 (Abbildun@, von S1.6 zu S1.7) nicht exakt nachzubearbeiten, da keine Mikrowellen
Apparatur zur Verfiugung stand. Alternativ wurden andere Synthesewege, mit anderen
Reaktionsbedingungen, Losemitteln oder Ausgsstoffen versucht (siehe Tabelle @)obei

die meisten dieser Ansatze zu keiner Reaktion, falschen Produkten oder Nebenprodukten
gefihrten haben. Schlussendlich wurde tber den Zwischenschritt des Einfihrens von Hydrazin

in den aromatischen Ring und diaszhlieBende Reduktion mit Zink eine funktionierende
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Synthese mit guter Ausbeute gefunden, welche von Kayamhat. auch beschrieben wurde

93

Reaktionsschema TLR-Agonisten

\ \
= = (7a) R
R'=
R-Boc
R' /
S15
S1.6 s1.7 S1.8
Abbildung8. Zusammenfassung der Reaktionsschritte (genaue Synthesevorschrift befindetAidemitt 9 bzw. in Anhang
zur Publikation aus Abschnitt 9) und verwendeten Reagenzien: (1}, HR@PhP(=0)CI(3) HN-w Q% n p£Pd 2adero n 0 |
NaS2Q, (5) GHyC(OCH)s, n, (6) NH4/H20, n, (7) ZWTFA/EtOH, (7a) DCM/TFA; Hydrolyse von Boc Schutzgruppe, falls

vorhanden. R kann sein=(@-PiperidinyEthyl, (4PiperidinyMethyl, 2[2-(2-Aminoethoxy)Ethoxy (i K& f ®-2-@Q A&l H
HydroxyethoxyEthoxy]Ethyl (liegt als Pentanoat vor in S1.4 bis S1.7)

Die Anwendung dieser neuen Substanzen soll dabei im Bereich der antiviralen bzw.
onkologischen Gebieten liegerDurch die beobachtete Verschiebung des TMNF\-
Verhéltnisses in Richtung Typ | IFN ist eine Anwendung in der Behandlung von
Virusinfektionen und als Ersatztherapieur direkten Gabe von rekombinantem FN
angedacht.Dabei kénnte die verringerte Ausschiittung von TNfu einer verbesserten

Vertraglichkeit fuhren.
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Tabelle2. Auflistung verschiedener Reaktionsansétze fir die Substitutionsreaktion am Aromaten in den synthetisierten TLR
Agonisten in Schritt S1.6 in AbbilduBgRT steht fur RaumtemperatufA fir Ameisenséure, THF fir Tetrahydrofuran und
TFA fur Trifluoressigséair

Testreagenz Lésemittel Zusatze Temp [C°]  Produkte Ausbeute
NH Methanol AgNQ@ 60 SilberEduktKomplex -
Formamid - KCQ 170 ForamidProdukt, Dimerisierung gering
Trifluoracetamid - kCQ 120 ProduktBoc, ProdukiTFA, Dimer gering
Aetamid - teCa 150 ProduktAcetamid, Dimer ggring, viel

Dimer
Trifluoracetamid - kCQ 120 Divers -
Trifluoracetamid - kCQ 120 ProduktBoc, etwas ProduktFA TFAAddukt
Trifluoracetamid Isobutanol kCQ 120 IsobutanotAddukt -
Trifluoracetamid Toluol kCQ 120 etwas Produkt, viel Dimer ca. 30%
Trifluoracetamid Dioxan kCQ 120 kein Produkt, viel Edukt und Dimer -
Bistrifluoracetamid - KCQ 100 Substitution mit-OH und Addition von

TFA

Harnstoff - - 160 ProduktHarnstoff und Dimer ca. 50%
Trifluoracetamid - KCQ 150 ProduktTFA und Dimer ca. 50%
NH.CI Methanol 1% FA, ZnCl2 RT keine Reaktion -
NH.CI Ethanol 1% FA, ZnCl2 80 keine Reaktion -
Piperidin - - RT schnelle Reaktion mit sekundarem Amir -
NH in Dioxan - - RT keine Reaktion -
Dibenzylamin - - 70 keine Reaktion -
Urotropin - - 80 keine Reaktion -
I:Ijlu_ls);eAASfigséure - - RT Polymerisation -
Isoindole - - RT keine Reaktion -
Trifluoracetamid - KCQ 130 keine Reaktion -
NHsin Dioxan THF Cul RT keine Reaktion -
Biuret Wasser KCQ 100 keine Reaktion -
Biuret Nitrobenzol KCQ 150 keine Reaktion -
Morpholin - - RT schnelle Reaktion mit sekundarem Amir -
Dimethylamin DMSO - RT schnelle Reaktion mit sekundarem Amir -
Dibenzylamin Dioxan - RT keine Reaktion -
\I;!Vyssrggrylamin in Ethanol NaHC® RT keine Reaktion -
Hydrazin in Wasser Ethanol - RT Reaktion Voll umgesetzt
Eg&;: dehyd Wasser/Ethanol - RT keine Reaktion -
Hydrazin in Wasser Ethanol - 80 °C Reaktion Voll umgesetzt
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5. %A St asSal dzy 3

Da sich intrazellular in Immunzellen wichtige Rezeptoren fur die Immunantwort befinden,
welche dortVerdauproduktevon Bakterienz. B.SCFAg)der Abbaiprodukte aus Lysosomen

(z. Bvirale Partikel, wiNA detektieren war das ZieSubstanzen zu entwickeln, welckieh

dort akkumulieren und diese Rezeptoren ansprechen kénnen. Daher wuagarbnd auf
Azithromycin mehrere Klassen an neuartigen Syntheseprodukten entwickelt, welche
entweder durch Hydrolyse lokal Liganden freisetzen kénnen beziehungsweise makrolidische
Substanzen, welche durch niehydrolisierbare Linkermolekile Agonisten tragen kénnen

Im Detail behandelt diese Arbeit Esterverbindungen von Azithromycin und SCFAs bzw.
Fumarsdure Derivateh Y RSY t23AGA2y Sy wMmMXI HW dzy Rk 2 RSNJ
Azithromycin Derivaten Gber einen Linker mit TLRAgonisten. Ziel war es die
pharmakoknetischen Eigenschaften von Azithromycin beizubehalten und gaiénkten
Substanzen subzellular verfigbar zu machen. Ein Schwerpunkt der Arbeit liegt dabei auf der
Synthese und der Charakterisierung dieser Substanzen und deren genauer Dekorationsmuster
mittels (2D-)NMR und MS/M&\nalyse. Zur genauen Bestimmung der Subtanzeigenschaften
wurden Analysen zur Stabilitat, Toxizitat, Metabolismus, zellulare Aufnahme und
Pharmakokinetilgemacht.

Fur die kurzkettigen Fettsauren wurde hierbei der Fokus auf PropiomhiButyrate gelegt,

da deren Relevanz in der Immunfunktion grofRer ist, alsabderen SCFAs (z.B. Acetat). Als
Zielsubstanzen wurden die dreifach substituierten-HL-W dEster von Fettsdure und
Azithromycin gewéahjum je mehrere Aquivalente SCFA lysoabwerfligbar zu machetZiel

war es diese Substanzen genau charakterisieren und auf ihre Eigenschaften beztglich
Stabilitat und Pharmakokinetik zu untersuchen. Dawurden zuséatzlich alle mdglichen
Hydrolyseprodukte synthetisiert(je drei Diester und i Monoester fur beide
Fettsaurederivateynd jeweils dieStrukturaufklarung durchgefthrt.

Ahnlich vorgegangen wurde fur dieumarsaure DerivateDurch die Kopplung tber eine
Estergruppe sollte die Aufnahme und Verteilung von Monomethylfumarat in lysosomal
Zellkompartimente verbessert werdeabei stand die Betrachtung der unterschiedlichen

| @RNRPf 2aS3SA0KgAYRAITISAS @ N-ERN)Nindt ANFERIIGRrING 6 H W
deren Nutzen in Bezug auf Psoriasisd einem mdoglichen besseren Verstandnis des

Wirkmechanismus von Fumaraten im GenerellarFokus
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Es wurde weitergehend auch untersucht inwiefern sich verschiedene Inhaltsstoffe ausgAldara
auf die Induktion von Psoriasignlichen Hautveranderungen im Mausmodell auswirken. Dies
wurde daflr genutzt,ein besseres Verstandnis dariber zu gewinnémwiefern die
Wirkmechanismen getesteter Substanzen eine Verbesserung in humaner Psoriasis erreichen
konnen. Ziel war dabei die Evaluierung verschiedener Bestandteile der Creme und deren
Einfluss auf die Induktion der Krankheitssymptoamel wie sich dies in der Anwendung und
Analyseam Tiermodelhutzen lasst.

Zuletzt wurde af Basis von bekanntemidazoquinoh-Srukturen neue TLR-7/bzw. TLR7/8
Agonisten synthetisier. Uber einen Linker, welcheRerhalb des bekannteBindungsmotig

liegt, sollte Uber eine amidische Kopplung an Azithromycin eine verbesserte ADME
(Absorption, Distribution, Metabolismus und Elmation) erreicht werden. Bisherige
Imidazoquinoline scheiterten an zu starken Nebenwirkungen in der systemischen Anwendung
und finden maximal als topisches Arzneimittel (Imiquimod) Anwendung. Durch das Makrolid
sollten die pharmakologischen Eigenschaftemhidgehend angepasst werden, dass eine
schnellere Verteilung in Gewebe und subzellulare Kompartimente erreicht werden, mit dem

Ziel einer geringeren Belastung fur Patientinnen.

6.%dzal YYSYRBHAR GZNASOoYyAaas

Als Signalmolekile kdnnen SCFAgsansomalen &mpartimenten starke immunregulierende
Wirkungen habga. Se dienen dortals Signalmolekile fir das Vorhandensein von anaeroben
Organismen unihdizierendem Immunsystem eine mogliche InfektidJm die Eigenschaften
der lysosomalen SCFAs besser zu versteheorde in dieser Arbeit 0 Synthesis,
Characterization, andh vivo Distribution of Intracellular Delivered Macrolide ShaQthain
Fatty Acid Derivatives spezifisch die Pharmakokinetikirch Kopplung an Azithromycin (Pos.
MMZ H Umodiizigrt. Ducchilie Synthese aller Zwischenmetaboliten und die dazugehorige
Strukturaufklarung konnten Aussagen Ub&harmakokinetik Stabilitat, Hydrolyse und
Metabolismusin vitro und in vivo gemacht werden. Die Substanzen werden durch einen
niedrigen pHWert stabilisert. Die Butyratderivate erwiesen sich als stabiler als die Derivate
der Propionate. T+Ester waren stabiler als Doder MoncEster. Die Estergruppen warén
vivo stabiler als vorher durcim vitro Versuche beobachtet und die Hydrolyse der einzelnen

Postionen war organspezifisch. Die beobachteten Konzentrationen und Verteilungen stehen
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im Einklang mit pharmakodynamischen Wirkungend sind in ihrer Pharmakokinetik
vergleichbar mit Azithromycin

Dimethyt und Monomethylfumarat sind Methylester der ungeséttigten Dicarbonsaure
Fumarsaure. Es wird vermutet, dade Wirkung von DMF auf einédichaetAddition an
Thioleberuht und so immunmodulatorisch wirkt. Eine andere Hypothbesagt dass MMF,

das Hydrolgeprodukt von DMF, ein Ligand fur den Fettsaurerezeptor GPR109A ist, welcher
auchin den Lysosomen von Immunzellen zu finden ist. In died¢id SriniLnecell targeted
Fumaric Esters support a role of GPR109A as a primary target of Monomethyl Fumarate
vivad Wwurden Ester von MMF und von Azithromycin abgeleitete Makrolide hergestellt, welche
durch lysosomalesTrapping in Immunzellen angereichert werden solltelie neuen
{dzoaldlyl Sy 61 NBy 9aidSN @azy R Posifiohed0NRiYEOA Y AY
Versuchen zeigten RA'S  { dzo & ( | yHst&ry ein¥ Adéutliclm dReduktion von
proinflammatorischen Zytokinen (25fach im Vergleich zu DR 2‘Ester des MMF watren,

wie MMF,in vitroinaktiv. Die 4“Ester formtenin situschnell GlutathiorKonjugate, whrend

die 2-Konjugate nicht mit Thiolen reagierten, jedoch Uber die Zeit hydrolysierten und MMF in
diesen Zellen freisetzten. Anschliel3end wuga¢estet,wie die Substanzein vivoim Psoriasis
Mausmodell funktionieren. Hierbei zeigte sich, dass dies®r am aktivsten waren und die
Hautveranderungen das Korpergewicht und di&ytokin Werte sich im Vergleich zu
Y2YUNREf INHzZLILISY GSND SaaSNI |1 -EsteBhiebwedigedakfiv.DS ISy
Diese Daten deuten darauf hin, dassvivorelevarte Mechanismen auf die Freisetzung von
MMF abzielen. Im Gegensatz dazu dirften die mit der Konjugation @i i vitro
verbundenen Wirkungem vivonicht so wirksam sein, da die verwendete Dosis viel niedriger
ist und freie Thiole in deutlich héherer Kaantrationin vivovorkommen.

Als Wirkstoff in Aldar® wird der TLR-Agonist Imiquimod eingesetzt, welcher
immunstimulierende Eigenschaften besitzi der Forschundient Aldara®zur Induktion einer
Hautentzindung bei Mausen, welche die humane Psoriagibhahmen sollDie vorliegende
Arbeit 0 lsostearic acid is an active component of imiquimod formulations used to induce
psoriaform disease modeltflammopharmacology beschaftigt sich mit der Beobachtung,
dass die Stimulation nicht ausschlie3lich auf Imiquimod zurtickzufiihren ist, sondern auch von
anderen Komponenten abhéngt. Um die Mechanismen genauer zu untersuchen, wurden
verschiedene Induktionscremes prapariert umddinem Mausmodeltiermal appliziert. Es

zeigte sich, dass Cremeformulierungen, welche Isostearinsaure beinhalteten, innerhalb von 2
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Zusammenfassung der Ergebnisse

Tage zu einer lokalen Hautentziinduitgprten, wahrend Imiguimoehaltige Cremes bis zu 5
Tage flr eine Hautreaktion benotagt. Es konnte weiter gezeigt werden, dass Isostearinséure
Uber eine Aktivierung des Inflammasoms die Ausschittung von proinflammatorischen
Zytokinen begunstigt. Obwohl Imiquimod leicht verstoffwechselt und eliminiert wird und
daher in Plasma und Leber kaumw. nicht detektiert werden konnte, zeigten sich hohe
Konzentrationen in verschiedenen Hautprob®&me Daten in dieser Publikation deuten darauf

hin, dass Psoriasé&hnliche Hautreaktionen bei Mausen starker von Isostearinsaure
angetrieben werden, als lgkemein berichtet wird. Dies ist in der Betrachtung der Ergebnisse
aus solchen Cremimduzierten Studien mit einzubeziehen und muss bei der Evaluierung von
Testsubstanzen mitbeachtet werden.

Der klinische Einsatzon synthetischenTLRAgonistenist auf die dermale Anwendung
beschrankt, da eine systemische Anwendung vonrAddhisten, zu starken Nebenwirkungen
fuhrt. Zugrundeliegend sind dabei vermutlich ungiinstige pharmakologische Eigenschaften,
die sich aus schneller Metabolisiegirund Eliminierung zusammensetzdder Ansatz in
dieserArbeito o LYARLF T 2ljdzZAy 2t AySa 6AGK AYLNROSR LKI N
LCbh {2 ihbitandMvivoch ®ar die Entwicklung und Synthese von neuartigen
TLR7/8Agonisten auf Basisom bekannten ImidazoquinokKernstrukturen und einem
Makrolidtragermolektl. Dadurch sollten verbesserte pharmakologische Eigenschaften, mit
verlangerter AUC und geringeremag erreichtwerden Unsere Verbindungen zeigten hierbei

eine hTLR7/&gonistiscle Aktivitat und eine maximale hTLRRtivierung zwischen 40 und

y JE: @2y WwWSaAldZAY2R® | yaSNBE [SAGLFYRARIGSY
menschlichen Leukozyten im gleichen Bereich wie Resiquimod, induzieren aber mindestens
10-Y I £ ¢ Sy A 3 SINSn Bylsténh. Dids Yeut&tBuf einen hohere agonistische Spezifitat
auf hTLR7 hin. Diese Ergebnisse lieRen sich im Mausmodell reproduzieren. Die neuen
Substanzen zeigten, unabhangig ob gekoppelt an ein Makrolid oder als ungebundenes
sekundares Amin, eine lgere Exposition als Resiquimod und damit auch eine veranderte
Kinetik in der Freisetzung proinflammatorischer Zytokind sind wahrscheinlich eine Folge

der veranderten Pharmakokinetik und Stabilitat.
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korrigiert.
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Synthesis, Characterization, and in vivo Distribution of
Intracellular Delivered Macrolide Short-Chain Fatty Acid

Derivatives

Simon StraB,*" Anna Schwamborn," Manuel Keppler,” Natascha Cloos,"™
Jamil Guezguez,” Jan-Hinrich Guse," Michael Burnet,*" and Stefan Laufer®

Short-chain fatty acids (SCFAs) have a range of effects in
metabolism and immune regulation. We have observed that
delivery of SCFAs to lysosomes has potent immune regulatory
effects, possibly as a surrogate signal for the presence of
anaerobic organisms. To better understand the pharmacology
of lysosomal SCFA donors, we investigated the distribution and
metabaolism of propionate and butyrate donors. Each analog
(1a and 2a) can donate three SCFA equivalents via ester
hydrolysis through six intermediate metabolites. The com-
pounds are stabilized by low pH, and stability in cells is usually
higher than in medium, but is cell-type specific. Butyrate
derivatives were found to be more stable than propionates. Tri-
esters were more stable than di- or mono-esters. The donors

Introduction

short chain fatty acids (SCFAs; most commonly acetate,
propionate and butyrate) are water-soluble carboxylic acids
with less than six carbons. They derive largely from bacterial
fermentation of dietary fiber in the gut and are anaerobic
metabolic end products. In the human colon concentrations of
these SCFAs can reach mM-levels (acetate 64 mM, propionate
27 mM, butyrate 25 mM)." These SCFAs are a source of energy
for colonocytes but they also act as mediators in the
communication between the intestinal microbiome and the
immune system present behind the intestinal epithelium. ™

Both colonocytes and monocytes express SCFA receptors.
Free fatty acid receptor 2 (FFAR2 or GPR43) interacts mainly
with acetate and propionate, whilst the free fatty acid receptor
3 (FFAR3 or GPR41) has higher affinity for proplonate, butyrate,
and valerate." FFAR2 and 3 are highly expressed in immune
cells. FFAR2 Is also expressed In adipose tissue, distal lleum and

[al 5. StraB, Prof. 5. Loufer
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Eberhard-Karls-Universitat Tubingen
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72076 Tobingen (Germany)
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were surprisingly stable in vivo, and hydrolysis of each position
was organ specific. JejJunum and liver caused rapid loss of 4"
esters. The gut metabolite pattern by i.v. differed from that of
p.o. application, suggesting luminal and apical enzyme effects
in the gut epithelium. Central organs could de-esterify the 11-
position. Levels in lung relative to other organs were higher by
p.o. than via i.v, suggesting that delivery route can influence
the observed pharmacology and that gut metabolites distribute
differently. The donors were largely eliminated by 24 h,
following near linear decline in organs. The observed levels and
distribution were found to be consistent with pharmacodynam-
ic effects, particularly in the gut.

colon, while FFAR3 is preferentially expressed in adipose tissue,
spleen and immune tissue."! FFAR? is reported in the context of
inflammatary and immune response, whilst FFAR3 has been
associated with metabolic disorders.*®

Butyrate is a known inhibitor of histone deacetylases
(HDAC), a group of enzymes involved in gene regulation
through their repressive influence on transcription. This inhib-
ition leads to a suppression of nuclear factor kappa B (NF-kB)
translocation.” The G protein-coupled receptor 109a (GPR109a
or HCA2) is a receptor for niacin, but also butyrate.™ GPR109a is
primarily expressed on adipocytes, but also neutrophils and
macrophages. Activation of GPR109a leads to recruitment of f-
arrestins and regulation of wvascular inflammation in
atherosclerosis™" Olfactory receptor 78 (OIfr78) also uses SCFAs
as ligands, particularly acetate and propionate™ OIfi78 is
expressed in smooth muscle cells of the vasculature and kidney.
It plays an important role in regulation of blood pressure™
SCFAs can regulate tissue inflammation but thelir effect depends
on the type and concentration of the SCFA as well as the
species and type of immune cell which In turn correlates with
the expression pattern of receptors (FFAR2, FFAR3, GPR109 A
and Olfr78).™'" The SCFA receptors have a range of disease
associations including inflammatory bowel disease (IBD), dia-
betes, obesity, colon cancer, arthritis, colitis, hypertension, and
asthma,"" making them candidate pharmacological targets,
albeit, targets that potentially require agonism instead of
inhibition.

The role of SCFAs in inflammatory bowel diseases (Crohn's
disease (CD) and ulcerative colitis (UC)) In particular has been
demonstrated via studies on dysbiosis of the gut
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microblome 2 ™ These studies suggest that insufficient SCFA
from the gut lumen leads to loss of barrier function and
Inappropriate iImmune activation"” These effects appear to be
primarily mediated by lack of propionate and butyrate, whilst
acetate appears to be less critical.

Application of either propionate or butyrate to treat IBD has
been attempted, however, both require high doses and have
problems of smell and formulation to reach necessary stable
concentrations in the colon."” FFAR2 and 3, for example, need
concentrations above 0.5 mM (ECs,) for their activation."™ This
could, in theory be obtained with a combination of a high fiber
diet and a butyrogenic microblome, yet, these appear to be
absent in many patients. Therapy of dysbiosis has been
proposed via fecal transplant, problotic preparations and diet-
ary modification."""! Nevertheless, these types of therapies are
difficult to standardize and effects can be largely transient.
While the technology for widespread therapy with microorgan-
isms is developing, a simplified small molecule approach that
simulates a healthy microbiome may be one means to use
knowledge and to mimic the microbiome in the treatment of
gut disorders. The substances we describe here are active in the
range of 0.1 mg/kg and are thus much more efficient than free
SCFAs. 223

Sensing of SCFAs appears to take place at several levels.
Colonocytes have surface receptors which appear to regulate
tight junction formation and density. Resident monocytes
likewise express surface receptors,'® however, staining patterns
suggested the possible intracellular or lysosomal location of
FFAR3 in monocytes ™ We hypothesized that intracellular and
lysosomal receptors may assist a monocyte or other phagocy-
totic cells in sensing danger signal and that SCFAs detected in
the lysosome could Indicate that an anaerobic organism has
been encountered. This, for example, seems to be the case in
Acne where propionic acid released by Propionibacterium acnes
causes strong local immune stimulation,” Containment of the
gut microbiome is a major role for the immune system.
similarly, anaerobic infections are particularly difficult for the
Immune system to contain (toxins, poor vascular access, low
pH, and lack of oxygen limiting energy metabolism and
production of reactive oxygen spedcies). Given the predom-
inance of anaerobes in the gut and the role of immune cells in
preventing peritonitis, such sensors may be beneficial in
orchestrating an enhanced response to bacterial invasions of
the gut epithelium. That SCFAs are readily soluble, volatile and
diffuse easlly makes them suitable as a form of signal to
immune cells that anaerobes are present or have been
engulfed. In particular, the possible intra-cellular presence of
SCFA receptors supported a putative role in immune stimulus
and danger signal sensing post-phagocytosis.””

In dyshiosis, the lack of SCFAs appears to both render the
qut epithelium more porous and to down-regulate innate
immune surveillance. This, in turn, seems to lead to a risk of
bacterial translocation, leaky gut, colitis and potentially other
immune regulatory disorders. ™"

To test the idea that intracellular sensing of SCFAs may be
beneficial, we designed compounds that could preferentially

ChemMedChem 2021, 16, 2254-2269  www.chemmedchem.org

deliver SCFAs to intracellular compartments, notably the
phagolysosome.

To this end we used Azithromycin (9-deoxy-9a-aza-9a-meth-
yl-9a-homoerythromycin A), a 15-membered ring macrolide, as
a carrier with tropism to the lysosome. Azithromycin was first
developed in 1979 as a derivative of erythromycin with an
additional nitrogen in the core macrolide ring. This influences
its pharmacokinetic characteristics (higher tissue distribution
and longer elimination half-life)’™ and provides better stability
in acidic environment.” Azithromycin is also known for its
ability to accumulate into the phagolysosomes of immune
cells™ perhaps explaining its activity against intracellular
pathogens like Chlamydia pneumoniae and Legionella pneumo-
phila. Apart from Its antibacterlal properties It also shows
immunomodulating effects in e.g. diffuse panbronchiolitis,
cystic fibrosis and bronchiolitis obliterans syndrome.™ Azithro-
mycin showed significant anti-inflammatory effects for example
in lipopolysaccharide (LPS) induced sepsis in mice by inhibiting
the pro-inflammatory cytokines interleukin (IL}-6, IL-1B and
tumor necrosis factor a (TNFa).*!

Various groups have shown that Azithromycin is able to
concentrate into immune cells (Intracellular/Extracellular con-
centration (I/E)) many-fold over plasma concentrations and
thereby, to be targeted towards inflammation sites where
immune cells accumulate™*! |/E ranges from 35 to 200 In
macrophages (within respectively 3 h and 24 h) and from 80 to
over 500 in polymorphonuclear leukocytes (PMNs) within
respectively 2 h to 3 h™** The proposed explanation is that
Azithromycin is an amphiphilic base that is trapped in acidic
compartments and negatively charged sites inside cells (lyso-
some, phagolysosome) due to its two amine groups that
become positively charged at lower pHE® This transport Is
requlated by pH, temperature and extra- as well as intra-
cellular concentration of the macrolide. While this effect is wide
spread amongst lipophilic amine drugs, it is particularly strong
for Azithromycin despite the five hydroxy groups that it bears.
After a single dose of Azithromycin, tissue to serum concen-
tration ratios exceaded 100.%

Because of these properties, we used Azithromycin (and its
analogs) as a carrier for SCFA esters and synthesized new
macrolides with propionate and butyrate at the 11, 2" and 4”
positions. These compounds serve as Azithromycin pro-drugs
that also deliver SCFAs Into immune cells to activate the FFA2/3
receptors.

Since SCFA esters are not able to interact with the targeted
receptors, any activation would be dependent on hydrolysis.
Similarly, targeted effects would depend on retention of known
Azithromycin distribution in the body. To determine how such
tri-esters behave, we investigated their stability and metabolism
in cultured immune cells, human whole blood and via
pharmacokinetic studies in mice. Given that the position of
hydrolysis impacts known effects of Azithromycin, we prepared
possible metabolites of the macrolides (Table 1 and Figure 1)
with different substitution patterns of fatty acids.
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Figure 1. General structure. B, to R, are defined in Table 1.

Results and Discussion
Synthesis

The substitution pattern of core macrolide with ester groups
can be found in Table 1. The syntheses of 1a and 2a were
carried out by esterification of the hydroxy groups of
Azithromycin (3) in position 11, 2° and 4" with butyric anhydride
respectively propionic anhydride. For 1¢ and 2c Azithromycin
was dissolved in dichloromethane (DCM) and butyrate anhy-
dride respectively propionate anhydride was added. 1d and 2d
were achieved by converting the 4" position with respectively

ChemMedChem 2021, 16, 2254-2269  www.chemmedchem.org

used MS/MS (Table 2 and Figure 2B) and nuclear magnetic
resonance (NMR). Three fragmentation patterns are apparent:
first a cleavage of the cladinose sugar occurs; second, the loss
of desosamine; third, while the core lactone ring remains stable,
there is elimination of a water™™ Depending on the
substitution position fragments vary in the mass of the bound
esters demonstrating the different substitution pattems of the
molecules. These observations support the proposed position
of the esters.

NMR studies were performed to identify all substances and
to show the specific shift of ester groups in the positions 11, 2°
and 4" of the molecules, All NMR spectra were compared with
Azithromycin and can be found in the Supporting Information.
NMR data of Azithromycin has been published elsewhere
The chemical shifts ('"H and "C) for each substance can be
found In the experimental section. Additional to 'H and "C
NMR, Heteronuclear single-quantum correlation spectroscopy
(HSQC) and H-H correlation spectroscopy (H-H-COSY) were
performed for 1a and 2a (and 1b, 1c. 11) to check proposed
structures. With HSQC it was possible to carry out an assign-
ment of the crucial protons in position around the newly
formed esters (Figure 2A for 1a). 'H NMR studies show for 1a
and 2a chemical shifts for position 11, 2 and 4" downfield
compared to 3. For compounds 1b-1g and 2b-2g this could
also be shown. Using the example of 1a, the proton bound to

2256

Table 2. Spedfic M5/MS fragmentation patterns. M" peak and Frag 1 to 4
show m/z ratio.
Compound  [M-+HI* Frag 1 Frag 2 Frag 3 Frag 4
1a 050 m 32 458 -
1b 810 661 643 458 -
1c 819 661 643,228 308 -
id 819 501 573 434,46 -
1e 889 Ll 713,228 468 -
17 839 661 643 486 -
1g 839 661 643, 228 398 -
2a a7 703 685 454 -
2b B05 647 629, 490 472 454
2c B05 647,214 629 416, 398 -
2d 805 501 573,434 416 -
2e 861 7oz 685 454 -
2f 861 647 620,400 472 454
29 861 647 620,14 398 -
@& 2021 Wiley-VCH GmbH
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Tabla 1. pattemn of Az i” with leag| butyryl chloride or propionyl chloride into their esters. 1f and ?
substances 1a and 2a. 2f have a decorated hydroxy group in position 11 and 4°. This E
Compound  11-Pos. 2 Pas. 4" Pos, MW [g/mol] pattem was carrled out by dissolving respectively 1a and 2a in
] Putyrate F— Butyrat 050 1 methanol and thus solvate the ester function in 2' position. The
1: b:g;m U:'_Im O:tvr e 819 compounds 1b and 2b were obtained by dissolving respec-
1e OH butyrate oM 810 tively 1e or 2e in methanol and thus hydrolyzing ester function
1d OH OH butyrate 819 in 2’ pesition. For compounds 1g and 2g Azithromycin was
1a butyrate butyrate OH 880 d od with " and 4* h h
it butyrate oH butyrate 580 lecorated with esters in positions 2' and 4" in each case witl
19 OH butyrate butyrate 889 butyryl chloride or propionyl chloride. For compounds 1b to 1f
2a propionate  propionate  propionate 917 and 2b to 2f the synthesis was not optimized, since they were
2 propionate - OH o o ly required as metabolite standards of 1a and 2
Ic o propionate  OH 805 only required as metabolite standards of 1a and 2a.
2d OH OH propionate 805
2e propionate propionate OH 861
21 propionate OH propionate 861
2q OH propionata propionate 861 -“MM'“
E OH OH OH 749
al This entry represents Azithromycin. To demonstrate the substitution pattem of the products we
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{vertical) of tri-butyrate ester 1 a. Found peaks were assigned and correlations between "H and "C could confirm hypothesized structure, B shows MS/MS

fragmentation confirming the assumed structure of Ta.

carbon 11 was shifted from 3.68 ppm in 3 to 5.06 ppm in 1a.
The proximal proton of carbon 10 was also shifted downfield
(from 2.69ppm to 334 ppm). The 2 proton shifted from
3.24 ppm to 481 ppm as did those of carbons 1" (4.44 ppm to
4.56 ppm) and 3’ (2.48 ppm to 2.68 ppm). The proton bound to
the 4" carbon is at 3.03 ppm in 3 and at 470 ppm in 1a and
that at 5" is shifted from 4.08 ppm (3) to 4.41 ppm (1 a). Similar
shifts can be observed for 2a (this also applies to all other
compaounds).

Esterification of the 11 position in the macrolide ring caused
greater changes in the NMR spectra (comelated and non-
correlated) then with esterification of 2’ or 4”. This suggests that
derivatization of 11 position causes bigger changes in the
stereo chemistry of the macrolide ring.

Stability studies

Esters are well known to hydrolyze chemically, or via esterases
or lipases, and our earlier work had demonstrated the lability of
the 2 esters™™ To ensure that the compounds could be
prepared and stored in a stable form we Investigated their
stability in solution under various conditions and to support

ribosome " If it is de-esterified, it is potentially a direct
antibacterial substance.

In addition to the issue of the delivery of a potential known
antibiotic, the rate and site at which the esters are cleaved will
determine the effective dose of SCFA at each organ or cell-type.
To this end, it is important to know where and how the ester
bonds are hydrolyzed and thus how and at what rate the SCFAs
are released. Hydrolysis depends on various factors, like temper-
ature, pH, enzyme activity, solvent, membrane partition, solvent
exposure, lipophilicity, or steric hindrance. Lipophilicity by
propionate and butyrate esters are known to vary with chain
length, with slightly faster hydrolysis in propionate
derivatives."™® However, differences between the positions of
the ester bonds on the macrolide have a greater impact on
lipophilicity or steric effects. The positions 2 and 11 are 2-
aminoalkylesters, which can undergo facilitated hydrolysis by
intramolecular catalysis of the amino group.*"*? Enzyme activity
and pH vary significantly, depending on the in vive compart-
ment. pH stability data for the 2' esters 1¢ and 2 ¢ (most labile
position) are shown in Table 3. Stability was measured at pH

Table 3. Half-life values [h] for derivates in differant pH valuas at 4°C.
analysis of possible pharmacokinetic studies. In particular, the 2' e okt I forisavivate: W0 TSSO PHRI0S
position of Azithromycin interacts with the bacterial | Compound pH 4 5 6 7 8
ribosome ™ If it Is esterified, It Is not a direct inhibitor of the | 1¢ =100 =100 796 180 60
2c =100 =100 049 10.2 22
ChemMedChem 2021, 16, 2254-2269  www.chemmedchem.org 2257 © 2021 Wiley-VCH GmbH
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values of 4, 5, 6, 7 and 8 up to 24 hours. Samples were injected
directly from buffered solutions (either acetate or phosphate
buffer solutions) into HPLC-ELSD system at 4°C. At acidic pH
values the substances are stable. Increasing the pH made them
more sensitive to hydrolysis, with hydrolysis proceeding most
rapidly at pH 8. Overall, the hydrolysis rates of 1¢ and 2¢ are
similar with slightly lower half-life values for the propionate
derivative {2¢) which is consistent with literature.™"

Cell stability testing was performed with 1a and 2a in
human whole blood and cultured U937cells over 24 h at 37°C.
Samples were collected at various times after substance
application and mixed with six volumes of acetonitrile (with
0.1% of formic acid) to precipitate protein and lyse cells. The
supernatant was collected, and the Identity and concentration
of metabolites measured via HPLC-MS/MS. Results are shown as
halflife values in Table 4.

The hydrolysis kinetics can be divided into two groups. The
first group (11 and 4" esters) does not hydrolyze within 24 h
(1b, 1d, 1f, 2b, 2d, 2f). The second group undergoes first
order hydrolysis at the 2" ester over 1-6 h (1c, 1e, 1g, 23, 2¢,
2e,2q).

The loss of the 2" ester was accompanied by the appearance
of the hydrolysis product. The lability of the 2' position may be
due to two possible mechanisms (relevant also to the 11 esters);
2-aminoalkylesters can undergo specific hydrolysis reactions
through intramolecular catalysis of the amino group. In one
form, the amino group catalyzes the hydrolysis by a water
molecule. The nitrogen coordinates one proton of water and
the oxygen attacks the carbonylC to cleave the ester"
Alternatively, an intramolecular attack of the nitrogen on the
carbonyl-C forms a five-membered ring intermediate, which
then shifts to form an amide™ This Is then hydrolyzed by
water.

At the 11 position, the hydrolysis is retarded, but can still
occur to a certain extent (see Supporting Information Com-
pound 1b, 1f, 2b, 2f). Although it is, like the 2' position, an
ester function of a 2-aminocalcohol, the deceleration of
hydrolysis can be explained by steric hindrance of the relatively
inflexible lactone ring. The amino group is therefore less
suitable for catalysis.

Table 4. In vitro half-life values [h] for derivates in U937 calls, human
whole blood, RPMI madium.

Compound Whole blood Las7 REMI
1a =100 126 =100
1b =100 =100 608
1c 51 30 16
1d =100 =100 =100
1e 15 1 15

1 =100 =100 50.8
1g 60 0.6 05
2a 7 22 11
2b =100 =100 =100
2c 19 10 10
2d =100 =100 =100
2e 16 10 10
b =100 =100 Mo
29 12 15 10

ChemMedChem 2021, 16, 2254-2269  www.chemmedchem.org
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In contrast to pH buffered solutions, stability in cells and
media is complicated by a range of factors including: partition
to acidic compartments, binding to serum proteins, Insertion
into membranes, binding to plastic, fixation on positive
polymers (heparin, chondroitin sulfate), binding to nucleic acids
(e.g. ribosomes) and other negatively charged sites, and the
presence of hydrolytic enzymes (lipases, esterases etc). Based
on both published data™ and our own studies with fluorescent
analogs (not shown), the main effects in cells are due to
partition to acidic compartments and membrane insertion.

Paradoxically, in contact with cells, most compounds exhibit
greater stability than in medium. Given that lower pH is also
stabilizing, and that the compounds are known to insert to
membranes, these data are consistent with partition to the
lysosomes and other negatively charged structures of the cells
reported for macrolides ™

The hydrolysis rate of the tri-propionate, 2a, is slower than
for other 2' propionate ester derivatives (2¢, 2e, 2g). This effect
is more pronounced in cultured cells and whole blood than it is
in medium. This might be explained by the higher hydro-
phobicity of the tri-ester (see table of clLogP values in
Supporting Information) increasing membrane partition and
higher accumulation Into the membranes of acidic compart-
ments and thus stabilization of the 2* position.

Similarly, the butyrate esters are more hydrophobic and
more stable: 1a is more stable than the other 2’ butyrate ester
derivatives (1¢, 1e, 1g). Also, 1a seems to be more stable in
RPMI medium and human whole blood (Table 4 and figures in
Supporting Information) but is hydrolyzed in U937 cells within
12.6 hours. We propose that these effects are due to a
combination of increased hydrophobicity promoting binding to
serum protein and cell-specific hydrolytic activity.

Differences of hydrolysis rates between 1a and 2a can be
partly explained by deactivation due to the lenger carbon chain
in the butyrate but are bigger than expected. Given that the tri-
butyrate (1a) is at least 4x less soluble than 2a (data in
Supporting Information), and that it has a cLogP ca. 2-units
higher, we propose that 1a is likely more protected from water
due to affinity for hydrophobic sites.

In summary, solution stability, and stability in media and
cell systems all indicate that stability increases as the number of
esterified sites increases, and with increasing carbon chain
length.

These data show that despite having fragile esters, the
model compounds are sufficiently stable for use in vive and that
these properties are improved with higher degrees of sub-
stitution.

Pharmacokinetics

To understand the metabolism of these substances, we have
prepared a set of models and diagrams of the pathways
apparent in murine and cellular pharmacokinetics. These are
found in Figures 3 and 5 and in the Supporting Information.
Briefly, the butyrate derivatives are both more stable and
more intestinally bound than the propionates. The 2’ ester is
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Figure 3. Comparison of pharmacokinetic data (BALB/c mice, female, 17 weeks old, n - 3) of lead substances 1a and 2a in different organs via oral (10 mg/kg)
or intravenous (2 mg/kg) route. A-H: Oral vs. intravenous application of 1a and possible metabolites {1b-1g, 3) in different organs (remaining organ data in
i i 1-P: Oral vs. i application of 2a and possible metabolites (2b-2g, 3) in different organs (remaining organ data in

Supporting Information).

surprisingly stable and appears to transit the gut largely intact.
The intestine and the liver are also able to selectively de-esterify
the 4" position. We propose that this is an enzymatic reaction.

Once the 4" is cleaved, the remnant di-esters are generally
less stable. Paradoxically, the cleavage of the 11 position is
often faster than the 2’ once the substance is in tissue.

These general observations indicate that the propionate tri-
ester is more systemic and has a high capacity to deliver SCFAs
while the butyrate Is more gut specific. To the Issue of delivery
of the active antibacterial Azithromycin, very little was detected
suggesting that no or low antibacterlal effect could be
expected. With respect to the gut microbiome, Azithromycin
and 2’ OH-analogs were essentially absent from the gut or the
gut washes.

The propionate and butyrate tri-esters are candidate
immune and metabolic modulatory drugs. To fulfill the require-
ments for activity in these classes of disease, adequate proper-
ties of formulation, uptake, distribution and elimination are
required.

Pharmacokinetics were investigated in mice to determine
the distribution and metabolism of 1a and 2a. One area of
Intended application of the substances is IBD where the
lysosomal delivery of SCFAs should stimulate both gut

ChemMedChem 2021, 16, 2254-2269  www.chemmedchem.org

epithelium and associated lamina propria immune cells.”*
This use implies that oral administration should provide
availability in the intestine and that the drugs should be
metabolized there to provide tissue with the desired SCFAs.

Azithromycin itself is a relatively metabolically stable drug.
It was originally prepared with the objective of reducing the
rate of cladinose loss in the upper gastrointestinal (Gl) tract and
to limit binding to hERG (human ether-a-go-go-related gene
implicated In long-Qt effects). In contrast, the derivatives are
intended to hydrolyze. Azithromycin has high bioavailability
and a high volume of distribution. Within blood, a significant
portion is associated with leukocytes, however, the large part is
associated with tissue. To ensure adequate assessment of

p we d d sub: e levels in whole blood (to
include leukocytes) and tissues where macrolides are known to
accumulate (spleen, liver, gut; see Figure3). The possible
metabolites for 1a are 3 and 1b to 1g. For 2a metabolites are
3and 2bto2g.

Pharmacokinetic studies were performed in female mice
(BALB/c, 17 weeks) with tail blood sampling after 0.5, 1, 2, 4, 8
and 24 h. Organs and organ flushes (heart blood, liver, lung,
spleen, kidney, brain, eye, bile, duodenum, jejunum, ileum,
cecum, colon) were collected after 2h, 4h and 24 h. We
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compared oral (p.o.; 10 mg/kg) with Intravenous (l.v.; 2 mg/kg)
application to determine bioavailability. Drug levels were
determined with HPLC-MS/MS (Scl-ex API4500 coupled with an
Agilent 1260 HPLC).

Classical approaches to calculate bioavailability are compli-
cated by the very high volumes of distribution of the
substances and the wide range of metabolites. To this end, we
have calculated overall organ loads for the routes at various
times (see also Supporting Information). To facilitate calcula-
tions, all values are expressed in nM, to ensure that levels of
metabolites can be compared irrespective of molecular weight,
and to allow comparison with In vitro activity studles.

Pharmacokinetics of 1a

Blood concentration decreased rapidly after i.v. and p.o. treat-
ment. This is explained by fast distribution to tissue.*" After 4 h
blood concentrations were almost at baseline (p.o. 2 h). T, of
1a p.o. was 15 min and i.v. 30 minutes (precipitation after i.v.
application can be ruled out).

In both p.o. and i.v. applications, the major analyte found in
blood is 1a, only minor amounts of the 4"0H were detected.
Concentration values are similar, although the dose p.o. was
five times higher (10 mg/kg p.o. vs. 2 mgrkg iLv). This can be
explained by high distribution to tissue after oral application
(intestine and liver) before entering the blood compartment
(intestinal flush values were generally low). After oral applica-
tion as a solution (0.5% citric acid), 1a must pass the gastro-
intestinal tract via, chylomicrons, lymph or blood or via the liver
to enter the systemic circulation. In this process, it is exposed to
different pH values In the stemach and intestine. Gastric pH in
the mouse is moderate (pH 4), which stabilizes the esters (no
enteric protection was applied) and Is not sufficiently acidic to
cleave the cladinose (a minor reaction in the human stomach).
The small intestine of fasted mice has a pH of 5.0-5.2 and the
colon a mean pH value of 4.4-4.71 These pH levels are more
acidic then in the human gut and could explain the quite slow
hydrolysis rates observed in gut compartments. On the other
hand, enzymes like trypsin, chymotrypsin, pepsin or various
lipases could hydrolyze esters regardless of the pH values found
thera "

Following i.v. and p.o. administration 1a undergoes differ-
ent metabolism patterns. Following i.v. application 1a is stable
with low levels of 1e, (11-2-DiBut). After oral administered 1a
is rapidly converted to 1e, the 4" de-esterification product. 1e
Is the major substance detected in intestines and liver. It is also
produced in the isolated mouse intestine in vitro. 1e was also
apparent in kidney, spleen, eye, brain, and lung at around the
same amount as 1a. Other metabolites are at lower levels. The
main metabolite in in vitro stability studies, 1f (11-4"-DiBut) was
only found in minor concentrations in some organs (i.e. eye).

These data suggest that the tri-butyrate reaches the
systemic circulation, but that in the liver and intestine, there is
significant 4" de-butyrylation activity. Given that the 4"
cleavage product Is not apparent in organs like spleen or kidney
following i.v. application, it is likely that where it is present p.o.,

ChemMedChem 2021, 16, 2254-2269  www.chemmedchem.org

2260

it Is derived from the gut or the liver. The dominance of the 1e
in the liver p.o. and its presence, i.v. suggests that it is also
generated in the liver.

Intestines: Following i.v. application, the tri-butyrate 1a was
the dominant analyte in all intestine samples. 1e was apparent
in jejunum and ileum. In contrast, following p.o. application, 1e
was always dominant. The Jejunum and ileum had the most
complex metabolite patterns. Jejunum had more 1c (2 ester)
remaining, whereas, ileum had more 1b (11-ester). This may
reflect, in part, differing pH. In both cecum and colon, Te was
dominant with some 1b in cecum.

These data suggest two aspects of Intestinal metabolism.
The first is that contact to the intestine via lumen and mucosa
results In more cleavage and that this Is highest in jejunum and
ileun. Transfer of 1a to intestine from the blood following i.v.
application is associated with much lower cleavage in terms of
95 total macrolide, This could be due to the overall higher levels
{up to 10 uM), or it could be due to the presence of the enzyme
responsible for cleaving the 4” ester in the luminal secretions.
Alternatively, it is possible that the enzymes present in the
apical side of enterocytes differ from those in the basal
membrane, and that contact to the luminal side following p.o.
application changes the pattern observed.

As the stability results indicated that the ester bond at 4°-
position is very stable, it is proposed that the dleavage Is
catalyzed by enzyme(s).

There are luminal, gut wall or mucosal enzymes in the GI
tract which could contribute to the pre-systemic metabolism of
a drug™ It might be that some of these enzymes can cleave
the ester bond at the 4”-position better than those at the other
positions, as these may not be as accessible to the enzymes
due to steric or membrane binding effects.

While 4" hydrolysis takes place in the liver following i.v.
application, further transport to systemic circulation appears
largely absent given that these organs have high levels of tri-
ester but little or no amounts 1 e, the 4” cleavage product.

To test whether the substances are hydrolyzed in gut
compartments, various gut segments were removed from
female BALB/c mice and incubated with compound. After 4 h,
samples were taken and analyzed by HPLC-MS/MS.

The results of gut stability testing showed distinct hydrolysis
pattemn for different sections (Figure 4). The low pH value of
stomach stabilizes the ester bonds and 1a is largely not
hydrolyzed (small amounts of 1g can be found). Duodenum
and ileum show minor hydrolyzation of 1a to 1e, 1f and 1g.
Jejunum has the least amount of 1a remaining and the highest
concentration of 1e and small amounts of 1b and 1f. Cecum
and colon have higher tissue levels of 1¢, which was not found
in luminal content or other compartments. These results
suggest that the gut and in particular, the jejunum, is
responsible for metabolism following oral application.

To determine whether the enzyme responsible is luminal or
tissue bound we assayed luminal contents separately for
hydrolytic activity. These data suggest that hydrolysis is both
luminal and tissue bound, that it is sensitive to competition
from triglycerides, and Is thus likely due to a secreted enzyme
such as a pancreatic lipase.
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Figure 4. Gut compartments incubated with 1a or 2a for 4 h at 37°C. Results
show % metabolites 1o total amount of detected analyle concentration.
Organs % displays tissue concentration of analytes in qut compartments,
Content % displays conc of analytes in intestinal fluids.

Contrary to many assumptions on ester fate, pH values in
gut compartments were more stabilizing to the substances, The
presence of diet and or tissue appeared to stabilize the
substances on application.

Pharmacokinetics of 2a

The general observations for 1a were also apparent as trends
for 2a, however, there were differences. The tri-proplonate
analog 2a was more labile, generated more diverse products,
was more systemic and lead to higher organ loads.

Blood concentration values decrease rapidly after i.v. and
p.o. treatment. After 4 h blood concentrations almost declined
to baseline. The C,,, of 2a p.o. was at 15 min, and at 30 min i.v.
Following, p.o. applications, metabolites 2e, 2f, and 2b were
dominant. In i.v. treated mice 2f was prominent.

Given that the patterns of metabolism for the propionate
derivatives were more complex, they will be described in detail.
All time courses of metabolite production are recorded in the
Supporting Information.

Liver: Following i.v. treatment, the dominant liver metabo-
lite is the 4" position cleavage product 2e. In blood, and other
major organs, 2e is relatively minor. This suggests that 2e is
formed in the liver and that it is not re-exported to other tissues
at high rates. Cleavage of the 2’ position in liver appears to be
faster given that the 11 position ester 2b is the next most
prominent product. Nonetheless, 2* ester 2c Is also apparent
suggesting an approximate 2-fold faster hydrolysis of 2 vs. 11
position in the liver. The situation in the liver following p.o.
application is much more complicated given that there is
considerable conversion of the tri-ester in each gut segment.
Thus, the liver content is almost certainly a function of both gut

ChemMedChem 2021, 16, 2254-2269  www.chemmedchem.org

and 2b (11 ester) predominate. That 2b levels are similar to 2e
p.o, in contrast to the i.v. pattern, suggests that gut derived
metabolites contribute to the overall liver pattern of metabo-
lites.

Intestine: i.v. and po. application resulted in different
pattemns of 2a metabolism in the gut that were more
pronounced than those reported for 1a. These were time and
position dependent. To interpret time effects, it is important to
bear in mind that the transit time of the mouse gut is of the
order of 6 to 7 hours.®"

At 120 min following i.v. application, 2a was still dominant
in the upper Gl - duodenum, and in the colon. In other parts of
the intestine, 2b (11 prop) dominates at all times, The ileumn
appears to have the highest concentration of 2a and metabo-
lites following i.v. application (ca. 3-fold higher total macrolide
than other tissue) suggesting a tissue specific affinity for this
class of substance. Detectable amounts of most analytes are
present in the intestine at 24 h suggesting that they leave the
tissue relatively slowly despite the food throughput.

In contrast, levels from p.o. application were uniformly
higher consistent with the 5x higher dose and the quasi-topical
application to the gut. At 120 min, the upper intestine had
levels In the order of 10-15x higher total macrolides (150 puM)
vs. L.v. and 10-fold the colon levels. By 24 h levels had declined
in all tissues in the same proportion suggesting that remobiliza-
tion along the intestine after uptake is limited.

Dominant metabolites varied along the intestine following
p.o. application. In duodenum, 2g (2, 4" prop) was most
present. In jejunum, 2e (2', 11 prop)} was doeminant, in lleum
and cecum, 2b (11 prop) was the main product, while in colon
it was 2e and then 2b. The lack of apparent mobility and the
differing metabolites suggests that many are formed in the
tissues and are not transported along the gut. To check this
possibility in detail, the fluids resulting from the rinsing of the
intestinal samples were also analyzed. In general, these were 4—
5-fold less concentrated than the corresponding tissue sample.
The luminal metabolite profile was generally not the same as
the tissue profile (data not shown).

Spleen: Following i.v. application, 2a appeared converted
primarily to 2f (11,4” prop) which in tun appeared to convert
to 2b (11 props) with 2d (4" prop) at lower levels. Following
p.o. application, the 2a was present in similar amounts to 2e
{2, 11 prop) which was apparently then converted to 2b (11
prop) or 2c (2' prop). Another product, 2f (11 4" prop) was
likely derived from 2a in situ.

Kidney: Following i.v. application, 2a appeared to convert
to 2f (11 4" prop), preferentially to 2b (11 prop) or then 2d (4"
prop). Following p.o., the dominant metabolite was 2e (2' 11
prop)., which converted equally to 2b (11 prop) and 2c (2
prop). The other main metabolite, 2f (11 4" prop) could either
derive from 2a in situ or from other organs.

Eye: Following i.v. application the dominant metabolites in
the eye are 2f (11 4" prop), 2b (11 prop) and 2d (4" prop).
Following p.o. the metabolites are dominated by 2b (11 prop)
followed by 2e (2 11 prop), 2f (11 4" prop) with 2g (4" prop)
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rising over time. The eye contains lysosomes with different
properties to others in the body (degradation of visual pig-
ments) and has a different pH In the vitreous® These factors
may explain the distinct metabolite profile in the eye.

Brain: Following i.v. application, the brain contains similar
amounts of 2a and 2f (11 4” prop), suggesting that cleavage of
2’ esters may occur in the brain. Following p.o. application, 2b
(11 prop), 2f (11 4" prop), and 2e (2' 11 prop) are similarly
present, suggesting some transport of intestinal metabolites to
the brain. Macrolides are generally considered not to cross the
blood brain barrier due to their size and polar surface area™
These more hydrophobic derivatives may be more amenable to
non-specific hydrophobic uptake routes. Given current interest
in the gut brain axis, the delivery of SCFAs to microglia and
astrocytes, or the stimulation of central lysosomes may also be
beneficial and is being pursued by our group.®*¥

Lung: Following i.v. application the order of prevalence of
lung metabolites was 2f (11 4" prop), 2b (11 prop), 2a (2' 11 4"
prop), 2d (4" prop), 2e (2' 11 prop) and 29 (4" prop). Following
p.o. application, it was 2b (11 prop) 2e (2' 11 prop) and 2f (11
4" prop).

These data suggest that also in the lung, gut or liver
metabolites may be present following oral application changing
the dominant metabolite. These distinctions are of interest
because substances of this class appear to stimulate host
defense functions in myeloid cells."**' Lung tissue is exposed
to pathogens and lung infection is a possible area of use of
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Figure 5. Schematic representation of the differant routes of metabolism of 1a {left) and 2 a (right) in the i

such substances. Levels In the lung following p.o. application
were about half those of spleen, liver or kidney as opposed to
approximately one fifth in I.v. application. These data suggest
that the various esters have different partition properties in
tissues and that the pattern of metabelites in the intestine
influences tissue distribution.

The results of the gut stability testing for 2a (Figure 4)
showed no distinct hydrolysis pattern. The overall major
compound detected was 2a and the major metabolites were 11
4" propionate 2f and 2’ 4" propionate 2g. This leads to the
assumption that the propionate ester is hydrolyzed nonspecifi-
cally in the gut compartments.

SCFA delivery

A key goal of this study was to determine the ability of the
substances to deliver SCFAs to target cells and tissues. Using
organ concentrations and the assumption that the large parts
of the metabolites were generated locally, we arrived at an
estimate of effective average tissue concentrations of 28-70 pM
butyrate per hour delivered orally and 9-18 uM per hour via i.v.
application. Free propionate delivered per hour orally can reach
142-388 uM per hour and i.v. 92-107 pM per hour.

These free SCFAs are mainly released in lysosomal compart-
ments. Since these compartments only make up around 1-5%
of the total volume of an immune cell, it is likely that any
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arrows shown represent relative amounts of the detected substances within an intestinal section. Whilst 1a is relatively stable and hydrolyses mainly in the
intestine at the 4* position, 2a shows a much greater and broader hydrolysis behaviour.
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employed invivo (0.1 to 3 pmal/kg), there will be sufficient
SCFA delivered to the lysosome to yield transient interaction
with the receptors.

Conclusion

Macrolides such as Azithromycin can be adapted to carry SCFAs.
The multi-esterified macrolides are able to deliver SCFAs to
cytoplasmic compartments in immune and epithelial cells and
to mimic signaling processes as they release SCFAs. The
cytoplasmic and lysosomal delivery of SCFAs probably simulates
the presence of anaerobic bacteria and acts as a mild immune
stimulant,

These tri-esters exhibit similar general pharmacokinetics to
those of Azithromycin but vary in the pattems of metabolite
formation and distribution depending on route of administra-
tion and tissue in which they are absorbed (figure 5 and figure
6).

In a general sense, the esters would be expected to
hydrolyze chemically in all settings, however, this is not the
case. The 4" ester appears to require enzymatic cleavage. The 2'
and 11 esters were more labile to chemical hydrolysis in
solution but were much less labile in biological matrices. Both
acidic compartments and membranes probably protect the
esters in vivo and in cells.

Butyrate derivatives were more hydrophobic, less soluble,
less distributed and less labile than corresponding propionate
derivatives. While both the tri-butyrate (1a) and tri-propionate
(2a) had similar properties, the propionates were associated
with higher uptake, metabolic diversity and systemic distribu-
tion than the butyrates.

While it 1s expected that delivery of butyrates and
propionates may signal similarly in some circumstances, differ-
ences in distribution, affinity for FFARs and rate of donation
may all cause the molecules to have different profiles in disease
settings.

While we have used Azithromycin as a carrier for this study,
there are other macrolides that are not anti-bacterial molecules
that are able to perform the same task as Azithromycin. Thus,
although Azithromycin itself was only observed at very low
levels, this may be an issue In resistance management and its
use in therapies of this kind may be seen as impractical. Thus,

ChemMedChem 2021, 16, 2254-2269  www.chemmedchem.org

class.

Experimental Section

Synthesis

All reagents and solvents were purchased from commercial sources
and used as received. Reaction progress was monitored with mass
spectra (Finnigan LCQ Deca XP MAX, Software Xcalibur 2.0.7 5P1)
and wvia TLC (Merck TLC Silica gel 60 F254). Spots were visualized
with Hanessian's stain, based on a Ceriumn Malybdate solution and
heat. "H-NMR spectra were recorded with a Bruker Avance 400
(400 MHz) or Bruker (300 MHz). “C-NMR spectra were recorded
with a Bruker or Bruker (75 MHz). Spectra were recorded in CDCly
solution and chemical shifts (ppm) were referenced to solvent.
Coupling constants (J) are given in Hz. Solvents were evaporated
with rotary evaporator (RVS IKA, KNF SC 920) operating at reduced
pressure. Flash chromatography was carried out with Interchim
puriFlash 5020 with Interchim PF-155IHP-F0040 or PF-
505IHP-F0040 columns. Purity studies were perfermed with HPLC
set up from Varian (ProStar) and ELS detection (Sedere Sedex &0).
Mobile phase: water (0.05% formic acidy/methanol (0.05% formic
acid). Stationary phase: Dr. Maisch ReproSil-Pur 120 C18-AQ, 5 pm,
7533 mm. HRMS measurements were made using a Bruker maXis
4G ESI-TOF from Daltonik [JL1], using ESI+ mode and the following
settings: Capillary voltage 4.5 kV. source temperature 200°C, gas
flow & L/min, nebulizer gas pressure 1.2 bar, end plate offset —
0.5 kV and an m/z range of 100 to 1350 m/z.

1a (25354R6R)-6-(((2R3RARSRER10R11R,125,135,14R)-4-(butyry-
loxy)-11-{({25,3R.4R.6R)-3-(butyryloxy)-4-{dimethylamino)-6-meth-
yitetrahydro-2H-pyran-2-yljoxy)-2-ethyl-3, 10-dihydroxy-
3,5,6,8,10,12,14-heptamethyl-15-oxo-1-oxa-6-azacyclopentadecan-
13-ylhoxy-4-methoxy-2.4-dimethyltetrahydro-2H-pyran-3-yl ~ buty-
rate, 'H NMR (600 MHz, CDCl) & 507 (d, J=6.2 Hz, 1H), 4.97 (d, J=
8.9 Hz, 1H), 4.90 (d, J=4.6Hz, 1H), 4.81 (t, 1H), 4.70 (d, /=98 Hz,
1H), 4.56 (d, J=7.0 Hz, 1H), 441 {dq, /=125, 6.1 Hz, 1H), 420 (. /=
5.0 Hz, 2H), 361 (s, TH), 3.48 (d, /=44 Hz, 1H), 3.38-333 (m, TH),
331 (s, 3H), 2.65 (dt, J=13.9, 7.1 Hz, 2H), 2.35-2.33 {m, 3H), 2.31 g,
=134, 63 Hz, 5H), 2.23 (d, /=74 Hz, 7H), 2.13 (t, TH), 1.96 (s, TH),
1.85-1.75 (m, 3H), 1.72-1.55 (m, 10H), 1.42 (s, 2H), 1.33 (dd, J=24.2,
123 Hz, TH), 1.27 (d, J=7.2 Hz, 3H), 1.22 (d, J=6.1 Hz, 3H), 118
113 (m, 8H), 1.10 (s, 3H), 1.03-084 (m, /=269, 195, 134, 6.6 Hz,
23H), “C NMR (151 MHz, CDCLy) & 17639, 17351, 173.19, 17273,
101.29, 97.49, 84.03, 81.01, 78.56, 77.37, 77.16, 76.95, 76.21, 75.94,
7411, 7320, 71.39, 69.17, 6361, 6330, 61.19, 49.86, 4566, 4195,
40.79, 36,51, 36.48, 3636, 36.02, 3085, 29.83, 27.55, 27.05, 25.08,
24.30, 2182, 21.43, 21.12, 18.73, 1849, 1845, 17.70, 1442, 1389,
13,84, 13.65, 12.00, 11.60, 8.20, HRMS m/z caled for CiHyN,0,,":

2263 © 2021 Wiley-VCH GmbH

Chemistry
Full Papers Europe H
ChemMedChem d0i.0rg/10.1002/cmdc.202100139 B ek
receptor in these membranes will be exposed to higher we have prepared analogs that are not be directly antibacterial £
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For example, the lung had an apparent macrolide load of  reported here. H
30uM at 2h with 66% of the original SFA still present The therapeutic goal of the compounds described here is to H
suggesting that 10 uM SCFA had been delivered. This corre- modulate barrier function and the immune response by T
sponds to a lysosomal concentration of ca. 1 mM, or 0,5 mM/h.  simulating the presence of anaerobic organisms in the
This is in a range sufficient to activate FFAR2/3 if it is presentin  lysosomal compartment. The pharmacokinetic data suggest ;
or near the lysosome.™ that for both propionate and butyrate derivatives, the effect will E
A similar calculation for the jejunum yields ca. 120 uM  be systemic but that butyrates will be more active in the gut £
macrolides at 2 h, again ca, 66% SCFA still present, or 40 uM  relative to other organs. The amounts, the rate of de- '
SCFA delivered comresponding to ca. 4mM in the putative esterification and the distribution suggest that they can both 3
lysosomes or 2 mM/h. The exact lysosomal volume varles and  deliver sustained pulses of intracellular/lysosomal SCFAs in a ?
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959.64140, found: 959.64079, colorless solid, yield 2580 mg (33.6%),
purity 99.7% via HPLC-ELSD, 3 (6.0 g, 8.0 mmol) was dissolved in
butyric acid subsequently 3 eq of butyric anhydride was added.
Solution was stirred at room temperature (RT). Progress was
detected via TLC and MS. After four days a catalytic amount 4-
dimethylaminopyridine (DMAP) and 3 eq butyric anhydride was
added. Work up was done after five days, when sufficient product
was detected. To extract product liquid-liquid extraction was
performed. First with citric acid solution (5%, 3x), then citric acid
solution was washed with ethyl acetate. Acidic solution was
neutralized with sodium carbonate and macrolide transferred into
organic phase [ethyl acetate) with liquid-liquid extraction three
times. Organic phases were combined and washed with brine/
water two times, dried with sodium sulphate and solvent evapo-
rated. Afterwards residue was purified by flash chromatography
(stationary phase: silica gel, 2.5 um, @=3cm, h=14cm, mobile
phase: cyclohexane/acetone with triethylamine) to carry out white
solid powder. As a side product in the purification step 2000 mg of
1e was obtained.

1b (253RAR6R)-2-(((2R.3R AR, 5R.ER, 10R,11R,125,135,14R)-4-{butyry-
loxy)-2-ethyl-3,10-dihydroxy-13-({(2R.4R 55,65)-5-hydroxy-4-meth-
oxy-4,6-dimethyltetrahydro-2H-pyran-2-yljoxy)-3,5,6,8,10,12,14-
heptamethyl 15-oxo-1-oxa-6-azacyclopentadecan-11-yljoxy)-4-
(dimethyl fro-2H-pyran-3-yl  butyrate, 'H
NMR (300 MHz, CDCly) & 7.26 (s, 1H), 5.04 {d, J—9.4 Hz, TH), 4.98
(dd, /=99, 29 Hz, 1H), 488 (d, J=45Hz, 1H), 4.35 (d, /=73 Hz,
1H), 421 (t, 1H), 408 (td, /=124, 6.1 Hz, 1H), 359 (dd, =94,
6.1 Hz, 2H), 3.50 (d, J=2.9 Hz, 1H), 3.46-3.37 (m, 1H), 333 (dd, J=
7.3, 2.7 Hz, 1H), 3.28 (d, J=5.1 Hz, 3H), 3.05-2.95 (m, TH), 2.66-2.50
(m, 2H), 2.37-2.26 (m, 9H), 2.24 (5, 3H), 2.20-2.09 (m, TH), 199 {d,
J=229Hz, 2H), 1.84-1.72 (m, 2H), 166 (dd, J=14.8, 7.3 Hz, 3H),
1.59-1.47 (m, 2H), 134 (d, /=138 Hz, 1H), 1.29 (s, 3H), 1.26 (s, 3H),
1.24 (s, 3H), 1.22 (s, 2H), 1.20 (s, 2H), 1.20 (s, 3H), 1.18 (5, 3H), 1.17 (d,
J=7.1Hz, 3H), 1.06 (d, J=6.5 Hz, 3H), 0.96 {t, /= 7.4 Hz, 3H), 0.91 (s,
TH), 0.88 {s. 3H), 0.85 (s, 2H). *C NMR (75 MHz, CDCl;) b 176.07,
173.21, 10548, 97.32, 80.11, 78.05, 77.58, 77.16, 76.74, 75.91, 75.80,
74.07, 7290, 7062, 69.83, 65.90, 65,14, 6142, 43.52, 46,07, 43.33,
41.07, 40.55, 3646, 35.30, 29.27, 2847, 2556, 24.27, 21.74, 21.53,
21.19, 1845, 18.09, 14,16, 13.88, 1193, 11.75, 8.50, HRMS m/z calcd
for CpHyeN,Oy, : 819.55767, found: 819.55840, white solid, yield
100 mg (352%), purity 98.5% via HPLC-ELSD, 1e (200 mg,
0.23 mmel) was dissolved in methanel and stirred at room temper-
ature. After two days solvents were evaporated. The residue was
purified by flash chromatography (stationary phase: silica gel,
25um, @=3em, h=14cm, mobile phase: cyclohexane/chloro-
form/isopropanol/ammonia in methanol) to carry out white solid
powder.

1c (25,3R4R.6R)-4-(dimethylamino)-2-
(((2R35AR5RBR10R,11R125,135,14R)-2-ethyl-3,4,10-trihydroxy-13-
{({2RAR,55,65)-5-hydroxy-4-methoxy-4.6-dimethyltetrahydro-2H-
pyran-2-yljoxy)-3,5,6,8,10,12,14-heptamethyl-15-oxo-1-0xa-6-azacy-
dopentadecan-11-yljoxy)-6-methyltetrahydro-2H-pyran-3-y1  buty-
rate, 'H NMR (600 MHz, CDCly) & 5.10 {d, /= 4.7 Hz, 1H), 4.78 (dd, J=
10.5, 7.6 Hz, 1H), 4.69 (dd, J=97, 2.2 Hz, TH), 4.54 (d, /= 7.5 Hz, TH),
422 (dd, J=4.3, 1.9 Hz, T1H), 4.04 (dq, J=9.2, 6.3 Hz, TH), 368 (s
1H), 3.58 (d, J=7.1 Hz, T1H), 3.54-3.47 (m, 1H), 336 (s, 3H), 334-3.28
(m, TH), 3.03 (d, /= 9.3 Hz, 1H), 2.75-2.68 (m, 2H), 2.65 (d, /=94 Hz,
1H), 251 (d, J=10.1 Hz, 1H), 2.37-2.27 (m, 5H), 2.25 (d, J=4.5 Hz,
6H), 2.22 (dd, /=158, 7.6 Hz, 2H), 2.07 (s, TH), 198 (d, J=7.5Hz,
TH), 1.94-184 (m, 2H), 1.73 (d, J= 125 Hz, 1H), 1.70-1.61 (m, 4H),
1.61-1.55 (m, TH), 1.50-1.41 {m, 1H), 1.32 {d, /=63 Hz, 3H), 1.30 (s
3H), 1.25 (s, 3H), 122 (d, 3H), 1.19 (d, J=7.5 Hz, 3H), 117 (s, 1H),
109 (d, /=67 Hz, 3H), 1.06 (5, 3H), 0.98-0.92 (m, 5H), 0.90 (dd, J=
9.9, 57 Hz, 4H), 087 (dd, /=77, 15Hz 6H), "C NMR (151 MHz,
CDCly) & 17853, 177.23, 172,70, 172.56, 101.53, 100.75, 94.77, 83.19,
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78.29, 78.13, 77.95, 7754, 7737, 7716, 7695, 7442, 7418, 7393,
73.76, 7319, 72.96, 7151, 71.26, 70.15, 6933, 6833, 65.80, 65.74,
63.88, 63.51, 62.72, 4953, 49.49, 4533, 4212, 42.03, 40.64, 3662,
36.60, 3646, 35.36, 3492, 30.83, 3055, 2746, 26.77, 22.09, 2177,
21.44, 2136, 21.04, 1864, 1845, 1841, 1835, 1637, 1492, 1430,
13.90, 13.88, 1369, 11.99, 11.39, 9.08, 8.19, 7.63, HRMS m/z calcd for
CoHMN;00 0 81955767, found: 819.55847, white solid, yield
9semg  (22.1%), purity 99.7% wvia HPLCELSD, 3 (4000 ma,
5.34 mmol) was dissolved in DCM. To this solution 1 eq of triethyl-
amine was added. Afterwards 22 eq of butyric anhydride was
added dropwise. Solution was stimed at room temperature.
Reaction was monitored via TLC and M5. Work up was done after
two days, when sufficient product was detected. To extract product
liquid-liquid extraction was performed. First with citric acid solution
(5%, 3x), then citric acid solution was washed with ethyl acetate.
Acidic solution was neutralized with sodium carbonate and macro-
lide transferred into organic phase (ethyl acetate) with liquid-liquid
extraction three times. Organic phases were combined and washed
with brine/water two times, dried with sodium sulphate and solvent
evaporated. To obtained residue was purified by flash chromatog-
raphy (stationary phase: Interchim C18, 2.5 um, @=25em, h=
14 cm, mobile phase: water/methanal with formic acid) to carry out
white solid powder.

1d (25,35.4R6R)-6-(((2R.354R,5R.8R,10R,11R,125,135,14R)-11-
({(25.3R AR, 6R)-4-{dimethylamino)-3-hydroxy-6-methyltetrahydro-
2I—I -pyran-2-yljoxy)-2-ethyl-3,4,10-trihydroxy-3,5,6,8,10,12,14-
hyl-15-ox0-1-0x. yclopentadecan- 13-yljoxy)-4-
methoxy-2,4-dimethyltetrahydro-2H-pyran-3-yl butyrate, 'H NMR
(600 MHz, CDCly) & 5.19 (d, /=49 Hz, 1H), 5.05 (d, J=4.8 Hz, 1H),
469 (dd, J=9.8, 2.5 Hz, 2H), 456 (d, J=7.4 Hz, TH), 442 (dt, J=125,
62 Hz, TH), 4.25 (dd, J=3.8, 2.0 Hz, 1H), 3.82-3.76 {m, TH), 3.68 (d,
=47 Hz, 1H), 361 (d, J=7.2 Hz, 1H), 3.39 (s, 1H), 3.31 (s, 3H), 3.23
(dd, /=102, 7.4 Hz, TH), 298 (5, TH), 2.75 (ddd, /=149, 7.4, 4.0 Hz,
2H), 2.68 (dd, /=135, 66 Hz, 2H), 2.56-2.52 (m, 2H), 239 (d, J=
15.2Hz, 1H), 2.37-2.31 (m, J=15.3, 7.7 Hz, 1H). 230 (d, /=1.9Hz.
7H), 229-2.24 (m, TH), 2.04 {d, J=11.4 Hz, TH), 2.02-195 (m, 2H),
1.89 (dtd, /=102, 76, 26 Hz, 1H), 1.76 (d, J=14.7 Hz, TH), 1.71-
1.60 (m, 4H), 1.45 (ddd, /=145, 98, 7.3 Hz, 1H), 1.42 (s, 6H), 1.29 (s,
3H), 1.19 (dd, J=6.7, 3.2 Hz, 6H), 1.16 (d, J=62 Hz, 3H), 1.09 {d, J=
5.9 Hz, 6H), 1.08 (s, 1H), 1.05 (d, J=7.6 Hz, 3H), 0.96 (t, /=74 Hz,
3H), 0.90-0.89 (m, 3H), 0.88 (d, J=7.5Hz, 2H), “C NMR (151 MHz,
CDCL) & 179.08, 17337, 102,52, 94.80, 83.37, 78.69, 77.83, 77.58,
F7.37, 7706, 7695, 7437, 7306, 7307, 7101, 70.25, 67.99, 6570,
63.22, 62,64, 49.57, 46,07, 4534, 4234, 4049, 3637, 35.09, 29.08,
27.69, 2704, 26,92, 2209, 21.94, 2144, 1861, 17.93, 1632, 1468,
1385 1140, 918, 748, HRMS m/ caled for CoHuN,OyL
81955767, found: B19.55803, white solid, yield 1540 mg (50.3%),
purity 98.7% via HPLC-ELSD, 3 (3.0 g; 4.0 mmol} was dissolved in
pyridine subsequently 4 eq of butyryl chloride was added to the ice
cold solution dropwise. Solution was stirred at room temperature
(RT). Progress was detected via TLC and MS. Work up was done
after two days, when sufficient product was detected, To extract
product liquid-liquid extraction was performed. First with citric acid
solution (5%, 3x). then citric acid solution was washed with ethyl
acetate. Acidic solution was neutralized with sodium carbonate and
macrolide transferred into organic phase (ethyl acetate) with liquid-
liquid extraction three times. Organic phases were combined and
washed with brine/water two times, dried with sodium sulphate
and solvent evaporated, Afterwards residue was purified by flash
chromatography (stationary phase: silica gel, 2.5 pm, @ =3 ecm, h=
14 cm, mobile phase: cyclohexane/acetone with triethylamine) to
carry out white solid powder. As a side product in the purification
step 1400 mg of 1g was obtained.

1e (253RA4R6R)-2-((2R.3R.4R.5R.8R,10R.11R.125,135,14R)-4-(butyry-
loxy)-2-ethyl-3,10-dihydroxy-13-{({2R,4R 55,65)-5-hydroxy-4-meth-
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235,234, 232,231,230, 2.29, 2.28, 2.26, 2.24, 2.22, 217, 2.15, 2.14,
2.12,2.09, 207, 1.96, 1.80, 1.79, 1.78, 1.72, 1.71, 1.70, 1.68, 1.67, 1.66,
1.65, 1.65, 1.64, 1.64, 1.63, 1.63, 1.63, 1.62, 1.61, 1.61, 1.58, 1.56, 1.55,
1.54,1.53,1.52,1.42,1.41, 1.39, 1.37, 1.35, 1.33, 1.30, 1.29, 1.27, 1.26,
1.25,1.24,1.23,1.22,1.20, 1.9, 1.16, 1.16, 1.14, 1.12, 1.12, 1.1, 1.10,
1.08, 1.06, 1.06, 1.05, 1.04, 1.02, 1.01, 0.98, 0.97, 0.96, 0.95, 0.95, 0.94,
0.93, 0.91, 0.90, 0.88, 0.87, 0.86, 0.85, 0.83, 0.06, HRMS m/z calcd for
CyaHacM;045 1 88959953, found: 889.60014, white solid, yield
2000 mg (28.1%), purity 95.6% via HPLC-ELSD, as side product in
synthesis of 1a.

1F (25,35 ARER)-6-([(2R.3R.4R,5R,8R, 10R, 11R, 125,135, 14R})-4-{butyry-
loxy)-11-{{{25,3R.4R.6R)}-4-{dimethylamino}-3-hydroxy-6-meth-
yltetrahydro-2H-pyran-2-yl)oxy)-2-ethyl-3,10-dihydroxy-
3,5,68,10,12,14-heptamethyl-15-oxo-1-oxa-6-azacyclopentadecan-
13-ylyoxy)-4-methoxy-2.4-dimethyltetrahydro-2H-pyran-3-yl ~ buty-
rate, "H NMR (500 MHz, CDCI,) & 5.05 (d, J= 9.2 Hz, TH), 4.96 (dd, J—
104, 2.4 Hz, 1H), 4.93 (d, J= 48 Hz, 1H), 469 (dd, J= 9.8, 5.3 Hz, 1H),
445 (tt, =103, 5.1Hz. 2H), 437 (d, J=73Hz 1H). 422 (t. TH).
3.65-357 (m, 2H), 347 (d, J=22Hz, 1H), 3.42 (d, J=73 Hz, 1H),
331 {t, J=52 Hz, TH), 3.30 (s, 3H), 2.65-2.56 (m, 2H), 2.36 (ddd, J=
15.7, 12.3, B.2 Hz, 3H), 2.30 (dd, J=9.5, 5.0 Hz, 9H), 2.24 (s, 3H), 2.16
(dd, J=123, 8.2 Hz, TH), 1.67 (pd, /=74, 2.5 Hz, 6H), 163-1.59 (m,
1H), 1.53 (d, J=13.7 Hz, 1H), 1.42 (5, 3H), 1.28 (d, /= 7.4 Hz, 4H), 1.22
(d, /=61 Hz, 3H), 1.17 (d, J=3.0Hz, 6H), 112 (dd, /=67, 3.5 Hz,
&H), 1.09 (s, 3H), 1.05 (d, J—6.6 Hz, 3H), 0.95 (dd, /=142, 73 Hz,
7H), 0.89-0.85 (m, 7H), "“C NMR (151 MHz, CDCl;} & 176.20, 173.54,
173.15,105.18, 102.49, 97.39, 9482, 86.73, 81.46, 80.05, 78.69, 78.48,
77.85, 77.57, 7137, 7716, 7695, 7587, 7582, 74.38, 7384, 7375,
73.20, 73.07, 7101, 70.60, 69.70, 67 .98, 6569, 65.07, 6344, 63.21,
61.44, 4996, 4956, 46.04, 4595, 4369, 41.21, 40.55, 36.45, 36.36,
36.31, 36.05, 35.10, 29.40, 28.54, 26831, 27.04, 26.91, 25.20, 24.34,
2209, 2192, 2158, 2143, 2133, 2121, 1872, 1860, 18.44, 1793,
1741, 1631, 1471, 1434, 13.88, 13.85, 13.82, 11.97, 11.40, 845,
HRMS m/z caled for CuHeNy0y, " 889.59953, found: 88959950,
white solid, yield 222 mg (34.2%), purity 96.7% via HPLC-ELSD, 1a
(700 mg, 0.73 mmol) was dissclved in methanol and stirred at room
temperature for three days. Solvents were evaporated to obtain
white powder. Residue was purified via column chromatography
(solid phase: silica gel 60-200um, mobile phase: chloroform/
isopropanclfammonia in methanol) to carry out white solid
powder,

1g (25.35.4R 6R})-6-{((2R,35,4R,5R,8R, 10R,11R,125,135,14R)-11-
(({25,3R.4R,6R)-3-(butyryloxy)-4-{dimethylamino)-6-meth-
yltetrahydro-2H-pyran-2-yljoxy)-2-ethyl-3.4,10-trihydroxy-
3,5,68,10,12,14-heptamethyl-15-oxo-1-oxa-6-azacyclopentadecan-
13-yljoxy)-4-methoxy-2 A-dimethyltetrahydro-2H-pyran-3yl  buty-
rate, 'H NMR (300 MHz, CDCl)) & 5.03 (d. J= 4.7 Hz, 1H), 475-4.56
(m, 4H), 4.32 (dd, J=9.7, 6.2 Hz, 1H), 430 (d, J= 63 Hz, 1H), 4.14 (d,
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({(2R,4R,55,65)-4-methoxy-4,6-dimethyl-5-{propionyloxy)tetrahydro-
2H-pyran-2-yljoxy)-3,5,6,8,10,12,14-heptamethyl-15-oxo-4-{prepio-
nyloxy)-1-oxa-6-azacyclopentadecan-11-yljoxy)-6-methyltetrahydro-
2H-pyran-3-yl propianate, 'H NMR (300 MHz, CDCI,) & 5.05 (d, J=
8.6 Hz 1H), 496 (dd, /=103, 23 Hz 1H), 488 (d, J=45Hz 1H).
480 (dd, J=104, 7.7 Hz, 1H), 469 (d, J=9.8Hz, 1H), 454 (d, J—
7.5 Hz, TH}, 439 (dd, /=97, 63 Hz, TH), 418 {t, J=5.2 Hz, 1H), 3.60
(dd, /=98, 5.8 Hz, 1H), 3.46 (d, /=43 Hz, 1H), 3.34 (d, J=9.0Hz,
TH}, 3.30 (s, 3H), 275-2.58 (m, 2H), 2.44-2.28 (m, BH), 2.22 (d, J—
4.5 Hz, 8H), 2.18-2.04 (m, 2H), 1.95 (s, 1H), 1.84-1.54 (m, 6H), 1.29-
1.03 (m, 30H), 0.99 (dd, /=87, 7.1 Hz, 6H), 0.86 (dd, /=115, 6.9 Hz,
7H), “C NMR (75 MHz, CDCly) & 17637, 17436, 173.93, 17355,
101.30, 97.51, 84.04, 78.58, 77.58, 77.37, 77.16, 76.74, 76.24, 7593,
74.05, 7318, 71.51, 69.14, 6352, 63.27, 61.16, 49.83, 4562, 4197,
40,83, 3598, 31.14, 2786, 2771, 2497, 2427, 21.78, 2136, 21.07,
17.62, 14.44, 11,95, 11.51, 9.44, 925, 9.21, 811, HRMS m/z caled for
CoMM,0y 1 917.50445, found: 91759477, white solid, yield
1449 mg (23.7%), purity 97.9% via HPLC-ELSD, 3 (5000 ma,
6.67 mmol) was dissolved in DCM, 1.1 eq pyridine was added and
then cooled with ice. Afterwards 1.1 eq propicnic anhydride was
added dropwise to the solution. Solution was stirred at room
temperature and reaction monitored via TLC and MS. After 12 h
1.1 eq of pyridine and propionic anhydride was added. This was
repeated after a week and 12 days. After three weeks solution was
washed with saturated sodium bicarbonate solution, water and
brine {each 3x), dried with sodium sulphate and selvent evapo-
rated. Residue was purified via column chromatography (solid
phase: silica gel 60-200 pm, mobile phase: chloroform/isopropanol/
ammonia in methanol) to carry out white solid powder, As a side
product in the purification step 1870 mg of 2 e was obtained.

2b {2R.3R.4R,5R.8R,10R,11R,125,135,14R)-11-({(25,3R.45,6R}-4-
(dimethylamino)-3-hydroxy-6-methyltetrahydro-2H-pyran-2-yl)oxy)-
2-ethyl-3,10-dihydroxy-13-{{[2RAR,55,65)-5-hydroxy-4-methoxy-4,6-

dimethyltetrahydro-2H-pyran-2-yljoxy) 3.5,6,8,10,12,14-heptameth-

yl-15-ox0-1-oxa-6-azacyclopentadecan-4-yl propionate, 'H NMR
(300 MHz, CDCl,) & 4.98 (d, J=9.4 Hz, 1H), 492 (d, /=99 Hz, 1H),
4.82 {d, J=4.5Hz, 1H), 429 (d, /=73 Hz. 1H), 419-4.12 (m, TH).
402 (td, 1= 125, 62 Hz, TH), 361 (d, J=9.7 Hz, TH), 353 (dd, J—
10.7, 6.2 Hz, TH), 345 (s, 1H), 3.39-332 (m, TH), 3.30-3.24 (m, TH),
327 (s, 3H), 317 (s, 1H), 2.94 (d. J=9.3 Hz, 1H), 2.60-2.43 (m, 3H),
2.29 (dd, J=15.2, 7.6 Hz, 3H), 2.23 (s, 7H), 2.18 (s, 3H), 2.16-2.05 (m,
2Hy, 1.90 (d, J=68Hz, 1H), 1.74 (d, J=45Hz 1H), 1.70 (d, J=
2.9 Hz, TH), 163 (dd, /=155, 9.7 Hz, 2H), 1.53-1.41 (m, 2H), 1.26 (d,
J=55Hz, 1H), 122 (d, J= 64 Hz, 5H), 1.17 (d, J=63 Hz, 4H), 1.14 (s,
5H), 111 (d J=7.3Hz 6H), 1.08-1.02 (m, 5H), 1.00 (d, /=64 Hz,
3H), 082 (1, J=7.5Hz, 6H), "C NMR (75 MHz, CDCl) & 17610,
173.97, 105.44, 97,26, 87.09, 81,31, 80,02, 78.03, 77,58, 77.16, 76.74,
75.90, 75.86, 74.06, 7289, 70.61, 6983, 6588, 65.13, 6141, 4951,
4597, 4333, 41.09, 4053, 3527, 2922, J8.43, 7786, 1553, 24.76,

2265 © 2021 Wiley-VCH GmbH
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oxy-4,6-dimethyltetrahydro-2H-pyran-2-yljoxy)-3,5.6,8,10,12,14- J=37 Hz, TH), 369 (dd, J=97, 58 Hz, 1H), 3.58 (d, J=5.6 Hz, TH), {
heptamethyl-15-oxo-1-oxa-6-azacyclopentadecan-11-yljoxy)4- 3.51 (d, J=6.6He, 1H), 3.28 (s, 3H), 2.76-2.68 {m, 2H), 2.60 (dt, /= £
(dimethylamina)-& yl ydro-2H-pyran-3-yl  butyrate, 'H  12.2, 6.2 Hz, 2H), 242 (d, /=102 Hz, TH), 2.36-2.26 (m, 3H), 2.24 (s, 5
NMR (600 MHz, CDCl,) & 508 (d, J=85Hz, 1H), 498 (d, J=86Hz,  3H), 2.19 (s, 6H), 2.02-1.80 (m, 4H), 1.65-1.53 (m, 7H), 136 (s, 4H), E
TH), 482 (dd, J=19.6, 67 Hz, 2H), 451 (d, J=7.5Hz, 1H), 421 (t, /= 1.21 {5, 3H), 1.17-1.07 {m, 11H), 1.02 (dd, J=11.7, 4.7 Hz, 9H), 0.90 ¥
48 Hz, TH), 4.03 (dg, J=12.6, 6.2 Hz, 1H), 357 (dd, /=102, 57 Hz,  (dt. J=74, 37 Hz, 6H). 0.86-0.81 (m, 9H), “C NMR (75 MHz, CDCl,) & £
TH), 348 (d, J=4.7 Hz, 1H), 3.39-3.32 (m, TH), 330 (d, J=76Hz 17864, 17333, 172.53, 149.75, 124,07, 100.34, 95.19, 8340, 7865, £
3H), 3.01 (t J=9.9Hz 1H), 2.65 (dd, /=125, 6.7 Hz, 2H), 236-2.27 78,37, 77.70, 77.58, 7736, 77.16, 76.74, 74.54, 7445, 73.72, 73.07, i
(m, 7H), 2.27-2.19 (m, 9H), 214 (dd, J=209, 11.7Hz, 1H), 196 (5, 7185, 7028, 67.51, 6379, 6322, 6227, 4941, 4506, 4206, 4127, :_
TH), 1.84-1.74 (m, 3H), 1.74-1.57 (m, 8H), 153 (dd, /=151, 48 Hz,  40.83, 3673, 36.58, 3638, 35.29, 30.79, 2739, 27.03, 2679, 2199, H
1H). 142 (s, 2H), 130 (d. J=6.3 Hz 3H), 1.27 (d. /=7.2 Hz. 3H). 1.25-  21.73, 21.44, 21.28, 1861, 1849, 18.02. 16.27. 15.24, 13.84, 1364, i
1.22 {m, 6H), 1.16 (d, /=3.5 Hz, 6H), 1.02 (d, J= 65 Hz, 3H), 0.97 {dd,  11.35, 9.26, 7.67, HRMS m/z calcd for C,HyN,O,, : 88959953, B
J=138, 64 Hz, 6H), 094 (1, J=6.5Hz, 3H), 0.89 (d, /=73 Hz 2H),  found: 889.60009, white solid, yield 1400 mg (19.6%), purity 98.2%
0.87-085 (m, 4H), 'H NMR (600 MHz, COCL,) & 7.26, 509, 5.08, 498,  via HPLC-ELSD, as side product in synthesis of 1d. £
497, 4.84, 484, 481, 4.80, 4,52, 4.51, 421, 4.21, 4.20, 405, 4.04, 403, . . &
. ; 2a (25,3R.45,6R)-4-(dimethylamino)-2- g
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420 (d, /=22 Hz, 1H), 4.02 (dd, J=9.1, 63 Hz, TH), 3.70 {5, 1H), 3.57
(d, J=6.9 Hz 3H), 335 (5, 2H), 3.33-3.24 (m, 1H). 304 (d. /=92 Hz
1H), 2.87-261 (m, 4H), 255 (d, J=112 Hz, 1H), 244-2.35 (m, J=
11.5 Hz, 4H), 2.31 (s, 7H), 2.28-2.18 (m, 3H), 2.00 (5, 1H), 1.94-1.73
{m, 3H) 1.70-1.53 (m, 2H), 1.31 (d, J=4.4 Hz, 6H), 1.27-1.00 (m,
22H), 0.98-0.72 (m, 9H), “C NMR (75 MHz, CDCl;} & 178.36, 173.48,
100.66, 94.79, 83.22, 78.18, 7758, 77.16, 76.74, 7442, 74.06, 73.19,
71.22, 69.79, 68.19, 65.82, 63.85, 4951, 4539, 42.14, 40.60, 36.54,
34,85, 30.93, 28,03, 27.30, 26,63, 2221, 21.73, 21.50, 21.27, 1831,
1649, 14.85, 11.37, 9.08, 7.89, HRMS m/z caled for CiHy,NOy 7
805.54202, found: 805.54290, white solid, yield 3467 mg (62.2%),
purity 94.0% via HPLC-ELSD, 3 (5.2 g, 6.9 mmol) was dissolved in
dichloromethane. Afterwards the solution was cooled with ice and
12 eq of pyridine was added, followed by 1.1eq of propionic
anhydride. Solution was stired at room temperature overnight.
Reaction was monitored via TLC and MS. Work up was done after
two days, when sufficient product was detected. To extract product
liquid-liquid extraction was performed. DCM solution was worked
up with a saturated soluticn of ammonium chloride three times,
followed by water three times. Organic phase was then dried with
sodium sulphate and solvent evaporated to carry out white solid

powder.

2d {25354R6R)-6-(((2R.354R.5R.8R,10R,11R,125,135,14R)-11-
(({25.3R.4R,6R)-4-{dimethylamino)-3-hydroxy-6-methyltetrahydro-
2H-pyran-2-yljoxy)-2-ethyl-3,4,10-trihydroxy-3,5,6,8,10,12,14-
heptamethyl-15-oxo-1-oxa-6-azacyclopentadecan-13-yljoxy)-4-
methoxy-2,4-dimethyltetrahydro-2H-pyran-3-y| propionate, 'H NMR
(300 MHz, CDCl,) & 5.6 (d, J=4.7 Hz, 1H), 4.74 (s, 1H), 4.68 (d, J—
9.8 Hz, 2H), 455 (d. J=7.4 Hz, 1H), 449-4.34 (m, 1H), 4.29-4.23 (m,
1H), 3.78 (dd, J=9.1, 6.0 Hz, TH), 3.67 (d, J=4.0 Hz, 1H), 3.62 (d, J=
7.1 Hz, 1H), 3.46 (g, /= 7.0 Hz, 1H), 3.38 {5, 1H), 3.31 (s, 3H), 3.22 (dd,
1=101, 74 Hz, 2H), 289 (s, 1H), 281-273 (m, 1H), 268 (dd, J=
13.7, 69 Hz, TH), 251 (d, J=99 Hz, 2H), 244-2.32 (m, 3H), 2.30 (s,
3H), 2.29 (s, SHL 2.24 (s, TH), 2.10-1.93 (m, 3H), 1.88 (ddd, /=143,
77, 26 Hz, 1H), 1.76 (d, 1=147 Hz, 1H), 168-157 {m, 2H), 1.29 (5,
3H), 1.20-1.18 (m, 4H), 1.16 (d, J=3.6 Hz, 5H), 1.13 (d, /=12 Hz,
3H), 1.06 (m, J=10.5, 6.4 Hz, 14H), 0.88 (t, /=6.7 Hz. 6H), “"C NMR
(75 MHz, CDCLy) & 17896, 174.23, 10250, 94.91, 83.37, 78.79, 77.98,
F7.58, 7706, 7674, 7442, 7401, 7373, 7306, 71.14, 70.25, 68.00,
65.67, 63.18, 62.50, 49.57, 45.25, 42.37, 4206, 40.48, 36.46, 35.16,
29,00, 27.72, 2761, 2691, 2208, 2191, 21.39, 17,95, 16.29, 1483,
11.39, 9.38, 9.24, 757, HRMS m/7 caled for CyyH,N,0,5 : 80554202,
found: 805.54319, white solid, yield 320 mg (72.9%), purity 96.0%
via HPLC-ELSD, 2a (500 mg, 0.55 mmeol} was dissolved in methanol
and stimed at room temperature. Reaction was monitored via TLC
and M5, After eight days solvents were evaporated to obtain white
solid powder.

2e (25.3R 4R,6R)-4-{dimethylamino)-2-
(({2R.3R,4R,5R,8R, 10R,11R,125,135,14R)-2-ethyl-3,10-dihydroxy-13-
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found: 861.56943, white solid, yield 1870 mg (32.5%), purity 96.0%
wvia HPLC-ELSD, as side product in synthesis of 2a.

2f (2R3RARSRER10R11R,125,135,14R)-11-(((25.3R 45,6R}-4-
(dimethylamino)-3-hydroxy-6-methyltetrahydro-2H-pyran-2-yl)oxy)-
2-ethyl-3,10-dihydroxy-13-{{{2R,4R,55,65)-4-methoxy-4,6-dimethyl-5-
(propionyloxy)tetrahydro-2H-pyran-2-yl)joxy)-3,5,6,8,10,12,14-

her 15-0x0-1-01 yclopentadecan-4-yl  propionate,
'H NMR (300 MHz, COCL,) & 504 {d, J—9.4 Hz, 1H), 5.00-4.94 (m,
1H), 4.93 (d, J=5.0 Hz, 1H), 4.70 (d, J=9.8 Hz, 1H), 4.46 (dq, J=125,
6.2 Hz, 1H), 437 (d, /=73 Hz, 1H), 426-4.18 (m, 1H), 368-352 (m,
1=93, 6.1 Hz, 2H), 3.47 (d, J=2.3 Hz, 1H), 3.46-3.38 (m, 1H), 3.35-
3.25 (m, 4H), 2.68-2.49 (m, J=254, 11.3, 8.3 Hz, 2H), 2.44-2.30 (m,
SH), 2.28 (s, 6H), 2.24 (s, 3H), 2.20-2.11 [m, 2H), 1.99-1.92 (m, 1H),
1.89-147 (m, 6H), 1.29-1.03 (m, 34H), 0.87 (t, J=7.6Hz 6H), "C
NMR (75 MHz, CDCL) & 17620, 174.42, 173.92, 10517, 97.35, 86.62,
21.47, 8000, 78.58, 7758, 7716, 76.74, 7587, 7384, 7322, 7061,
69.71, 65.07, 63.42, 61.43, 4995, 4590, 4369, 41.22, 4052, 36.05,
29.30, 28.31, 27.86, 27.70, 25.17, 2434, 2158, 2130, 2122, 1738,
14.33, 1195, 946, 9.27, 838, HRMS m/z calcd for CH, N0, :
861.56823, found: B61.56904, white solid, yield 312 mg (68.5%),
purity 99.7% via HPLC-ELSD, 2 a (485 mg, 0.53 mmol) was dissolved
in methanel and stirred at room temperature, Reaction was
monitored via TLC and MS. After two days solvents were
evaporated and residue purified by flash chromatography (sta-
tionary phase: silica gel, 2.5 pm, @ = 3 cm, h= 14 cm, mobile phase:
cyclohexane/chloroform/isopropancl/ammenia  in - methancl) te
carry out white solid powder.

2g (25,3R.45.6R)-4-(dimethylamino)-2-
({(2R,35,4R,5R,8R,10R, 11R,125,135,14R)-2-ethyl-3,4,10-trihydroxy-13-
({{2R.4R,55,65)-4-methoxy-4,6-dimethyl-5-{propionyloxy)tetrahydro-
2H-pyran-2-yl)oxy)-3,5,6,8,10,12,14-heptamethyl-15-oxo-1-oxa-6-

azacyclopentadecan-11-yljoxy)-6-methyltetrahydro-2H-pyran-3-yl

propicnate, "H NMR {300 MHz, CDCly) & 511 (d, J=4.7 Hz, 1H), 5.00
(s, TH), 4.80-455 (m, 4H), 441-426 (m, /=123, 59 Hz, 1H), 418~
411 (m, 1H), 3.71 (dd, /=93, 5.9 Hz, TH), 3.59 (s, 1H), 348 (d, /=
6.9 Hz, TH), 330 (s, 2H), 2.95 (s, 1H). 2.72-2.55 (m, 3H), 2.46 (d, J=
9.9 Hz, 1H), 2.38-2.25 {m, 5H), 2.24 (s, 4H), 2.20 {s, 3H), 2.03-1.79 [m,
J=101, 7.7, 6.6 Hz, 4H) 1.71-1.52 (m, J=18.0, 11.8, 6.8 Hz, 4H),
1.47-1.27 (m, 3H), 1.21 (1, J=7.0 Hz, 6H), 1.17-0.98 (m, 24H), 0.89-
0.77 (m, 9H), C NMR (75 MHz, CDCl)) & 178.74, 17403, 17318,
100.31, 94.65, 83.02, 7853, 77.51, 77.09, 76.06, 7417, 73.64, 7254,
71.74, 7013, 67 .33, 63,63, 63.07, 6246, 43235, 45.11, 41.95, 4183,
40.72, 36.16, 34.93, 31.07, 2964, 2793, 2755, 2745, 2665, 2187,
21.56, 21.24, 17.74, 16,16, 14.55, 11.21, 9.21, 9.04, 882, 7.28, HRAMS
miz caled for CoHyuN,O,,": 86156823, found: 86156871, white
solid, yield 215mg (100%), purity 95.1% wvia HPLC-ELSD, 2d
(200 mg, 0.25 mmol) was dissolved in dichloromethane. To this
solution 1.1 eq pyridine was added, followed by 1.1 eq propionic
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21.72, 21.54, 21.18, 18.08, 14.15, 11.91, 11.72, 9.27, 8.44, HRMS m/z  {{(2R.4R,55,65)-5-hydroxy-4-methoxy-4,6-dimethyltetrahydro-2H- g
caled for CuHp,N0.5": 80554202, found: 80554560, white solid,  pyran-2-yljoxy)-3,5,68,10,12,14-heptamethyl-15-oxo-4-{propiony- E
yield 214 mg (40.8%), purity 96.4% via HPLC-ELSD, 2e (560 mg,  loxy)-1-oxa-6-azacyclopentadecan-11-yljoxy)-6-methyltetrahydro- =
0.65 mmol) was dissolved in methanol and stirred at room temper-  2H-pyran-3-yl propionate, 'H NMR (300 MHz, CDCl,) & 5.07 (d, /= ;
ature. Reaction was monitored via TLC and MS. After two days 8.8 Hz 1H), 4.96 (dd, J=10.2, 24 Hz, 1H), 482 (d, J=6.0Hz 1H), £
solvents were evaporated. Afterwards residue was purified by flash ~ 4.79 (d, J=7.7 Hz, 1H), 4.49 (d, /=76 Hz, 1H), 4.18 {t, /=5.1 Hz, TH), £
chromatography (stationary phase: silica gel, 2.5 pm, @=32cm, h= 401 (dg, /=126, 63 Hz, 1H), 3.61-3.50 (m, 1H), 3.45 (d, J=4.7 Hz, £
14 ¢m, mobile phase: cyclohexane/chloroformfisopropanolfamme-  1H), 3.34 (d. J=6.6 Hz, 1H), 3.28 (s, 3H), 3.00 (t, J=9.6 Hz, 1H), 2.74- i
nia in methanol) to carry out white solid powder. 255 (m, 2H), 240-2.25 (m, 7H), 2.23 (s, 6H), 2.21 (s, 3H), 2.17-2.07 E_
. i (m, 2H), 1.95 (s, 1H), 1.85-1.46 [m, J=38.4, 202, 14.8, 6.0 Hz, 6H), £
2c (25.3RARGR1-4-{dimethylamino)-2- 4 39 149 (m, 12H), 1.18-1.07 (m. 14H), 1.01 (d. J=6.5 Hz, 3H), 0.96 i
(2R 35.4R SRR, 10R.11R125,135,14R)- 2 ethyl 3.410-trihydroxy-13- 1 "0\ 5 01 00 (m, J—117, 69 Hz, 7H), “C NMR H
({2RAR.55,65)-5-hydroxy-4-methoxy-4,6-dimethyltetrahydro-2H- (75 MHz, COCI,) & 176,34, 173.99, 173.51, 101,66, 97.44, 84.53, 8141,
pyran-2:yloxy)-356.8101214-heptamethyl- 15-0x0-1-0xa-6-azacy- g3 o6 7410, 77.58, 77.37, 77.16, 7674, 76.11, 7594, 74.15, 72.93 :
clopentadecan-11-yljoxy)-6-methyltetrahydro-2H-pyran-3-yl propio-  51'01" e0'ag 6577 63,61, 6117, 49,52, 4572, 4278, 4083, 3535, £
nate, 'H NMR (300 Mz, CDCLy & 5,09 (d, J—44 Hz, 1H) 481 (@ 3097' 5786, 2745, 25.13, 2429, 21.77, 2101, 1837, 1438, 1157, g
J=104, 7.5 Hz, 1H), 472 (d. J=7.9 Hz, TH). 4.5 (d, J=7.5Hz, TH). 505 956 g 19, 809 HRMS m/z caled for CyHyN,O,, ' 86156823, £
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anhydride. Solution was stimred at room temperature and progress
was menitored via TLC and MS. Work up was done after two days,
when sufficient product was detected. To extract product liguid-
liquid extraction was performed. First with citric acid solution (5%,
3x), then citric acid solution was washed with ethyl acetate. Acidic
solution was neutralized with sodium carbonate and macrolide
transferred into organic phase (ethyl acetate) with liquid-liquid
extraction three times. Organic phases were combined and washed
with brine/water two times, dried with sodium sulphate and solvent
evaporated to carry out white solid powder.

3 Azithromycin (2R.354R,5R,8R,10R,11R,125,135,14R)-11-
(({25.3RAR.6R)-4-(dimethylamino)-3-hydroxy-6-methyltetrahydro-
2H-pyran-2-yljoxy)-2-ethyl-3,4,10-trihydroxy-13-(((2R.4R,55,65)-5-
hydroxy-4-methoxy-4,6-dimethyltetrahydro-2H-pyran-2-yloxy)-
3,5,6/8,10,12,14-heptamethyl-1-oxa-6-azacyclopentadecan-15-cne,
"H NMR (600 MHz, CDCLy) & 521 (s, 1H), 5.17 (d, J=4.7 Hz, 1H), 4.69
(dd, J=9.8, 25 Hz, TH), 444 (d, ]=73 Hz, 1H), 427 (dd, J=35,
1.9 Hz, 1H), 408 (dq, J=9.5, 62 Hz, 1H), 368 (s, 1H), 3.63 (d. J=
7.4 Hz, 1H), 3.55-3.47 (m, 1H), 3.37 (d, =21 Hz, 1H), 3.34 (s, 3H),
324 (dt, 1=135, 6.7 Hz, 1H), 3.03 (t, J=9.6Hz, 2H), 3.00-283 (m,
2H), 2.73 (dq, =111, 3.7 Hz, 1H), 2.69 (dd, J=13.8, 7.0 Hz, 1H), 2.54
(d, J=103 Hz, 1H), 2.50-2.44 (m, 1H), 2.35 {d, J= 153 Hz, 1H), 2.31
(s, 9H), 2.15 {t, 1 = 9.1 Hz, 1H), 2.08-1.94 (m, 3H), 1.89 (dqd, J=15.1,
76, 26 Hz, TH), 1.77 (d, 1=146Hz, 1H), 1.70 (d, J=12.5Hz, TH),
1.58 (dd, J—152, 50 Hz, 1H), 1.45 (ddt, J—14.2, 9.5, 7.2 Hz, TH),
1.34-1.30 (m, 6H), 1.26-1.23 (m, 4H), 1.22 (d, J=6.1 Hz, 3H), 118 (d,
1=75 Hz, 3H), 1.08 (d, ] =53 Hz, 6H), 1.03 (d, J=76 Hz, 3H), 092~
085 {m, 6H), “C NMR (151 MHz, CDCly) & 179.06, 103.01, 94.61,
83.52, 78.28, 77.79, 77.59, 77.37, 77.16, 76,95, 74.34, 73.82, 73,63,
73.13, 70.97, 70.21, 68.85, 66.04, 6575, 6270, 49.60, 45.49, 42.51,
4240, 40,53, 3633, 34.81, 29,10, 27.72, 2690, 22.12, 21.74, 21.48,
2145, 18.33, 1637, 14,69, 11,39, 912, 7.41.

Analytics

Purity testing was performed with a Varian ProStar210 system
coupled to SEDEX LT-ELSD 80 LT and using a Dr. Maisch Repro5il-
Pur120 Cp-Aq column (753 mm, 5 um). The mobile phase was
composed of water containing 0.05% formic acid (eluent A) and
methanol containing 0.05% formic acid (eluent B). Gradient used
was: 5% B for 5 min, to 100% B in 20 min, 100% B for 4 min, to 5%
B in Tmin, 5% B for 5min. Flow rate was set to 1.3 ml/min.
Nitrogen gas in ELSD was used for the nebulization and
evaporation of the mobile phase, Pressure was set at 3.3 bar and
the drift tube temperature of the ELSD was 75°C. UV detection was
set to L=254nm. For pH stability studies buffers consisted of
sodium acetate for the pH-range of 4-5 and phosphate buffer
made of sodium hydrogen phosphate and potassium dihydrogen
phosphate for the pH-range of 6-8. Concentrations of sodium
acetate and phosphate buffers were 250 mM. A defined aliquot
substance was added from DMSO stock solutions (100 mM) to the
buffer and mixed for a final concentration of 1 mM. The final DM50
concentration of the solution was 1%. Concentrations were
measured with an Agilent 1100 system coupled to SEDEX LT-ELSD
80 LT and wsing a Dr. Maisch ReproSil-Pur120 C,g-Aq column (75x
3 mm, 5 um). The mobile phase was composed of water containing
0.05% formic acid (eluent A) and acetonitrile containing 0.05%
formic acid (eluent B). Gradient used was: 5% B for 3 min, to 95% B
in 15 min, then again 5% B for 5 min. Flow rate was set to 1.5 ml/
min. Mitrogen gas in ELSD was used for the nebulization and
evaporation of the mobile phase. Pressure was set at 3.3 bar and
the drift tube temperature of the ELSD was 75 “C. Stability testing in
cells, whole bload and medium was performed with an Agilent
1290 Infinity system coupled to a triple quadrupeole Sciex APl 4000
LO/MS/MS detector. A Dr. Maisch ReproSil-Pur1 20 C,p-Aq column
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(3x75mm, 5pm) was used for the separation of possible
metabolites, The mobile phase was composed of water containing
0.14% formic acid (eluent A) and acetonitrile containing 0.1% formic
acid (eluent B). Gradient used was: 5% B for 1 min, to 100% B in
4 min, 100% B for 3 min, to 5% B in 1 min, 5% for 4 min. M5 tunes
can be found in the Supporting Information.

Solubility testing was performed in water with 500 mM DMSO
stocks of 1a or 2a at room temperature. DMSO concentration was
kept at 0.1%. Volume of water was kept at 1 mL. After pipetting
solution was vigorously mixed and checked for precipitation after
5 min.

Bioanalytics

Cell lines were cultured in 175 cm” cell culture flasks at 37°C in a
humidified atmosphere of 5% CO,. Cell densities were determined
with an automated cell counter (Luna Il). Cells were cultured in
RPMI 1640 medium with 10% heat inactivated foetal bovine serum
and were sub-cultured once a cell density of = 1% 10" cells/ml was
reached. Medium was changed by replacing it by fresh RPMI 1640
medium with 10% FBS. Human whole blood was obtained from
healthy volunteers. Whole human peripheral blood was collected in
a sterile tube containing Li-heparin as anticoagulant. Aliquots of
whole blood were kept in an incubator at 37°C. For stability testing
U937 cells were diluted wit RPMI 1640 medium with 10% heat
inactivated foetal bovine serum until a concentration of 5x
10° cells/ml was reached. Whole blood was not further diluted. The
reactions were initiated by the addition of the test compounds
{from 10 mM DMSO stock) to 1 mL of cell suspension to yield a final
compound concentration of 15puM and a maximum DMSO
concentration of 0,15%. The assay was performed in an incubator
at 37°C. 50 pl of cell suspension were taken after 0, 0.25, 05, 1, 2,
4, 6, and 24 hours and extracted in 300 pl of acetonitrile with 0.1%
formic acid and immediately frozen at —25°C. Right before HPLC-
MS/MS analysis the samples were centrifuged for 10 minutes at 10
000 rpm and the supernatant was transferred into HPLC-vials.
Quantification was done by HPLC-MS/MS5.

Pharmacokinetics

All protocols were approved by the Institutional Animal Care and
Ethics Committee and performed under German law (License
35/9185.81-7/5YN-11/18). Mice (BALB/c, female, 17 weeks old) were
purchased from Janvier Labs. Animals were acclimatized for at least
one week with narmal chow and drinking water ad libitum before
the start of the experiment. Animals were grouped (n=3) in
standard cages at room temperature and euthanized with carbon
dioxide. Treatments were administered oral or intravenous. For i.v.
stock solutions were prepared in DMSO and diluted with BALB/c
serum (2 mg'kg, 10% DMSO end concentration). For oral route
treatment was dissolved in 05% citric acid {10 ma/kg). Organs
were collected after 2, 4 and 24 h. Whole blood was collected from
tail after 15 and 30 min, 1, 2, 4, 8 and 24 h. Collected samples were
frozen in liquid nitrogen and stored at —25°C until further
processing. Frozen organ samples were thawed, digested with
Proteinase K (1:1, supplied from VWR, diluted 1:40 in phosphate
buffer 20 mM) for 1 h at 50°C and homogenized (FastPrep-24 5G,
MP Biomedicals). Three volumes of acetonitrile were added,
solution was again homogenized, centrifuged (10 min  at
14,000 rpm, Eppendorf Centrifuge 5417R) and supernatant taken
for HPLC-MS/MS analysis. Blood samples were thawed, acetonitrile
(three volumes) was added and solution was senicated for 5 min.
Supernatant was taken after centrifugation (10 min at 14,000 rpm,
Eppendorf Centrifuge 5417R) and analysed via HPLC-MS/MS.

2267 © 2021 Wiley-VCH GmbH
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All protocols were approved by the Institutional Animal Care and
Ethics Committee and performed under German law. Mice (BALB/c,
female, 17 weeks old) were purchased from Janvier Labs. Animals
were acclimatized for at least one week with normal chow and
drinking water ad fibitum before the start of the experiment.
Animals were euthanized with carbon dioxide and the digestive
system was removed, Surgical sewing material was used to separate
the different gut compartments (stemach, duedenum, jejunum,
ileum, cecum, colon). Each compartment was injected with 100 pl
of a 5 M solution {in 0.05% citric acid) of compound. Compart-
ments were incubated in 0.9% saline with 20 /L glucose at 37°C.
After 4 h samples of each compartment and its content were
collected. Organs were digested with proteinase K (1:1, supplied
from VWR, diluted 1:40 in phosphate buffer 20 mM to end
concentration of 1 ma/mL proteinase) for 1h at 50°C and
homogenized {FastPrep-24 5G, MP Biomedicals). Three volumes of
acetonitrile were added, selution was again homegenized, centri-
fuged (10min at 14,000 rpm, Eppendorf Centrifuge 5417R) and
supernatant taken for HPLC-MS/MS analysis. Content samples were
diluted with three volumes of acetonitrile, sonicated for 5 min and
supernatant was taken after centrifugation (10 min at 14.rpm,
Eppendorf Centrifuge 5417R) and analysed wvia HPLC-MS/MS.
Possible influences on hydrolysis rate in gut were determined in
content of jejunum and ducdenum taken from mice (three C57BL/6
males, 20weeks old, pooled). Content was collected through
rinsing of fluids from either jejunum or duodenum and diluted with
phosphate buffer (1:1 for duodenum content and 1:2 for jejunum
content) and divided into six samples. First was treated with
sodium azide (0.1%), second sample was incubated with bis{4-
nitrophenyl}-phosphate (BNPP; 10 uM), third sample was incubated
with plant oil (5%), fourth sample was incubated on ice, fifths
sample was centrifuged (5 min at 14,000 rpm, Eppendorf Centrifuge
5417R) and supernatant was taken, last sample was not treated.
Each sample was incubated for 4 h at 37°C (except sample stored
on ice). Samples were then diluted with three veolumes of
acetonitrile, sonicated for 5 min and supematant was taken after
centrifugation (10 min at 14rpm, Eppendorf Centrifuge 5417R) and
analysed via HPLC-MS/MS.

Statistics

Any statistical and half-life calculations were made with GraphPad
Prism. Means are shown with standard deviation or standard error,
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Abstract

Dimethyl fumarate (DMF) is approved as a treatment for multiple sclerosis (MS), however, its mode of action remains
unclear. One hypothesis proposes that Michael addition to thiols by DMF, notably glutathione is immunomodulatory. The
alternative proposes that monomethyl fumarate (MMF), the hydrolysis product of DMF, is a ligand to the fatty acid receptor
GPR109A found in the lysosomes of immune cells. We prepared esters of MMF and macrolides derived from azithromycin,
which were tropic to immune cells by virtue of lysosomal trapping. We tested the effects of these substances in an assay of
response to Lipopolysaccharide (LPS) in freshly isolated human peripheral blood mononuclear cells (PBMCs). In this system,
we observed that the 4" ester of MMF (compound 2 and 3) reduced levels of Interleukins (IL)-1p, IL-12 and tumor necrosis
factor alpha (TNF) significantly at a concentration of 1 uM, while DMF required about 25 uM for the same effect. The 2’
esters of MMF (compound 1 and 2) were, like MMF itself, inactive in vitro. The 4" ester formed glutathione conjugates
rapidly while the 2" conjugates did not react with thiols but did hydrolyze slowly to release MMF in these cells. We then
tested the substances in vivo using the imiquimod/isostearate model of psoriasis where the 2" ester was the most active at
0.06-0.12 mg/kg (approximately 0.1 umol/kg), improving skin score, body weight and cytokine levels (TNFau, IL-17A, IL-
17F, IL-6, IL-1{3, NLRP3 and IL-23A). In contrast, the thiol reactive 4" ester was less active than the 2' ester while DMF was
ca. 300-fold less active. The thiol reactive 4" ester was not easily recovered from either plasma or organs while the 2" ester
exhibited conventional uptake and elimination. The 2’ ester also reduced levels of IL-6 in acute monosodium urate (MSU)
induced inflammation. These data suggest that mechanisms that are relevant in vivo center on the release of MMF. Given
that GPR109A is localized to the lysosome, and that lysosomal trapping increases 2’ ester activity by > 300 fold, these data
suggest that GPR109A may be the main target in vivo. In contrast, the effects associated with glutathione (GSIT) conjugation
in vitro are unlikely to be as effective in vivo due to the much lower dose in use which cannot titrate the more concentrated
thiols. These data support the case for GPR109A modulation in autoimmune diseases.

Keywords Psoriasis - Fumarates - Macrolides - GPR109A - Lysosomal Trapping

Introduction

Fumaric esters are anti-inflammatory drugs used as thera-

peutic treatments against psoriasis and multiple sclero-

9 Michael Burnet sis (MS). Fumaderm® is a mixture of dimethyl fumarate
michael.burnet@synovo.com (DMF) and monoethyl fumarate (MEF) in the mixed Ca”,
Mg** and Zn** (Gillard et al. 2015; Linker and Gold 2013)
salt forms. It was first approved in 1994 and since then
is solely licensed in Germany. DMF oral therapy was
approved by the Food and Drug Administration (FDA)
in the United States in 2004 as Tecfidera® against MS

Institute of Tropical Medicine, Eberhard Karls University (Linker and Gold 2013). A new form to be commercialized
Tiibingen, Tiibingen, Germany N
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as Skilarence® contains DMF and XP23829 (prodrug for
monomethyl fumarate (MMF)). These fumarates have
anti-inflammatory, cytoprotective, and immunomodulatory
properties, however the underlying mechanisms of action
are still not fully understood. So far, it is known that fuma-
rates are able to inhibit the up-regulation of the nuclear
factor kappa B (NF-xB) pathway (McGuire et al. 2016).
This impacts not only cell differentiation and apoptosis,
but also lowers levels of inflammatory cytokines and adhe-
sion molecules and leads to a shift from proinflammatory
T helper cells (Th) 1 and Thl7 to an anti-inflammatory
Th2 response (Mills et al. 2018). DMF or MEF treatment
also activates the nuclear factor erythroid 2-related factor
2 (Nrf2) pathway and thus regulation of cytoprotective
mechanisms. Higher levels of Nrf2 are associated with
reduced oxidative stress and cellular antioxidant responses
(Brennan et al. 2015; Helwa et al. 2017; Liu et al. 2016a).
The degree of oxidative cell stress is positively associ-
ated with the severity of psoriasis (Kadam et al. 2010;
Plenkowska et al. 2020). DMF also conjugates to GSH
via Michael addition, causing intracellular depletion of
GSH at higher doses under physiological conditions (Xu
et al. 2018). The product is a 2-(S-glutathionyl)-succinic
dimethyl ester and is specific to DMF but not MMF. Its
formation is associated with anti-inflammatory, immuno-
suppressive and cytoprotective responses (Brennan et al.
2015; Schmidt et al. 2007; Sullivan et al. 2013; Ghoreschi
et al. 2011; Zheng 2015). The reaction between GSH and
fumaric esters can also take place with other thiols like
cysteine or thiol containing proteins such as glyceralde-
hyde 3-phosphate dehydrogenase (GAPDH), an enzyme in
the aerobic glycolytic pathway. With this, fumaric esters
thus inhibit GAPDH activity (Kornberg et al. 2018; Angi-
ari and O’Neill 2018; Park et al. 2019).

The G protein-coupled receptor GPR109A, a receptor for
nicotinic acid, is also activated by MMF leading to reduced
neutrophil adhesion, migration and recruitment (Gillard
et al. 2015; Mrowietz et al. 2018). In neutrophils, nico-
tinic acid stimulation also leads to apoptosis via a cAMP
driven mechanism (Kostylina et al. 2008). GPRI109A is
also implicated in nicotinic acid mediated skin prolifera-
tion and it is highly expressed in epidermal keratinocytes
(Bermudez et al. 2011). Activation of GPR109A results in
its transport to the endosome where it remains trapped while
associated with its agonist ligand (Li et al. 2010). The endo-
some is often acidified in neutrophils, which may lead to
an acidic ligand diffusing out of the endosome. Activation
of GPRI09A by nicotinic acid and beta-hydroxy butyrate
leads to suppression of inflammatory cytokine production
in retinal cells suggesting that anti-inflammatory effects

@ Springer

of its activation may be more general than in neutrophils
alone (Gambhir et al. 2012). Many of these observations are
thought to support activity in MS.

In respect of GPR109A, DMF is the prodrug for the active
metabolite and GPR109A ligand MMF. DMF, being neutral,
is able to diffuse through cell membranes, whilst MMF, being
a free acid, is hindered in passive diffusion (Mrowietz et al.
2018). After oral administration of DMF, a large proportion
is rapidly hydrolyzed to MMF (Linker and Gold 2013; Mills
et al. 2018; Helwa et al. 2017; Miglio et al. 2015) and the rest
to the DMF-GSH-conjugate. It is not clear whether this form
of DMF is further active in vivo. The reaction is reversible,
but its metabolite the mercapturic acid of DMF is detected in
urine (Wollina 2011). These data suggest that the dominant
circulating product of DMF after oral application in vivo is
MMF (Mrowietz et al. 2018).

Based on these data, we hypothesized that it MMF were
preferentially directed to myeloid cells like neutrophils it
should exert a more potent anti-inflammatory effect (Fig. 1B).
To test this concept, we synthesized a set of new compounds
(1-3 listed in Fig. 1A) designed to deliver the active metabolite
MMF to immune cells/inflammation sites. This was done by
coupling MMF to the macrolide Azithromycin. Azithromy-
cin is known to be able to accumulate rapidly in tissue and
immune cells (Bosnar et al. 2005; Carryn et al. 2003; Togami
et al. 2013). It is proposed that the reason for the accumulation
is acid trapping to the lysosomes, facilitated by the two amphi-
philic amines. Bosnar et al. (2005) showed specific uptake
of Azithromycin into immune cells which we confirmed in a
previous study demonstrating beneficial distribution patterns
(spleen, liver and lung) for anti-inflammatory effect after oral
application (StraB et al. 2021). Although some previous stud-
ies showed a possible effect of Azithromycin in psoriasis, our
focus was on understanding the efficacy of fumarates. While
Azithromycin has robust general anti-inflammatory proper-
ties, these are mainly reported at much higher systemic doses
(e.g. 5-10 mg/kg) whereas we seek more potent effects in the
range of 0.1 mg/kg per oral (p.o.) in murine models (Huang
and Shieh 2016; Saxena and Dogra 2010; Balloy et al. 2014).
As a general rule, our previous data suggest that lipophilic
amphiphiles like Azithromycin can have anti-inflammatory
effects on the gut from 1 yumol/kg and systemic effects from
10 to 100 umol/kg, which are doses sufficient to inhibit the
lysosomal phospholipases (Burnet et al. 2015).

Our novel set of compounds and data provide a new means
to investigate the mode of action of fumarates. In particular, we
set out to answer, whether their effect is more related to inter-
actions with GSH or possibly with the endosomal/lysosomal
receptor GPRI09A (Li et al. 2010).
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Fig.1 A Macrolide core structure with possible reaction sites R| and
R,. Synthesized substances with side chains listed in table. B Psori-
atic mouse skin and accumulation of macrolidic derivatives into lyso-

Materials and methods
Synthesis

We synthesized three new fumarate macrolide compounds
(1=3) and to avoid/control for non-specific effects of the car-
rier construct, we prepared a reference substance based on
Azithromycin esterified with methyl succinate (4) to be used
as a comparator to the active compounds in in vitro stud-
ies. This comparator substance (4) replicates many of the
properties of the fumarate esters but does not possess the
double bond that can react with GSH and is not reported to
interact with GPR109A. All chemicals were purchased from
commercial sources and used as received. Reaction monitor-
ing was performed via mass spectrometry (Finnigan LCQ
Deca XP MAX, Software Xcalibur 2.0.7 SP1) and thin layer
chromatography (TLC; Merck TLC Silica gel 60 F254).
TLC spots were detected with Hanessian’s stain, based on a
Cerium Molybdate solution and heat (through heat gun for
approximately 30 s). Nuclear magnetic resonance (NMR)
spectra were recorded with a Bruker Avance 400 (400 MHz)
or Bruker Avance III (300 MHz). Substances were dissolved
in CDCl; and chemical shifts (ppm) were referenced to
CHCl,/Tetramethylsilane. Coupling constants (/) are given
in Hz. After reaction steps solvents were evaporated with

somal compartments of myeloid cells at the site of inflammation and
interaction with possible targets (GSH, GPRI109A). Adapted from
BioRender (2022) “Arm with Rash and Callout™

rotary evaporator (RV8 IKA, KNF SC 920) under vacuum
(at, if not stated differently, 35—40 °C). To purify substances
flash chromatography was performed (Interchim puriFlash
5.020 with Interchim PF-15SIHP-F0040 or PF-50SIHP-
F0040 columns). Purity of reaction products was determined
via high performance liquid chromatography (HPLC) Varian
(ProStar) and evaporative light scattering (ELS) detection
(Sedere Sedex 80). Mobile phases contained water (0.05%
formic acid) and methanol (0.05% formic acid) as gradi-
ents. Stationary phase was ReproSil-Pur 120 C 4-AQ, 5 pm,
75 % 3 mm (Dr. Maisch). High resolution mass spectra were
recorded with a Bruker maXis 4G ESI-TOF from Daltonik
[JL11, using ESI* mode with following settings: Capillary
voltage 4.5 kV, source temperature 200 °C, gas flow 6 L/
min, nebulizer gas pressure 1.2 bar, end plate offset — 0.5 kV
and an m/z range of 100-1350.

Compound 1 (2S,3R,45,6R)-4-(dimethylamino)-
2-(((2R,38,4R,5R,8R,10R,11R,128,13S,14R)-2-ethyl-
3,4,10-trihydroxy-13-(((2R,4R,5S,6S)-5-hydroxy-
4-methoxy-4,6-dimethyltetrahydro-2H-pyran-2-yl)
oxy)-3,5,6,8,10,12,14-heptamethyl- 1 5-oxo- 1-oxa-6-azacy-
clopentadecan-11-yl)oxy)-6-methyltetrahydro-2H-pyran-
3-yl methyl fumarate, "H NMR (400 MHz, CDCl,) § 6.83 (d,
J=1.9Hz, 2H), 5.02 (d, J=4.5 Hz, 1H), 4.85 (dd, J=10.6,
7.5 Hz, 1H), 4.65 (d, J=9.1 Hz, 1H), 4.60 (d, J=7.5 Hz,
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