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Zusammenfassung

1. Zusammenfassung

Diese Arbeit setzt sich aus vier Teilbereichen zusammen, welche durch ihre Fragestellungen
im Zusammenhang stehen und in jeweils einer Publikation endeten. Zentral ist dabei vor allem
die Idee, Small Molecules, welche ein intrazelluldres Ziel (vornehmlich Rezeptoren) besitzen,
pharmakokinetisch verfligbar zu machen und in hoherer Konzentration in relevante
Zellkompartimente zu akkumulieren. Dafiir wurden makrolidische Grundstrukturen, in der
Regel aufgebaut auf Azithromycin, verwendet und dienten als Tragermolekil. Die
Eigenschaften dieser Azithromycin-Molekille beruhten auf ihren bekannten Fahigkeiten
metabolisch stabil und sdureresistent zu sein und gleichzeitig in einem hohen MaRe in Gewebe
und Immunzellen zu akkumulieren. Dazu wurden an die Hydroxygruppen in den Positionen
11, 2° und 4“ des Azithromycins lber eine Esterbindung kurzkettige Fettsduren (Propionat
oder Butyrat) bzw. Methylfumarat gekoppelt.

Kurzkettige Fettsauren bzw. SCFAs sind wasserlosliche Carbonsduren mit weniger als sechs
Kohlenstoffatomen. Sie entstehen grofStenteils durch bakterielle Fermentation von
Ballaststoffen im Darm und sind anaerobe Stoffwechsel-Endprodukte. Neben der Nutzung als
Energiequelle flr Epithelzellen sind sie wichtig fir die Kommunikation zwischen dem
Darmmikrobiom und dem Immunsystem des Wirts. Eine ballaststoffarme Erndhrung und
damit eine geringere Menge an SCFAs wird in Zusammenhang mit verschiedenen
Autoimmunerkrankungen gebracht. Die Regulierung des Immunsystems lduft hierbei Gber
free fatty acid Rezeptoren (FFAR2 und FFAR3), welche unter anderem lysosomal in
Immunzellen vorkommen. Um diese Rezeptoren spezifisch anzusprechen, wurden 11-2-4“-
Triester von Propionat und Butyrat mit Azithromycin synthetisiert und auf ihre
pharmakologischen Eigenschaften untersucht. Fir die genauere Evaluierung der Verteilung
und der Stabilitat dieser Substanzen wurden zusatzlich alle moglichen Hydrolyseprodukte
synthetisiert (je drei Diester und drei Monoester fiir beide Fettsaurederivate). Es wurden
anschliefend pharmakologische Studien in Mausen durchgefiihrt, welche zeigen konnten,
dass diese makrolidischen SCFA-Derivate schnell aufgenommen werden und sehr gut in
Gewebe penetrieren kdonnen. Es konnte weiterhin gezeigt werden, dass diese Substanzen
spezifisch in definierten Geweben unterschiedlich hydrolysiert werden. Abweichend von

zundchst gemessenen in vitro Stabilitdten zeigte sich in vivo, dass bestimmte Darmabschnitte
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(Jejunum und teilweise Duodenum) und Lebergewebe in der Lage sind die eigentlich stabilere
4“-Esterbindung zu spalten.

In vergleichbarer Weise sollten die Derivate der Fumarate angegangen werden.
Dimethylfumarat findet Verwendung als anti-inflammatorisches Medikament bei Psoriasis
und Multipler Sklerose. Der genau Wirkmechanismus ist nicht geklart, jedoch wird vermutet,
dass entweder die Michael-Addition der Doppelbindung der Fumarate an Thiole (haufig
Glutathion) oder die agonistische Bindung an den G-gekoppelten Rezeptor GPR109A von
zentraler Bedeutung sind. Die Kopplung von Methylfumarat an Azithromycin (in Positionen 2*
und/oder 4“) sollte eine bessere intrazellulare Verfuigbarkeit erreichen und damit sowohl
Glutathion (oder moglicherweise andere Thiol-tragende Stoffe), als auch den lysosomalen
GPR109A ansprechen. Es konnte gezeigt werden, dass eine dullerst schnelle Reaktion mit
Glutathion in in vitro und in situ stattfindet und dort auch eine effektive anti-inflammatorische
Reaktion auslost (etwa 25fach geringere Konzentration notwendig als im Vergleich DMF um
TNFa und IL-1B signifikant zu reduzieren). Dies trifft vor allem auf Substanzen mit 4“-
Fumaraten zu, welche ein stabiles und nachweisbares Produkt mit Glutathion eingehen
konnten. In Psoriasis Mausmodellen zeigten sich jedoch die Verbindungen mit den leichter
hydrolysierbaren 2‘-Estern als wirksamer. Sie waren in der Lage in niedrigen
Konzentrationsbereichen (0,06 bis 0,12 mg/kg) Creme-induzierte Hautverdnderungen
abzumildern und die Genexpression von pro-inflammatorischen Zytokinen (TNFa, IL-17A, IL-
17F, IL-6, IL-1B, NLRP3 und IL-23A) zu verringern. Diese Daten deuten daher darauf hin, dass
in vivo relevante Mechanismen auf die Interaktion mit GPR109A angewiesen sind.

Die endosomalen Toll-like Rezeptoren (TLR)7 und 8 spielen eine zentrale Rolle in der
Erkennung von viralen Infektionen und sind damit ein wichtiger Teil der angeborenen
Immunantwort. Neben den natiirlich vorkommenden einzelstrangigen RNAs sind vor allem
Imidazoquinoline (z.B. Imiquimod oder Resiquimod) als Agonisten bekannt. Nachteilig an
diesen synthetischen Agonisten sind ihre starken Nebenwirkungen bei systemischer
Anwendung. Dies liegt vermutlich an einer schnellen Metabolisierung und Eliminierung der
Substanzen und damit einhergehend niedrigen AUC (area under the curve) und hoherer
maximaler Konzentration, was zu einer scharf ansteigenden und schlecht vertraglichen
Zytokin Freisetzung fuhrt. Die in dieser Arbeit vorgestellten TLR7/8-Agonisten nutzen das
bekannte Bindungsmotiv aus den Imidazoquinolinen und binden dies Uliber nicht-

hydrolysierbare Amidbindungen an Azithromycin. Durch die dadurch verdanderten
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pharmakokinetischen Eigenschaften wurden bessere AUC und eine geringere maximale
Konzentration erreicht. Die Leitsubstanzen induzieren die Sekretion von IFNa aus
menschlichen Leukozyten im gleichen Bereich wie Resiquimod, induzieren aber mindestens
10-mal weniger TNFa in diesem System. Dies lief} sich im Mausmodell reproduzieren, in
welchem TLR8 keine bekannte Aktivitdit gegenliber Small Molecules zeigt. Die neuen
Substanzen zeigten, unabhangig ob gekoppelt an ein Makrolid oder als ungebundenes
sekunddres Amin, eine langere Exposition als Resiquimod und damit auch eine verdanderte
Kinetik in der Freisetzung proinflammatorischer Zytokine. Diese Ergebnisse konnten Probleme
bei der Vertraglichkeit lindern und geben Einblicke in die TLR7/8-Aktivierung dieser
Substanzklasse.

Ein weiterer Teil dieser Arbeit war die Untersuchung und Weiterentwicklung von Creme-
induzierten Psoriasis Mausmodellen. Es handelt sich dabei um eine bei Mdusen, meist durch
die Applikation von Aldara® ausgeloste, lokale Hautveranderung, welche sich durch Rotung,
Schuppen und Verdickung optisch duRert und eine Ausschiittung von pro-inflammatorischen
Zytokinen bewirkt. Aldara® wird eigentlich zur Behandlung von Basalzell-Hautkrebs,
aktinischer Keratose und Feigwarzen und kutanen Warzen verwendet und enthalt Imiquimod
als Wirkstoff, welcher im Mausmodell auch als Induktionsstoff publiziert ist. Es zeigte sich
jedoch, dass die Induktion auch stark abhangig ist von dem zugesetzten Hilfsstoff
Isostearinsdure. Im Mausmodell konnte gezeigt werden, dass Cremeformulierungen, welche
Isostearinsdure beinhalteten innerhalb von 2 Tage zu einer lokalen Hautentziindung gefiihrt
haben, wahrend Imiguimod-haltige Cremes bis zu 5 Tage fiir eine Hautreaktion benétigten. Es
konnte weiter gezeigt werden, dass Isostearinsdaure vermutlich Gber eine Inflammasom-
Aktivierung die Ausschiittung von proinflammatorischen Zytokinen begtinstigt hat. Insgesamt
zeigten die Daten, dass Psoriasis-dhnliche Hautreaktionen bei Mausen starker von
Isostearinsdure angetrieben werden, als allgemein berichtet wird, was bei der Verwendung

dieses Mausmodells zwingend mitbeachtet werden muss.
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2. Abstract

This work is composed of four sub-areas, which are broadly interrelated and each of which
resulted in a publication. The central idea was to make small molecules, which have an
intracellular target (primarily receptors), pharmacologically available and to accumulate them
in high concentrations in the relevant cell compartments. For this purpose, basic macrolidic
structures, usually built on azithromycin, were used and acted as the carrier molecule. The
properties of these azithromycin derivatives were based on their known ability to be
metabolically stable, acid-resistant, and to accumulate to a high degree in tissue and immune
cells. Therefore, short-chain 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.
Short-chain fatty acids or SCFAs are water-soluble carboxylic acids with less than six carbon
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 between the gut 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 immune cells. In order to specifically target these
receptors, 11-2'-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 in detail, all possible hydrolysis products were additionally
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 derivatives 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 measured in vitro stabilities, it was shown in vivo that 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 fumarate has use as
an anti-inflammatory drug against psoriasis 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 the G-coupled receptor

GPR109A is thought to be central to this. The coupling of methyl fumarate to azithromycin (in
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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 glutathione in in vitro and in situ experiments and also an effective anti-
inflammatory response (about 25-fold lower concentration needed than in comparison to
DMF for significant reduction of TNFa and IL-1B) by the compounds with 4"-fumarates, which
were able to form a stable and detectable product with glutathione. However, in psoriasis
mouse models, low doses (0.06 bis 0.12 mg/kg) of the compounds with the more readily
hydrolyzable 2'-esters were shown to be more effective. They were able to attenuate cream-
induced skin lesions and reduce gene expression of pro-inflammatory cytokines (TNFa, IL-17A,
IL-17F, IL-6, IL-1B, NLRP3, and IL-23A). These data suggest that relevant in vivo mechanisms
rely on interactions with GPR109A.

The endosomal Toll-like receptors 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 single-stranded RNAs, imidazoquinolines (e.g., Imiquimod or Resiquimod) are the
most well-known agonists. Disadvantages of these synthetic agonists are their strong side
effects when used systemically. This is likely due to rapid metabolization and elimination of
the compounds, with consequently low AUC (area under the curve) and higher peak
concentrations, resulting in a sharply increasing and poorly tolerated release of cytokines. The
TLR7/8 agonists presented in this work utilize the known binding motif from the
imidazoquinolines and link this to azithromycin via a non-hydrolyzable amide bond. The
resulting changes in pharmacokinetic properties resulted in a better AUC and lower peak
concentration. The lead compounds induced IFNa secretion from human leukocytes in the
same range as Resiquimod, but induced at least 10-fold less TNFa in this system. This could be
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 than Resiquimod and thus 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 cream-induced psoriasis mouse model was
investigated. For this model local skin change in mice is triggered by the application of Aldara®,
which visually manifests itself as rubor, scaling and thickening and causes a release of pro-

inflammatory cytokines. Aldara® was originally used 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 also strongly 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 psoriasis-like skin reactions in mice are
driven more strongly by isostearic acid than is commonly reported, an important point to

consider when using this mouse model.
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4. Einleitung

Eine zentrale Herausforderung bei der Entwicklung neuer Medikamente stellt die
Pharmakokinetik dar. Die Einnahme durch Patientinnen soll moglichst komfortabel sein,
jedoch muss gleichzeitig der applizierte Stoff das Target gut erreichen und die notwendige
Stabilitat aufweisen, um so eine Wirksamkeit zu haben. Das halbsynthetische Makrolid

Azithromycin verbindet diese Eigenschaften.

4.1. Azithromycin

Makrolide sind eine Klasse von Verbindungen, welche natiirlich oder semisynthetisch
vorkommen und aus einem Lactonring mit 14 bis 16 Atomen bestehen und mindestens einen
Zucker beinhalten . Azithromycin (9-deoxy-9a-aza-9a-methyl-9a-homoerythromycin A,
Abbildung 1) entstand aus der Erweiterung des Lactonrings von Erythromycin, dem
urspriinglich in der Natur vorkommenden Makrolid, an der Position 9 durch die Einflihrung
einer Methylaminogruppe und war damit der erste Vertreter der Klasse der Azalide 2. Durch
die zweite Aminogruppe wird im Vergleich zu Erythromycin eine bessere Stabilitdt bei sauren
pH-Werten und eine vorteilhaftere Pharmakokinetik erreicht, welche Azithromycin einen

breiten Einsatz als Antibiotikum verschaffte 13.

Desosamin

Cladinose

Abbildung 1. Struktur von Azithromycin mit den beiden Zuckern Desosamin und Cladinose am zentralen Lactonring.
Nummeriert sind die Positionen, welche fiir die Synthesen von Interesse waren. Erstellt mit ChemDraw 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 10- bis 100-fachen, wohingegen Erythromycin einen Faktor von etwa

0,5 bis 5 erreicht 4. Uber dieses Gewebe ist eine langsame Riickfiihrung in den Blutkreislauf

10
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vorhanden, wodurch eine lange Wirksamkeit erreicht wird. Noch 12 bis 48 Stunden nach Gabe
einer Einzeldosis (500 mg) wurden noch Konzentrationen (1 bis 9 mg/kg) in Gewebe erreicht,
die oberhalb der MHKgo (Minimale Hemm-Konzentration fiir 90% der Bakterienstimme) lagen
>, Die Eliminierung erfolgt primar bilidr mit den Faeces, zu einem kleinen Teil auch tUber den

Urin °.

Extrazelluldres

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

Abbildung 2. Subzelluldre Verteilung von schwachen Basen (in diesem Fall von makrolidbasierten Wirkstoffen) zwischen
extrazelluldrem Medium, Zytosol und saurem Lysosom. Erstellt mit Biorender. Angepasst aus & und JULA.

In vitro Studien zeigten eine subzelluldre Verteilung von Azithromycin in Lysosomen,
intrazelluldre Vesikel zum Verdau von Materialien bei saurem pH-Wert 7. Die Aufnahme in
Zellen erfolgt tiber einen kurzen Zeitraum und erreicht einen Faktor von iber 200 im Vergleich
zum extrazelluldren Medium 32, Dies geschieht in der Regel durch einen passiven Influx in die
sauren Kompartimente, eine anschliefende Protonierung der Substanzen und dadurch einen
sehr geringen Anteil an Efflux und eine langsame Riickverteilung (Abbildung 2). Dieser Effekt
ist typisch fiir schwache Basen, wie zum Beispiel Makrolide.

Lysosomale Kompartimente zeichnen sich aus durch ihre Fahigkeit zellfremdes und zelleigenes
Material zu verdauen. Dies geschieht durch die dort im sauren pH-Bereich aktiven Enzyme
(Proteasen, Lipasen und Nukleasen), welche eingeschlossene Pathogene wie Bakterien und
Viren verdauen. Beim Verdau freigesetzte Molekile und Strukturmotive, welche als pathogen-
assoziierte molekulare Muster (PAMPs) bezeichnet werden, kénnen durch Rezeptoren
innerhalb der Zelle erkannt werden. Sogenannte Pattern Recognition Rezeptoren (PRRs) sind
ein zentraler Teil der angeborenen Immunantwort und kommen sowohl an Zelloberflache, als
auch intrazellular vor. Zu den intrazellularen Rezeptoren gehdren NOD-like Rezeptoren (NLRs),
einige Toll-like Rezeptoren (TLR7, 8 und 9), aber auch bei der Phagozytose eingeschlossene
membranstandige Rezeptoren, wie kurzkettigen Carbonsaure Rezeptoren free fatty acid
receptor 2 (FFAR2), FFAR3 und GPR109A °° Anhand dieser Rezeptoren erkennen

Immunzellen potentielle Pathogene oder deren Strukturmotive.
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Ein Beispiel dafir ist GPR109A ein G-Protein-gekoppelte Membranrezeptor, welcher Niacin,
Buttersdaure und Monomethylfumarat (MMF) als endogene Agonisten binden kann und von
Keratinozyten und Immunzellen, insbesondere von Neutrophilen und Makrophagen,
exprimiert wird %, Eine Aktivierung von GPR109A steht im Zusammenhang mit dem anti-
inflammatorischen und protektivem Schutz von DMF in MS und bei Psoriasis !2. Des
Weiteren fiihrt die Aktivierung zur Ausschiittung von gefalRerweiternden Prostaglandinen,
was eine Erklarung fur das haufig auftretende Flushing (Erréten) ist 12,

FFAR2 und FFAR3 gehoren ebenfalls zur Klasse der G-Protein-gekoppelten Rezeptoren (auch
bekannt unter den Namen GPR43 fiir FFAR2 bzw. GPR41 fiir FFAR3), wobei beide stark in
Immunzellen exprimiert werden. Zusatzlich kommt FFAR2 in Fettgewebe, lleum und Colon
vor. FFAR3 ist ebenfalls in Fettgewebe, aber auch in Milz und anderem immunrelevantem
Gewebe exprimiert 131>, Dabei spielen sie eine Rolle unter anderem in der Hemmung von
Entzlindungsprozessen und der Krebsbildung, der Starkung verschiedener Elemente der
Dickdarmbarriere und bei der Verringerung von oxidativem Stress 6. Eine Aktivierung von
FFAR2 und 3 fuhrt unter anderem zu einer Verringerung der Chemokine bzw. Zytokine
Chemokin-Ligand (CCL)1, CCL2, GM-CSF (Granulozyten-Makrophagen-Kolonie-stimulierender
Faktor), IL-1a, IL-1B und sICAM-1 (I8sliches Interzelluldres Zelladhdsionsmolekiil 1) 7.

Als ein zentraler Teil der angeborenen Immunitdt sind Toll-like Rezeptoren in der Lage
unterschiedliche Pathogene anhand spezifischer Muster (daher auch Teil der Klasse der
Mustererkennungsrezeptoren; Pattern Recognition Receptors (PRR)) zu erkennen. Sie
konnten in allen Wirbeltieren, aber auch in einfachen Organismen (urspriingliche Entdeckung
in Drosophila melanogaster als Toll-Rezeptoren *8), nachgewiesen werden. Dabei sind zum
Beispiel in Menschen zehn und in Mausen 12 Subtypen bekannt *°. Diese kénnen grob in zwei
Gruppen eingeteilt werden: die an der Zelloberflache vorkommenden, beispielsweise beim
Menschen TLR1/2/4/5/6/10 und die intrazelluldren, in diesem Fall TLR3/7/8/9. Die
endosomal-vorkommenden TLR7 und 8 spielen dabei eine zentrale Rolle in der Erkennung von
viralen und bakteriellen Infektionen 2921, Hierbei sind einzelstringige Ribonukleinsduren
(RNA) die natirlichen Liganden, wahrend synthetisch vor allem Imiquimod (TLR7) und
Resiquimod (TLR7/8) als Vertreter der Imidazoquinoline bekannt sind 202223, TLR7 ist stark in
plasmazytoiden dendritischen Zellen (pDC) exprimiert, wohingegen TLR8 eher in Monozyten,

Makrophagen und myeloiden dendritischen Zellen (mDC) vorkommt 2425,

12



Einleitung

Bei der Reaktion auf Pathogene durch das angeborene Immunsystem, in diesem Fall mittels
TLRs, spielen vor allem die beiden Transkriptionsfaktoren Nuclear factor kappa-light-chain-
enhancer of activated B cells (NF-kB) und IRF-Familie (interferon regulatory factors) (siehe
Abbildung 3) 2527, Eine NF-kB Aktivierung kann dabei entweder durch den klassischen
kanonischen oder den nicht-kanonischen, alternativen Signalweg stattfinden, wobei der
kanonische Signalweg lber die PRRs (Pattern Recognition Receptors) ablauft und der nicht-
kanonische mehr dem adaptiven Immunsystem zugeschrieben wird. Fir die Regulierung der
kanonischen NF-kB Kaskade ist der Inhibitory kB Kinase (IKK)-Komplex notwendig, welcher hier
vornehmlich Uber IKKB und IKKy ablauft 2628, Die humane IRF-Familie besteht aus neun
Mitgliedern, welche zentral an der Expression von Interferonen beteiligt ist 2°. Dabei sind
IRF3/5/7 die wichtigsten Vertreter fur die Regulierung der Typ | Interferone, wobei IRF5,
dhnlich zu NF-kB, auch die pro-inflammatorische Zytokin Expression beeinflusst 26. Die am C-
Terminus der TLRs standige Toll/IL-1 Rezeptor (TIR) Doméne bindet Adapter- und
Brickenproteine, wie myeloide Differenzierungs-Primarantwort 88 (MyD88), TIR-domain-
containing adapter-inducing interferon-8 (TRIF) oder TRIF-related adapter molecule (TRAM)
und ist verantwortlich fir das Downstream Signalling 263°. Dabei sind, abgesehen von TLR3,
alle TLRs abhangig von MyD88, welches wiederum fiir die Translokation von NF-kB und IRF in
den Zellkern verantwortlich ist. MyD88 bildet mit der Interleukin-1 receptor-associated Kinase
(IRAK; 1/2/4) ein Myddosom, in welchem IRAK1/2 phosphoryliert werden. Dadurch wird eine
Konformationsdanderung ausgelost, welche dazu filihrt, dass TRAF6 (tumor necrosis factor
receptor (TNFR)-associated factor 6) an das Mydosome bindet 26, IRAK1 fiihrt zur Aktivierung
von IRF7. IRAK2 und TRAF6 kdnnen NF-kB aktivieren, wobei TRAF6 hier zunachst den IKK-
Komplex aktiviert. TRAF6 ist des Weiteren in der Lage mit IRF5 und IRF7 zu interagieren und
deren Aktivierung auszulésen, was eine Genexpression von Typ | IFN (IRF5 und IRF7) bzw. pro-

inflammatorischen Zytokinen (IRF5) zur Folge hat 2.
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Abbildung 3. Signalwege und Lokalisierung verschiedener TLRs, wobei TLR1/2/4/5/6/10 in der Zellmembran vorkommen und
TLR3/7/8/9 intrazellular liegen. TLR7/8 werden dabei von ssRNA bzw. Small Molecules (Klasse der Imidazoquinoline)
angesprochen. MyD88 bildet dabei das Adapterprotein am Rezeptor (fur alle TLRs, auer TLR3). IRAK1/2/4 und TRAF6 bilden
ein Mydosome, welches im phosphorylierten Zustand (IRAK1/2) NF-kB aktiviert. Aktivierung der Transkriptionsfaktoren NF-

kB und der IRF-Familie fihrt zur Expression von pro-inflammatorischen Zytokinen bzw. Typ | Interferonen. Erstellt mit
Biorender aus Vorlage von N. Odoard und nach A. Kusiak 2631,

14



Einleitung

4.1.2 Antiinflammatorische Eigenschaften von Makroliden

Obwohl Azithromycin primar als Antibiotikum eingesetzt wird und tUber Wirksamkeit gegen
Streptococcus pneumoniae, Mycoplasma pneumoniae, Haemophilus influenzae, Moraxella
catarrhalis, Chlamydia pneumoniae und Legionella pneumophila verfigt 3, hat es dariber
hinaus jedoch (iber weitere Eigenschaften. So ist publiziert, dass die Applikation von
Azithromycin zu einer antiinflammatorischen Reaktion fiihrt. Im Lipopolysaccharid (LPS)
induzierten Model fiir Sepsis in Mausen fiihrte die Applikation von Azithromycin zu einer
Verringerung von proinflammatorischen Zytokinen wie Interleukin (IL)-6, IL-1R und
Tumornekrosefaktor a (TNFa) 2. Diese Effekte lassen sich jedoch nicht auf eine direkte
Immunsuppression reduzieren, es kommt dagegen vielmehr zu einer immunmodulatorischen
Reaktion. Dabei ist Azithromycin unter anderem in der Lage, das Gleichgewicht von pro-
inflammatorischen M1 Makrophagen hin zu M2 Makrophagen zu verschieben 3334,

Es konnte weiterhin gezeigt werden, dass Azithromycin die Phagozytose-Eigenschaften von
apoptotischen Zellen durch Alveolar Makrophagen wiederherstellen kann 3>3¢, Die Gabe von
Azithromycin zeigte sich als hilfreich in Bronchiolitis obliterans, zystischer Fibrose und diffuser

Panbronchiolitis !

. Eine Gabe lber einen langeren Zeitraum flhrt jedoch zur moglichen
Ausbildung von Resistenzen in Bakterien und ist daher unvorteilhaft. Als moglicher
Loésungsansatz wirden sich hier nicht-antibiotische Derivate von Azithromycin anbieten,

welche jedoch weiterhin immunmodulatorische Eigenschaften besitzen 36-32,

4.1.3 Verwendung von Makroliden als Prodrug

Mit den Eigenschaften der guten Pharmakokinetik, schnellen Aufnahme und hoher Stabilitat
eignet sich Azithromycin als Tragermolekil flir Wirkstoffe. Dabei gilt zu beachten, dass die
urspriinglichen Eigenschaften von Azithromycin erhalten bleiben. Dies bezieht sich vor allem
auf die pharmakologischen Eigenschaften. Chemisch gut zugdnglich und als Synthese
beschrieben ist vor allem die Modifikation der Hydroxygruppe in der 2‘-Position 3°. Ahnlich
dazu kénnen auch Reaktionen an den Positionen 4“ und 11 vorgenommen werden “°, Dort ist
zum Beispiel eine Bindung Uber einen Ester moglich, welcher idealerweise tiber Hydrolyse im
Zielsystem wieder verfligbar gemacht werden kann. Zusatzlich zu Estersynthesen in diesen
Positionen, werden in dieser Arbeit auch Modifikationen am Amin des Desosamines
vorgenommen, welche keiner Hydrolyse unterliegen, jedoch die pharmakologischen

Eigenschaften nicht auRerordentlich verandern.
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4.2. Kurzkettige Carbonsauren

Kurzkettige Fettsdauren sind Carbonsauren mit bis zu sechs Kohlenstoffatomen (Abbildung 4
links und mittig). Es sind stechend bis unangenehm riechende, bei Raumtemperatur fllssige,
Substanzen mit einem hohen Siedepunkt. Durch die Carboxygruppe(n) ist diese Stoffgruppe
sehr gut wasserloslich. Ein verlangerte Alkylkette verstarkt den lyophilen Charakter, womit die

Wasserloslichkeit abnimmt.
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Abbildung 4. Klassische kleinmolekulare Agonisten fiir aufgefiihrte intrazelluldren Rezeptoren. Gelb: Kurzkettige Fettsiuren
(FFAR2/3, GPR109A). Blau: Fumarsiure und (Di-)Methylester (GPR109A). Griin: TLR7 bzw. TLR7/8 Agonisten aus der Klasse
der Imidazoquinoline.

4.2.1 SCFA

Kurzkettige Fettsduren (SCFA; meist bezogen auf Acetat, Propionat und Butyrat; Abbildung 4
links) sind Monocarbonsauren mit weniger als sechs Kohlenstoffatomen. In Lebewesen
entstehen sie grolRtenteils durch bakterielle Fermentation von Ballaststoffen im Darm und
sind anaerobe Stoffwechsel-Endprodukte. Im humanen Dickdarm kénnen SCFA hohe
Konzentrationen erreichen (Acetat 64 mM, Propionat 27 mM, Butyrat 25 mM), wobei die
Menge abhangig ist von verschiedenen Faktoren, wie zum Beispiel Erndhrung und Mikrobiom.
Diese SCFAs dienen dort hauptsachlich als Energiequelle fiir die Darmepithelzellen, spielen
aber auch eine Rolle bei der Kommunikation zwischen dem Mikrobiom und dem
Immunsystem des Darmepithels. Diese Kommunikation findet dabei unter anderem (iber die
Fettsdurerezeptoren FFAR2 und FFAR3 oder (iber GPR109A statt #%#2, Dabei ist FFAR2 sensitiv
fiir Acetat und Propionat, wohingegen FFAR3 eine hoéhere Affinitat fiir Propionat, Butyrat und
Valerat besitzt 1343, Beide Rezeptoren werden von Immunzellen exprimiert und kommen in

einer Vielzahl von Gewebe vor 1344 Neben Nikotinsidure und Fumaraten wird GPR109a auch
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durch Butyrat aktiviert und wird vor allem auf Zellen des Fettgewebes, aber auch auf
Neutrophilen und Makrophagen exprimiert 4>,

Lokal im Darm konnen diese kurzkettigen Fettsduren zu einer verbesserten Epithelbarriere
beitragen und einen regulatorischen Einfluss auf das Immunsystem nehmen 4146, Dies wird
relevant in Bezug auf verschiedene Autoimmunerkrankungen wie Asthma, Allergien oder
chronisch-entziindliche Darmerkrankungen (inflammatory bowel disease (IBD); haufigste
Vertreter hierbei sind Morbus Crohn und Colitis ulcerosa). Hier kann ein Mangel an SCFAs zu
einer Verschlimmerung dieser Krankheiten fihren 47, 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) mit dem Anstieg von Autoimmunerkrankungen korreliert
4748 Dabei spielt die Menge an SCFAs, neben w-3-Fettsduren, eine zentrale Rolle 8. Eine
geringe Zufuhr von Ballaststoffen kann zu einer Dysbiose des Darmmikrobioms (z.B. Abnahme
von Butyrate-produzierenden Bakterien Roseburia hominis und Eaecalibacterium prausnitizi),
einer schlechten intestinalen Barrierefunktion und einer damit einhergehenden
fehlregulierten Immunantwort fiihren 495!, Eine intakte Immunantwort ist ein wichtiger
Faktor bei entziindlichen Darmerkrankungen.

Der Ursprung einer IBD ist nicht vollstandig geklart, jedoch geht man davon aus, dass eine
genetische Pradisposition (z.B. Durchlassigkeit der Epithelbarriere) zugrunde liegt, welche in
Kombination mit gewissen Umweltfaktoren, einer Dysbiose im Darmmikrobiom und einer
Ubersteuerten Immunantwort zu einer chronischen Darmentziindung fiihren kann °2°3,
Auslosend ist hierbei vermutlich TNFa, welches wiederum zu einer Hochregulierung von
anderen Entziindungsmediatoren (IL-1, IL-6) flihrt (Medikation durch anti-TNFa Antikorper
wie z.B. Adalimumab, Etanercept und Infliximab) >4 Im gesunden Zustand verhindert die
Epithelbarriere ein Ubertreten von Bakterien und anderen Mikroorganismen und sorgt fiir die
Passage von Wasser, Elektrolyten und N&hrstoffen °°. Durch eine Riickbildung der
Mukusschicht und einer geringeren Dichte der Diffusionsbarriere in den Zellzwischenrdumen
(tight junctions) entsteht eine hohere Permeabilitdt und damit einhergehend der mogliche

Ubertritt von Bakterien in die Lamina Propia (siehe Abbildung 5).
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Abbildung 5. Immunregulierung und Epithelbarriere in gesunder Darmumgebung (links) und in IBD (rechts). Die schiitzende
Mukusschicht und eine geringe Enge der Tight Junctions zwischen den Zellen fihrt zu einer erhéhten Permeabilitat der
Epithelzellschicht und einem Ubertritt 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 fiihren. Ubernommen und angepasst aus Biorender.

Zur Behandlung stehen neben der Anwendung von Antikérpern auch Small Molecules zur
Verfiigung. Eine haufige Anwendung findet hierbei zum Beispiel Sulfasalazin, eine
entziindungshemmende Verbindung bestehend aus dem Sulfonamid Sulfapyridin und 5-
Aminosalicylsdaure. Es konnte auch gezeigt werden, dass die Supplementierung von hohen
Dosen an Butyrat oder Propionat eine Linderung der Symptome zur Folge hat. Durch Geruch
und Formulierungsproblemen ist die Anwendung jedoch limitiert 1°657  |In dieser Arbeit
wurde jedoch versucht mit Hilfe von Makrolid Derivaten kurzkettige Fettsdauren in relevantem
Gewebe bzw. in die dazugehorigen Immunzellen verfliigbar zu machen. Dazu wurden die
Fettsduren an Hydroxygruppen in den Positionen 11, 2° und 4“ des Azithromycins Uiber eine
Esterbindung gebunden. Als zentrale Molekiile wurden hierbei die Triester von Propionat bzw.
Butyrat ausgewahlt, da diese die groBten Mengen an SCFAs in relevanten Zellkompartimenten
bereitstellen konnten und die dortigen Fettsdaurerezeptoren eine Sensitivitat aufweisen. Zur
genauen Analyse der Stabilitdt, Verteilung und Metabolisierung dieser Substanzen wurden
zusatzlich alle Di- und Monoester dieser Substanzen synthetisiert und charakterisiert. Dartber

hinaus wurden jedoch weitere Substanzen (siehe Tabelle 1) hergestellt, charakterisiert und
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teilweise auf ihre Eigenschaften in zellbasierten Assays und in Mausmodellen getestet. So
wurden mogliche 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 28,
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Tabelle 1. Im Laufe dieser Arbeit synthetisierte kurzkettige Fettsdure-Ester auf Basis von Azithromycin. * Ketolid Derivat von
Azithromycin, ohne Cladinose. Auch publiziert unter CSY0073 38, ** Nicht-antibiotisches Azithromycin-Derivat mit
Morpholingruppe in 3‘ Position, anstatt Dimethylamin.

Seitenkette Basis Pos. 11 2 4"
Butyryl Azithromycin X
Butyryl Azithromycin X X
Butyryl Azithromycin X X X
Butyryl Azithromycin X
Butyryl Azithromycin X X
Butyryl Azithromycin X
Butyryl Azithromycin X X
Butyryl Ketolid-Azithromycin* X
Propionyl Azithromycin N
Propionyl Azithromycin « «
Propionyl Azithromycin X " «
Propionyl Azithromycin X
Propionyl Azithromycin « <
Propionyl Azithromycin «
Propionyl Azithromycin « <
Acetyl Azithromycin N
Iso-Butyryl Azithromycin "
2-Acetoxypropionyl Azithromycin «
Pivaloyl Azithromycin "
Niacin Azithromycin "
Cyclobutylcarbonsiure Azithromycin «
Cyclopropylcarbonséure Azithromycin "
Methoxyacetyl Azithromycin «
3-Hydroxybutyryl Azithromycin «
Pyrazincarbonsiure Azithromycin «
Monomethylsuccinyl Azithromycin «
Hippursdure Azithromycin «
Phenylthiocarbamat Azithromycin «
Monomethylfumaryl Azithromycin N
Monomethylfumaryl Azithromycin « «
Monomethylfumaryl Azithromycin «
Monomethylfumaryl Ketolid-Azithromycin* X
Monomethylfumaryl Morpholin-Azithromycin** X
Monomethylfumaryl Morpholin-Azithromycin** X X
Monomethylfumaryl Morpholin-Azithromycin** X X
\
N

11

HO
\\\\ } QH |
N N
2 ~ Abbildung 6. Struktur von Azithromycin mit

0 Desosamin 4o beiden Zuckern Desosamin und Cladinose

Lactonring am zentralen Lactonring. Nummeriert sind die

Positionen, welche fiir die Synthesen von
Interesse waren. Erstellt mit ChemDraw 20.1.

W

Cladinose
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4.2.2 Fumarate

Fumarate (Abbildung 4 Mitte) sind Ester der ungesattigten Dicarbonsaure Fumarsaure.
Fumarate werden schon seit Mitte der 1990er zur Behandlung von Psoriasis eingesetzt. Unter
dem Namen Fumaderm® wird eine Mischung aus Dimethylfumarat (DMF), Monoethyl
Fumarat (MEF) als Ca?*, Mg?* und Zn?* Salz eingesetzt *°. In neuerer Zeit finden Fumarate auch
Anwendung zur Behandlung von Multipler Sklerose (MS). Dies trifft auf die Ester DMF
(vermarktet als Tecfidera®), Diroximelfumarat (vermarktet als Vumerity®) und MMF
(vermarktet als Bafiertam®) zu %952, Diese Medikamente wirken alle mechanistisch an der
gleichen Stelle. So sind diese Substanzen alle darauf ausgelegt nach Applikation MMF
systemisch verfligbar zu machen (DMF und Diroximel Fumarat nach Hydrolyse und MMF
direkt), welches der aktive Metabolit ist ©2.

Genaue Aufklarung Gber den Mechanismus von MMF gibt es noch nicht, jedoch ist bekannt,
dass MMF ein Agonist fir GPR109A (auch Hydroxycarboxylic acid receptor 2 (HCA;)) ist, DMF
hingegen nicht 3. Studien konnten zeigen, dass die Aktivierung von GPR109A durch MMF
eines der zentralen Mechanismen in der Behandlung von MS ist und die Wirksamkeit im
Mausmodel EAE (Experimental Autoimmune Encephalomyelitis) nachweisen 164 Eine
Bindung fuhrt zur Reduktion von proinflammatorischen Zytokinen und einer verringerten
Anzahl an Neutrophil Adhision, Migration und Rekrutierung -7,

Alternativ zum ersten Mechanismus steht die kovalente Bindung der Thiol-Gruppe von
Glutathion (GSH) an die Doppelbindung von Fumarsaureestern (Michael Reaktion; jedoch zum
groRen Teil limitiert auf DMF oder andere Diester der Fumarsaure) und eine damit
einhergehende antientziindliche, immunsuppressive und zytoprotektive Eigenschaft %871,
Diese Reaktion ist jedoch nicht limitiert auf GSH allein und kann auch mit anderen Cysteinen
oder Thiol-tragenden Stoffen passieren. Durch die schnelle Hydrolyse von DMF nach oraler
Applikation ist der vermutlich aktive Metabolit MMF der zentrale Wirkstoff ©®.

Neben dem Einsatz als Medikament gegen MS finden Fumarate Anwendung gegen mittlere
bis schwere Psoriasis. In Patienten und Patientinnen mit Psoriasis konnte gezeigt werden, dass
die orale Gabe von Fumarsaureestern zu einer Verschiebung von proinflammatorischen T-
Helferzellen (Th) 1 und Th17, hin zu anti-entziindlichen Th2 Zelltypen begiinstigt. Dies ging
einher mit der Reduktion von IL-17A, IL-1R, IL-22, IL-36a und IL-36y 773, Psoriasis ist eine
chronische Hautentziindung und Autoimmunerkrankung, welche sich durch sichtbare und

schmerzhafte Entzindung und Hyperproliferation der Haut manifestiert und bei etwa 1-2%
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der Menschen auftritt 74, Klinische Anzeichen sind eine lokale Verdickung der Epidermis durch
Hyperproliferation von Keratinozyten, ein reduziertes bzw. fehlendes Stratum granulosum
(Hypogranulosis), lokale Rétung der Haut aufgrund einer Erweiterung der Blutgefille,
Akkumulierung von Neutrophilen im Stratum corneum (Munro-Abszesse) und die Infiltration
von CD4+, CD8+ und antigenprasentierenden dendritischen Zellen in Dermis und Epidermis.
Eine Heilung ist bisher noch nicht méglich, jedoch beinhalten Behandlungen unter anderem
topische, systemische und Photo-Therapie. Das zentrale Ziel einer Therapie besteht dabei
darin, die psoriatische Entziindung zu verringern, ohne das Immunsystem generell zu
unterdriicken. In dieser Hinsicht hat die Einfiihrung der auf IL-17 und IL-23 gerichteten
Therapie zu einer erheblichen Verbesserung der Lebensqualitat gefiihrt.

Die Suche nach verbesserten Therapien fir Psoriasis erfordert Modelle, welche die
Krankheitsmechanismen in ihrer Form nachbilden kénnen und in der Lage sind dhnliche
Symptome hervorzurufen. Van der Fits et al. schlugen 2009 erstmals ein Mausmodell fir
Psoriasis vor, welches auf der wiederholten topischen Applikation von Imiquimod (pro-
inflammatorische Reaktion durch Aktivierung von TLR7) in Form von Aldara® basiert 7>. Dies
fUhrt zu einer pro-inflammatorischen Reaktion und einer lokalen Hautveranderung, welche
der akuten Phase der Psoriasis beim Menschen ahnelt. Auf Grund der geringen Kosten,
einfachen Anwendung und schnellen Etablierung wird dieses Modell in der Praxis haufig
angewandt ’6. Es muss jedoch betrachtet werden, dass die Induktion limitierende Faktoren
hat. So wirkt unter anderem IMQ auch systemisch und verursacht Splenomegalie,
Lymphadenopathie und moglicherweise erhohte systemische Zytokine und ist wahrscheinlich
auch ein Adenosinrezeptor-Inhibitor 7>78, Walter et al. (2013) zeigten, dass Isostearinsiure
(25% von Aldara®) in vitro und in vivo ebenfalls proinflammatorische Effekte hervorrufen
konnte und daher ein wichtiger Faktor in der Entwicklung der Krankheitsmechanismen und
Symptomen ist ”°. In einer, im Zuge dieser Arbeit angefertigten, Publikation wurde weiter auf
die funktionelle Rolle von Isostearinsdure im beschriebenen murinen Psoriasis Modell
eingegangen.

Die im Zuge dieser Arbeit publizierten neuen Derivate basieren auf Estern von MMF mit
Azithromycin in dessen 2 und/oder 4“ Position (siehe Tabelle 1, unten). Zusatzlich wurde als
Negativkontrolle zu den Fumaraten ein 2-Monomethylsuccinylester von Azithromycin
synthetisiert. Im Laufe der Anfertigung der Publikation zeigte, dass die Fumarat-Substanzen

nitzliche anti-entziindliche Effekte hatten, jedoch mogliche antibiotische Effekte von
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hydrolysiertem Azithromycin zu bakteriellen Resistenzen flihren konnten, wurde
weitergehend eine Klasse an nicht-antibiotischen Fumarat-Makrolid-Derivaten entwickelt
(siehe ebenfalls Tabelle 1, unten). Diese basieren entweder auf CSY0073, einem Ketolid von
Azithromycin, welches ohne Cladinose keine antibiotischen Eigenschaften besitzt 33 oder auf
Azithromycin-Derivaten, welche eine Variation in der 3‘-Stelle aufweisen. Hierbei wurde tber
eine Epoxid-Zwischenstufe 8! das Dimethylamin durch ein Morpholin ersetzt. Diese
strukturelle Veranderung verhindert die Bindung an bakterielle Ribosomen und damit eine
direkte antibiotische Wirkung (Daten nicht gezeigt). Die weitergehenden Eigenschaften sind
jedoch mit Azithromycin vergleichbar. Daten aus pharmakokinetischen Studien (nicht

publiziert) zeigten dhnliche Verteilungen, Stabilitdt und Aufnahme dieser Substanzen.

Die Azithromycin-Fumarate wurden auch in anderen Krankheitsmodellen, abgesehen von den
in den Publikationen aufgefiihrten Mausmodellen (Creme-induzierte Psoriasis und
Mononatriumurat (MSU) Gicht Modell), getestet. So zeigte sich in IBD eine deutliche
Verschlechterung der Symptome, des Korpergewichts und der Lange des Colons am finalen
Studientag im Vergleich zur Vehikel-Gruppe und zur Kontroll-Gruppe (Ciclosporin 25 mg/kg).
Dies konnte sowohl fir DMF (30 mg/kg), als auch 2‘-Monomethylfumarat-Azithromycin (0,1
mg/kg) festgestellt werden, auch wenn das fiir DMF bisher anders publiziert wurde 8223, Dies
konnte ein Hinweis auf die starken immunregulierenden Eigenschaften dieser Substanzklasse
sein, welche dazu fihrte, dass das Immunsystem zwar unterdrickt, aber dadurch ein
bakterielles Infektionsgeschehen toleriert wurde. Des Weiteren konnte im EAE-Modell zwar
eine Wirksamkeit von DMF (100 mg/kg) gezeigt werden, jedoch waren die verwendeten
makrolidischen Fumarat-Derivate (2‘-Monomethylfumarat-Azithromycin 0,05 und 0,1 mg/kg
und 2-4“-Monomethylfumarat-Azithromycin 0,025 und 0,05 mg/kg) wirkungslos und zeigten
keine Verbesserung der Symptome im Vergleich zur Vehikel-Gruppe, was vermutlich am

Makrolid-Gerist liegt, welches ein Durchdringen der Blut-Hirn-Schranke verhindert 84,
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4.3. Imidazoquinoline

Imigquimod und Resiquimod sind TLR7 bzw. TLR7/8 Agonisten (Abbildung 4, rechts), welche
beide der Klasse der Imidazoquinoline angehdren. Diese sind trizyklische niedermolekulare
Verbindungen mit meist anti-viralen bzw. immunstimulierenden Eigenschaften und eine
damit einhergehende Induktion von proinflammatorischen Zytokinen (Interferon alpha
(IFNa), TNFa, IL-12 und andere) #. Ihre Bindungsstelle befindet sich dabei konserviert im
selben Motiv, wobei der  Aminoquinolyl Teil Uber  Stacking planar
Wasserstoffbrickenbindungen in der Rezeptortasche eingeht. Die Butylseitenkette des
Resiquimods bildet dabei hydrophobe Wechselwirkungen in einer Seitentasche aus, wobei die
Kettenlange von vier Atomen am gunstigsten fir die Bindung ist (siehe Abbildung 7) 838688,
Eine Modifikation mit Heteroatomen (Sauerstoff im Fall von Resiquimod) kann zu einer leicht

verbesserten Affinitat fihren 8788, Diese Seitenkette ist bei Imiquimod nicht vorhanden.

Wahrend Resiquimod zwar potenter wirkt, ist Imiquimod als einziges als 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 ist im Besonderen fir
Resiquimod zu beachten. Zwar zeigten sich gute Effekte in der dermalen Applikation zur
Behandlung von Genitalherpes in einer Phase Il Studie, diese konnten sich jedoch in Phase Il
nicht bestatigen. Weiterhin zeigte sich in der oralen Anwendung bei chronischer Hepatitis C
zwar eine Reduktion der Virustiter, aber gleichzeitig fiihrten schon geringe Dosen zu starken
Nebenwirkungen, welche h3ufig als grippedhnliche Symptome beschrieben wurden 8%,
Diese Effekte treten vermutlich auf Grund von einer sehr steilen Dosis-Wirkungs-Kurve, einer
kurzen Halbwertszeit und schlechten Eigenschaften in der Gewebeverteilung und einer damit
einhergehenden hoheren Dosis auf. Ziel war es daher das therapeutische Fenster dieser
Substanzen zu vergroRern und die pharmakokinetischen Eigenschaften zu verbessern und
gleichzeitig die immunstimulierenden Eigenschaften beizubehalten. Der Ansatz in dieser
Arbeit beruhte dabei auf die Kopplung von bekannten Imidazoquinolin Motiven (siehe
Abbildung 8) Uber Linkermolekile an ein makrolidisches Grundgeriist und der
miteinhergehenden besseren Pharmakokinetik und damit Aufnahme in Gewebe und

Immunzellen.
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Es zeigte sich im Laufe der Untersuchung der neuen Strukturen jedoch, dass schon die
Imidazoquinol-Linker-Molekiile (ohne Makrolid) eine erheblich héhere Stabilitat und bessere
Pharmakokinetik aufwiesen, wie das die Vergleichssubstanzen Imiquimod und Resiquimod
zeigten. Daher wurden die Charakterisierung und die Untersuchung sowohl von Makrolid-
gekoppelten TLR-Agonisten, als auch der freien Agonisten weiter untersucht. Dabei zeigten
sich darliber hinaus jedoch auch eine Verschiebung der Zytokin Antwort auf die Stimulation
mit den beschriebenen TLR-Agonisten im Vergleich zu Resiquimod und Imiquimod, wobei sich
die Affinitat der Substanzen beziiglich ihrer Rezeptoren eher in Richtung TLR7, statt TLRS,
verschiebt. Wobei die Rezeptor Affinitdt jedoch vermutlich eine untergeordnete Rolle spielt
und im Vordergrund hierbei eher die Pharmakokinetik bzw. die spezifische Verteilung in

lysosomale Zellkompartimente ist.
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Abbildung 7. Links, vergroBerte Ansicht MmTLR7-Resiquimod Bindung. Rechts, schematische Darstellung der
Wechselwirkungen zwischen Resiquimod und TLR7. Der orangefarbene Bogen zeigt hydrophobe Interaktionen zwischen der
Ethoxymethylgruppe von Resiquimod und TLR7. Die roten Kreise stellen Wassermolekiile dar. Wasserstoffbriicken sind durch
die Strichlinien gekennzeichnet. Ubernommen von Zhang et al. 8.

Die Synthesevorschriften fir die TLR-Agonisten, welche in dieser Arbeit synthetisiert und
spater publiziert wurden, basieren vor allem auf Publikationen von Shukla et al., weichen
jedoch an einigen Stellen ab °2. So war die Substitutionsreaktion des Chlors durch ein Amin in
Schritt 6 (Abbildung 8, von S1.6 zu S1.7) nicht exakt nachzubearbeiten, da keine Mikrowellen-
Apparatur zur Verfigung stand. Alternativ wurden andere Synthesewege, mit anderen
Reaktionsbedingungen, Losemitteln oder Ausgangsstoffen versucht (siehe Tabelle 2), wobei
die meisten dieser Ansatze zu keiner Reaktion, falschen Produkten oder Nebenprodukten
gefuhrten haben. Schlussendlich wurde Uber den Zwischenschritt des Einflihrens von Hydrazin

in den aromatischen Ring und die anschlielRende Reduktion mit Zink eine funktionierende
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Synthese mit guter Ausbeute gefunden, welche von Kayamar et al. auch beschrieben wurde

93

Reaktionsschema TLR-Agonisten
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Abbildung 8. Zusammenfassung der Reaktionsschritte (genaue Synthesevorschrift befindet sich in Abschnitt 9 bzw. in Anhang
zur Publikation aus Abschnitt 9) und verwendeten Reagenzien: (1) HNOs, (2) PhP(=0)Cl,, (3) H2N-R’, 45°C, (4) H,/Pd oder
Na,5204, (5) C4HoC(OCHs)s, A, (6) NaHa/H,0, A, (7) Zn/TFA/EtOH, (7a) DCM/TFA; Hydrolyse von Boc Schutzgruppe, falls
vorhanden. R kann sein: 2-(4-Piperidinyl)-Ethyl, (4-Piperidinyl)-Methyl, 2-[2-(2-Aminoethoxy)Ethoxy]-Ethyl. R’ ist 2-[2-(2-
Hydroxyethoxy)-Ethoxy]Ethyl (liegt als Pentanoat vor in $1.4 bis S1.7).

Die Anwendung dieser neuen Substanzen soll dabei im Bereich der antiviralen bzw.
onkologischen Gebieten liegen. Durch die beobachtete Verschiebung des TNFa/IFN-
Verhaltnisses in Richtung Typ | IFN ist eine Anwendung in der Behandlung von
Virusinfektionen und als Ersatztherapie zur direkten Gabe von rekombinantem IFNa
angedacht. Dabei konnte die verringerte Ausschiittung von TNFa zu einer verbesserten

Vertraglichkeit fiihren.
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Tabelle 2. Auflistung verschiedener Reaktionsansatze fiir die Substitutionsreaktion am Aromaten in den synthetisierten TLR-
Agonisten in Schritt S1.6 in Abbildung 8. RT steht fliir Raumtemperatur, FA fiir Ameisensdure, THF flr Tetrahydrofuran und
TFA fir Trifluoressigsdure.

Testreagenz Lésemittel Zusdtze Temp [C°] Produkte Ausbeute
NHs Methanol AgNOs 60 Silber-Edukt-Komplex -
Formamid - K2COs 170 Foramid-Produkt, Dimerisierung gering
Trifluoracetamid - K2COs 120 Produkt-Boc, Produkt-TFA, Dimer gering
Aetamid - KzCOs 150 Produkt-Acetamid, Dimer ge.zring, viel

Dimer
Trifluoracetamid - K2COs 120 Divers -
Trifluoracetamid - K2COs 120 Produkt-Boc, etwas Produkt-TFA TFA-Addukt
Trifluoracetamid Isobutanol K2COs 120 Isobutanol-Addukt -
Trifluoracetamid Toluol K2COs3 120 etwas Produkt, viel Dimer ca. 30%
Trifluoracetamid Dioxan K2COs3 120 kein Produkt, viel Edukt und Dimer -
Bistrifluoracetamid ) K2COs 100 Substitution mit -OH und Addition von )

TFA

Harnstoff - - 160 Produkt-Harnstoff und Dimer ca. 50%
Trifluoracetamid - K2COs 150 Produkt-TFA und Dimer ca. 50%
NH.4CI Methanol 1% FA, ZnCI2 RT keine Reaktion -
NH.4CI Ethanol 1% FA, ZnCI2 80 keine Reaktion -
Piperidin - - RT schnelle Reaktion mit sekundarem Amin -
NHs in Dioxan - - RT keine Reaktion -
Dibenzylamin - - 70 keine Reaktion -
Urotropin - - 80 keine Reaktion -
l’:(ijuToFr::sigséure - - RT Polymerisation -
Isoindole - - RT keine Reaktion -
Trifluoracetamid - K2COs 130 keine Reaktion -
NHs in Dioxan THF Cul RT keine Reaktion -
Biuret Wasser K2COs 100 keine Reaktion -
Biuret Nitrobenzol K2COs 150 keine Reaktion -
Morpholin - - RT schnelle Reaktion mit sekundarem Amin -
Dimethylamin DMSO - RT schnelle Reaktion mit sekundarem Amin -
Dibenzylamin Dioxan - RT keine Reaktion -
\I;I\;/:Srsc;tylamin n Ethanol NaHCOs RT keine Reaktion -
Hydrazin in Wasser Ethanol - RT Reaktion Voll umgesetzt
E:rsr‘nn;:;ehyd Wasser/Ethanol - RT keine Reaktion -
Hydrazin in Wasser Ethanol - 80°C Reaktion Voll umgesetzt
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5. Zielsetzung

Da sich intrazelluldr in Immunzellen wichtige Rezeptoren fiir die Immunantwort befinden,
welche dort Verdauprodukte von Bakterien (z. B. SCFAs) oder Abbauprodukte aus Lysosomen
(z. B. virale Partikel, wie RNA) detektieren, war das Ziel, Substanzen zu entwickeln, welche sich
dort akkumulieren und diese Rezeptoren ansprechen kénnen. Daher wurden basierend auf
Azithromycin mehrere Klassen an neuartigen Syntheseprodukten entwickelt, welche
entweder durch Hydrolyse lokal Liganden freisetzen kénnen beziehungsweise makrolidische
Substanzen, welche durch nicht-hydrolisierbare Linkermolekiile Agonisten tragen kénnen.

Im Detail behandelt diese Arbeit Esterverbindungen von Azithromycin und SCFAs bzw.
Fumarsaure Derivaten in den Positionen 11, 2‘ und/oder 4“ und amidische Strukturen von
Azithromycin Derivaten Uber einen Linker mit TLR-Agonisten. Ziel war es, die
pharmakokinetischen Eigenschaften von Azithromycin beizubehalten und die gelinkten
Substanzen subzelluladr verfliigbar 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/MS-Analyse. Zur genauen Bestimmung der Subtanzeigenschaften
wurden Analysen zur Stabilitat, Toxizitdt, Metabolismus, zellulare Aufnahme und
Pharmakokinetik gemacht.

Fir die kurzkettigen Fettsauren wurde hierbei der Fokus auf Propionat und Butyrate gelegt,
da deren Relevanz in der Immunfunktion groRer ist, als bei anderen SCFAs (z.B. Acetat). Als
Zielsubstanzen wurden die dreifach substituierten 11-2°-4“-Ester von Fettsdure und
Azithromycin gewihlt, um je mehrere Aquivalente SCFA lysosomal verfiigbar zu machen. Ziel
war es diese Substanzen genau zu charakterisieren und auf ihre Eigenschaften beziglich
Stabilitdt und Pharmakokinetik zu untersuchen. Dazu wurden zusatzlich alle méglichen
Hydrolyseprodukte synthetisiert (je drei Diester und drei Monoester fir beide
Fettsdurederivate) und jeweils die Strukturaufklarung durchgefiihrt.

Ahnlich vorgegangen wurde fiir die Fumarsiure Derivate. Durch die Kopplung iiber eine
Estergruppe sollte die Aufnahme und Verteilung von Monomethylfumarat in lysosomale
Zellkompartimente verbessert werden. Dabei stand die Betrachtung der unterschiedlichen
Hydrolysegeschwindigkeiten der Produkte (2‘- gegeniber 4“-Estern) und die Evaluierung
deren Nutzen in Bezug auf Psoriasis und einem moglichen besseren Verstandnis des

Wirkmechanismus von Fumaraten im Generellen im Fokus.
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Es wurde weitergehend auch untersucht inwiefern sich verschiedene Inhaltsstoffe aus Aldara®
auf die Induktion von Psoriasis-ahnlichen Hautveranderungen im Mausmodell auswirken. Dies
wurde daflir genutzt, ein besseres Verstandnis darliber zu gewinnen, inwiefern 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 Krankheitssymptome und wie sich dies in der Anwendung und
Analyse im Tiermodell nutzen lasst.

Zuletzt wurde auf Basis von bekannten Imidazoquinolin-Strukturen neue TLR7- bzw. TLR7/8-
Agonisten synthetisier. Uber einen Linker, welcher auBerhalb des bekannten Bindungsmotivs
liegt, sollte Uber eine amidische Kopplung an Azithromycin eine verbesserte ADME
(Absorption, Distribution, Metabolismus und Elimination) 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 Eigenschaften dahingehend angepasst werden, dass eine
schnellere Verteilung in Gewebe und subzellulare Kompartimente erreicht werden, mit dem

Ziel einer geringeren Belastung fur Patientinnen.

6. Zusammenfassung der Ergebnisse

Als Signalmolekile kénnen SCFAs in lysosomalen Kompartimenten starke immunregulierende
Wirkungen haben. Sie dienen dort als Signalmolekiile fiir das Vorhandensein von anaeroben
Organismen und indizieren dem Immunsystem eine mogliche Infektion. Um die Eigenschaften
der lysosomalen SCFAs besser zu verstehen, wurde in dieser Arbeit (,Synthesis,
Characterization, and in vivo Distribution of Intracellular Delivered Macrolide Short-Chain
Fatty Acid Derivatives”) spezifisch die Pharmakokinetik durch Kopplung an Azithromycin (Pos.
11, 2 und 4“) modifiziert. Durch die Synthese aller Zwischenmetaboliten und die dazugehorige
Strukturaufklarung konnten Aussagen Uber Pharmakokinetik, Stabilitdt, Hydrolyse und
Metabolismus in vitro und in vivo gemacht werden. Die Substanzen werden durch einen
niedrigen pH-Wert stabilisiert. Die Butyratderivate erwiesen sich als stabiler als die Derivate
der Propionate. Tri-Ester waren stabiler als Di- oder Mono-Ester. Die Estergruppen waren in
vivo stabiler als vorher durch in vitro Versuche beobachtet und die Hydrolyse der einzelnen

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

Dimethyl- und Monomethylfumarat sind Methylester der ungesattigten Dicarbonsaure
Fumarsaure. Es wird vermutet, dass die Wirkung von DMF auf einer Michael-Addition an
Thiole beruht und so immunmodulatorisch wirkt. Eine andere Hypothese besagt, dass MMF,
das Hydrolyseprodukt von DMF, ein Ligand fiir den Fettsaurerezeptor GPR109A ist, welcher
auch in den Lysosomen von Immunzellen zu finden ist. In dieser Arbeit (,,Immune cell targeted
Fumaric Esters support a role of GPR109A as a primary target of Monomethyl Fumarate in
vivo“) wurden Ester von MMF und von Azithromycin abgeleitete Makrolide hergestellt, welche
durch lysosomales Trapping in Immunzellen angereichert werden sollten. Die neuen
Substanzen waren Ester von Azithromycin in dessen 2‘- und 4“-Positionen. In in vitro
Versuchen zeigten die Substanzen mit 4“-Estern eine deutliche Reduktion von
proinflammatorischen Zytokinen (25fach im Vergleich zu DMF). Die 2'-Ester des MMF waren,
wie MMF, in vitro inaktiv. Die 4"-Ester formten in situ schnell Glutathion-Konjugate, wahrend
die 2'-Konjugate nicht mit Thiolen reagierten, jedoch liber die Zeit hydrolysierten und MMF in
diesen Zellen freisetzten. AnschlieRend wurde getestet, wie die Substanzen in vivo im Psoriasis
Mausmodell funktionieren. Hierbei zeigte sich, dass die 2'-Ester am aktivsten waren und die
Hautverdnderungen, das Korpergewicht und die Zytokin Werte sich im Vergleich zu
Kontrollgruppen verbessert zeigten. Im Gegensatz dazu waren die 4“-Ester hier weniger aktiv.
Diese Daten deuten darauf hin, dass in vivo relevante Mechanismen auf die Freisetzung von
MMF abzielen. Im Gegensatz dazu dirften die mit der Konjugation von GSH in vitro
verbundenen Wirkungen in vivo nicht so wirksam sein, da die verwendete Dosis viel niedriger
ist und freie Thiole in deutlich héherer Konzentration in vivo vorkommen.

Als  Wirkstoff in Aldara® wird der TLR7-Agonist Imiquimod eingesetzt, welcher
immunstimulierende Eigenschaften besitzt. In der Forschung dient Aldara® zur Induktion einer
Hautentziindung bei Mausen, welche die humane Psoriasis nachahmen soll. Die vorliegende
Arbeit (,Isostearic acid is an active component of imiquimod formulations used to induce
psoriaform disease models. Inflammopharmacology”) beschaftigt sich mit der Beobachtung,
dass die Stimulation nicht ausschlieBlich auf Imiquimod zurtickzufiihren ist, sondern auch von
anderen Komponenten abhangt. Um die Mechanismen genauer zu untersuchen, wurden
verschiedene Induktionscremes prapariert und in einem Mausmodell dermal appliziert. Es

zeigte sich, dass Cremeformulierungen, welche Isostearinsdure beinhalteten, innerhalb von 2
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Tage zu einer lokalen Hautentziindung fihrten, wahrend Imiquimod-haltige Cremes bis zu 5
Tage fir eine Hautreaktion bendtigten. Es konnte weiter gezeigt werden, dass Isostearinsaure
Uber eine Aktivierung des Inflammasoms die Ausschittung von proinflammatorischen
Zytokinen begiinstigt. Obwohl Imiquimod leicht verstoffwechselt und eliminiert wird und
daher in Plasma und Leber kaum bzw. nicht detektiert werden konnte, zeigten sich hohe
Konzentrationen in verschiedenen Hautproben. Die Daten in dieser Publikation deuten darauf
hin, dass Psoriasis-dhnliche Hautreaktionen bei Mausen starker von Isostearinsaure
angetrieben werden, als allgemein berichtet wird. Dies ist in der Betrachtung der Ergebnisse
aus solchen Creme-induzierten Studien mit einzubeziehen und muss bei der Evaluierung von
Testsubstanzen mitbeachtet werden.

Der klinische Einsatz von synthetischen TLR-Agonisten ist auf die dermale Anwendung
beschrankt, da eine systemische Anwendung von TLR-Agonisten, zu starken Nebenwirkungen
flihrt. Zugrundeliegend sind dabei vermutlich unglinstige pharmakologische Eigenschaften,
die sich aus schneller Metabolisierung und Eliminierung zusammensetzen. Der Ansatz in
dieser Arbeit (,,Imidazoquinolines with improved pharmacokinetic properties induce a high
IFNa to TNFa ratio in vitro and in vivo“) war die Entwicklung und Synthese von neuartigen
TLR7/8-Agonisten auf Basis von bekannten Imidazoquinolin-Kernstrukturen und einem
Makrolidtragermolekil. Dadurch sollten verbesserte pharmakologische Eigenschaften, mit
verlangerter AUC und geringerem cmayx, erreicht werden. Unsere Verbindungen zeigten hierbei
eine hTLR7/8-agonistische Aktivitat und eine maximale hTLR7-Aktivierung zwischen 40 und
80% von Resiquimod. Unsere Leitkandidaten induzieren die Sekretion von IFNa aus
menschlichen Leukozyten im gleichen Bereich wie Resiquimod, induzieren aber mindestens
10-mal weniger TNFa im selben System. Dies deutet auf einen hohere agonistische Spezifitat
auf hTLR7 hin. Diese Ergebnisse lieBen sich im Mausmodell reproduzieren. Die neuen
Substanzen zeigten, unabhangig ob gekoppelt an ein Makrolid oder als ungebundenes
sekunddres Amin, eine langere Exposition als Resiquimod und damit auch eine veranderte
Kinetik in der Freisetzung proinflammatorischer Zytokine und sind wahrscheinlich eine Folge

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

Derivatives”

StraB, S., Schwamborn, A., Keppler, M., Cloos, N., Guezguez, J., Guse, J. H., Burnet, M., &
Laufer, S. (2021). Synthesis, Characterization, and in vivo Distribution of Intracellular
Delivered Macrolide Short-Chain Fatty Acid Derivatives. ChemMedChem, 16(14), 2254—
2269. https://doi.org/10.1002/cmdc.202100139 (fiir Supporting Information siehe

Anhang)
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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
Pharmaceutical Chemistry, Institute for Pharmaceutical Sclences
Eberhard-Karls-Universitat Tubingen
Auf der Margenstelle 8
72076 Tobingen (Germany)

[bl 5 StraB, A Schwamborn, M. Keppler, N. Cloos, [ Guezguez, J-H. Guse,
M. Burnet
Synovo GmbH
Paui-Ehrlich Stralie 15
F2076 Tabingen (Germarny)
E-mail: michael burnet@synovo.com

|: Supporting information for this article is available on the WWW under

hittps://doi.org/10.1002/omdc 202100139

ChemMedChem 2021, 16, 2254-2269  Wilay Online Library

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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Tabla 1. tution pattem of Az i deri 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
1e bultyrate butyrate OH 889 . "
1" butyrate OH butyrate 889 decorated with esters in positions 2' and 4" in each case with
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 oH 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

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°
N 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
Desosamine 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

o — 2

Lactone ring

Figure 1. General structure. B, to R, are defined in Table 1.

Table 2. Spedfic M5/MS fragmentation patterns. M" peak and Frag 1 to 4
show mJz ratio.
Results and Discussion Compound  [M+H]*  Frag1 Frag 2 Frag 3 Frag 4
1a 050 EE]] 72 468 -
Synthesis 1b 810 661 642 168 -
1c 819 661 643, 728 308 -
1d 819 501 573 434,406 -
The substitution pattern of core macralide with ester groups 1e 8809 m 713,228 468 -
can be found in Table 1. The syntheses of 1a and 2a were :f g :: :; 28 ;: -
carried out by esterification of the hydroxy groups of zg 017 703 685 454 i
Azithromydin (3) in position 11, 2° and 4" with butyric anhydride | 2p 805 647 629,490 472 454
respectively propionic anhydride. For 1¢ and 2¢ Azithromycin | 2¢€ 05 647,714 620 416,368 -
dissolved in dichloromethane (DCM) and butyrate anhy- d 805 so1 23434 416 -
was dissol Yl - 2e 861 702 685 454 -
dride respectively propionate anhydride was added. 1d and 2d 2 861 647 620,400 472 454
were achieved by converting the 4" position with respectively 29 81 547 620,214 398 -
ChemMedChem 2021, 16, 2254-2269  www.chemmedchem.org 2256 © 2021 Wiley-VCH GmbH
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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.

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

Compound Whole blood uss7 RPMI these properties are improved with higher degrees of sub-
1a =100 126 =100 stitution.

b =100 > 100 608

1c 51 30 16

1d =100 =100 = 100

le 1.5 31 15 Pharmacokinetics

" >100 =100 50.8

1g 60 0.6 05

2a 27 22 ] To understand the metabolism of these substances, we have
2b =100 =100 =100 prepared a set of models and diagrams of the pathways
%; !_C‘m I-'Dmu ‘\Dmu apparent in murine and cellular pharmacokinetics. These are
Je ?6 19 10 found in Figures 3 and 5 and in the Supporting Information.

21 =100 =100 40 Briefly, the butyrate derivatives are both more stable and
29 2 15 10 more intestinally bound than the propionates. The 2’ ester is
ChemMedChem 2021, 16, 2254-2269  www.chemmedchem.org 2258 © 2021 Wiley-VCH GmbH
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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.,
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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

in the liver following oral application. Instead 2e (2, 11 ester)
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)

2261 © 2021 Wiley-VCH GmbH

Chemistry B

Full Papers Europe H

ChemMedChem doi.org/10.1002/cmdc.202100139 i ]
oroans 18 % ontcat 13 % metabolites, and locally generated metabolites. 2a is very low ?

£




ChemMedChem

Full Papers

doi.org/10.1002/cmdc. 202100139

“Synthesis, Characterization, and in vivo Distribution of Intracellular Delivered Macrolide

Short-Chain Fatty Acid Derivatives”

Chemistry

Europe

£

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

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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Figure 5. Schematic representation of the differant routes of metabolism of 1a {left) and 2 a (right) in the i i after oral ion. The

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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receptor in these membranes will be exposed to higher
concentrations than the average tissue concentration.

For example, the lung had an apparent macrolide load of
30uM at 2h with 66% of the original SFA still present
suggesting that 10 uM SCFA had been delivered. This corre-
sponds to a lysosomal concentration of ca. 1 mM, or 0,5 mM/h.
This is in a range sufficient to activate FFAR2/3 if it is present in
or near the lysosome."™

A similar calculation for the jejunum yields ca. 120 uM
macrolides at 2 h, again ca. 66% SCFA still present, or 40 1M
SCFA delivered comresponding to ca. 4 mM in the putative
lysosomes or 2 mM/h. The exact lysosomal volume varies and
the sensitivity of the putative intracellular receptors is not
known. Nonetheless, these data suggest that in the dose range
employed invivo (0.1 to 3 pmolikg), 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

we have prepared analogs that are not be directly antibacterial
and that fulfill the same properties and effects as substances
reported here.

The therapeutic goal of the compounds described here is to
modulate barrier function and the immune response by
simulating the presence of anaerobic organisms in the
lysosomal compartment. The pharmacokinetic data suggest
that for both propionate and butyrate derivatives, the effect will
be systemic but that butyrates will be more active in the gut
relative to other organs. The amounts, the rate of de-
esterification and the distribution suggest that they can both
deliver sustained pulses of Intracellular/lysosomal SCFAs in a
range adequate to activate receptors. These observations
provide a ratlonale for the reported activity of this compound
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,,":
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959.64140, found: 959.64079, colorless solid, yield 2580 mg (33.6%), 78.29, 78.13, 77.95, 7754, 7737, 7716, 7695, 7442, 7418, 7393, g
purity 99.7% via HPLC-ELSD, 3 (6.0 g, 8.0 mmol) was dissolved in 7376, 73.19, 72.96, 71.51, 71.26, 70.15, 69.33, 68.33, 65.80, 65.74, £
butyric acid subsequently 3 eq of butyric anhydride was added.  63.88, 63.51, 62.72, 4953, 49.49, 4533, 42.12, 42.03, 40.64, 3662, 5
Solution was stirred at room temperature (RT). Progress was  36.60, 36.46, 35.36, 3492, 30.83, 3059, 2746, 26.77, 22,09, 2177, B
detected via TLC and MS. After four days a catalytic amount 4-  21.44, 21.36, 21.04, 18.64, 1845, 1841, 1835, 1637, 14.92, 1430, ¥
dimethylaminopyridine (DMAP) and 3 eq butyric anhydride was  13.90, 13.88, 13.69, 11.99, 11.39, 9.08, 8.19, 7.63, HRMS m/z calcd for £
added. Work up was done after five days, when sufficient product  CHN,0,,7: 81955767, found: 819.55847, white solid, yield 2
was detected. To extract product liquid-liquid extraction was 966 mg (22.1%). purity 99.7% wia HPLC-ELSD, 3 (4000 ma, i
performed. First with citric acid solution (5%, 3x), then citric acid  5.34 mmol) was dissolved in DCM. Te this solution 1 eq of triethyl- E_
solution was washed with ethyl acetate. Acidic solution was  amine was added. Afterwards 22 eq of butyric anhydride was £
neutralized with sodium carbonate and macrolide transferred into added dropwise. Solution was stimed at room temperature. i_
organic phase [ethyl acetate) with liquid-liquid extraction three  Reaction was monitored via TLC and MS. Work up was done after B
times. Organic phases were combined and washed with brine/  two days, when sufficient product was detected. To extract product
water two times, dried with sodium sulphate and solvent evapo-  liquid-liquid extraction was performed. First with citric acid solution ?
rated. Afterwards residue was purified by flash chromatography (5%, 3x), then citric acid solution was washed with ethyl acetate. H
(stationary phase: silica gel, 2.5 um, @=3cm, h=14cm, mobile  Acidic solution was neutralized with sodium carbonate and macro- ‘
phase: cyclohexane/acetone with triethylamine) to carry out white  lide transferred into organic phase (ethyl acetate) with liquid-liquid B

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-yloxy)-4-
(dimethylami 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,

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

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-
2H-pyran-2-ylJoxy)-2-ethyl-3,4,10-tribyd roxy-3,5,6,8,10,12,14-

hef hyl-15-ox0-1-0x. yclopentadecan-13-yl)oxy)-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,
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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
AVA 0038 35725635 0 IR mmsnanion s 2 v o 1|
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21.72, 2154, 21.18, 1808, 14.15, 11.91, 11.72, 9.27, 844, HRMS mfz  ({{2R,4R,55,65)-5-hydroxy-4-methoxy-4,6-dimethyltetrahydro-2H- £
caled for CuHp,N0.5": 80554202, found: 80554560, white solid,  pyran-2-yljoxy)-3,5,68,10,12,14-heptamethyl-15-oxo-4-{propiony- £
yield 214 mg (40.8%), purity 96.4% via HPLC-ELSD, 2e (560 mg,  loxy)-1-oxa-6-azacyclopentadecan-11-yljoxy)-6-methyltetrahydro- 5
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, /= B
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, 2
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_
. . (m, 2H), 1.95 (s, 1H), 1.85-1.46 [m, J=38.4, 202, 14.8, 6.0 Hz, 6H), H
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 H
(((2R35,4R5R8R,10R, 11R125,135,14R)-2-ethyl-34, 10-trihydroxy-13- 1) 20 o 001 ngn (m, J—117, 69 Hz, 7H), “C NMR H
({2RAR.55,65)-5-hydroxy-4-methoxy-4,6-dimethyltetrahydro-2H- (75 MHz, COCly) & 176,34, 173.99, 173.51, 101,66, 97.44, 84.53, 8141,
:ﬂ’;::";i;ﬂl:’;‘:'ﬁ%ﬁﬁ;ﬁ_‘ﬁﬂ:’;‘:ﬁ:‘rﬂ;ﬂt‘g:’:)‘;‘;‘:’;";?‘:fi:’i; 81.06, 78.10, 77.58, 7737, 77.16, 76.74, 76.11, 75.94, 74.15, 72.93, 1
N R, o 0 A, [ 99 77 061 L 6 7w s
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, £

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-

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

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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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.
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Gut stability [5] H.M. Hamer, . Jonkers, K. Venema, 5. Vanhoutvin, F.J. Troost, R J. ?
Brummer, Aliment. Pharmacol. Ther. 2008, 27, 104-119. E

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-
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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
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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,

@ Springer
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1H), 4.20(dd, J=5.4, 1.7 Hz, 1H), 4.02 (tt, J=8.8, 4.4 Hz,
1H), 3.80 (s, 3H), 3.64 (s, 1H), 3.60 (d, /=6.8 Hz, 1H),
3.53 (dd, J=9.7, 5.9 Hz, 1H), 3.35 (d, J=6.6 Hz, 3H),
3.04 (t, J=9.5 Hz, 1H), 2.73 (dd, J=13.2, 6.3 Hz, 2H),
2.70-2.61 (m, 2H), 2.48 (d, J=10.1 Hz, 1H), 2.32 (dd,
J=16.3, 10.8 Hz, 4H), 2.24 (s, 6H), 2.19 (d, J=10.2 Hz,
1H), 1.87 (ddt, J=12.8, 7.5, 7.0 Hz, 3H), 1.74 (dd, J=12.9,
2.5 Hz, 1H), 1.67 (d, J=14.7 Hz, 1H), 1.59 (dd, J=15.1,
5.0 Hz, 1H), 1.51-1.40 (m, 1H), 1.36 (d, J=12.5 Hz, 1H),
1.33-1.27 (m, TH), 1.26 (s, 3H), 1.23 (d, /=6.1 Hz, 4H),
1.19 (d, J=7.4 Hz, 4H), 1.09 (d, J=6.2 Hz, 3H), 1.03
(s, 4H), 0.91 (d, /=6.7 Hz, 3H), 0.87 (t, /=7.4 Hz, 4H),
0.79 (d, J=7.5 Hz, 3H), '*C NMR (101 MHz, CDCl;) &
178.41, 165.80, 164.02, 134.66, 132.92, 100.69, 95.24,
83.80, 78.69, 78.26, 77.69, 77.48, 74,52, 73.80, 73.24,
73.05, 70.20, 68.48, 65.87, 63.86, 62.47, 52.36, 49.54,
45.06, 42.35, 41.31, 40.83, 36.67, 35.15, 30.61, 27.37,
26.81,22.10, 21.78, 21.33, 18.53, 16.36, 15.40, 11.33, 9.67,
7.86, 1.14, high resolution mass spectrometry (HRMS) m/z
calculated (caled) for Cy3H;,N,O |5 861.53185, found:
861.53123, colorless solid, yield 7300 mg (71.3%), purity
95.1% via HPLC-evaporative light scattering detector
(ELSD), Azithromycin (8.9 g, 11.9 mmol) was dissolved
in dichloromethane (DCM) and triethylamine (665 uL) was
added. As reactive species MMF was added as acid chloride.
The acid chloride was prepared in which MMF (1885 mg,
14.3 mmol) and oxalyl chloride (1458 pL, 17.1 mmol) were
dissolved in DCM and dimethylformamide (100 pL) was
added as catalyst. The solution was stirred at room tempera-
ture until 1 h after the end of gas emission. All volatiles were
removed in vacuo. The resulting acid chloride was distilled
under vacuum (approx. 20 mbar) at 130 °C. The macrolide
solution and acid chloride were then combined and stirred
at room temperature. Progress was detected via TLC and
mass spectrometry (MS). Work up was done after 6 days,
when reaction was completed. Liquid-liquid extraction was
performed to extract product from solution. First with citric
acid solution (5%, 3x), in a second step the citric acid solu-
tion was washed twice with ethyl acetate. Acidic solution
was then neutralized with sodium carbonate and macrolide
transferred into organic phase (ethyl acetate) with liquid-lig-
uid extraction three times. Organic phases were combined
and washed with brine/water two times, dried with sodium
sulphate and solvent evaporated.

Compound 2 (2S,3R,4S,6R)-4-
(dimethylamino)-2-(((2R,3S,4R,5R,8R,10R,11
R.,12S5,13S,14R)-2-ethyl-3,4,10-trihydroxy-13-
(((2R,4R.585.65)-4-methoxy-5-(((E)-4-methoxy-4-oxobut-
2-enoyl)oxy)-4,6-dimethyltetrahydro-2H-pyran-2-yl)
0xy)-3,5,6,8,10,12,14-heptamethyl-15-0x0- 1-oxa-6-azacy-
clopentadecan-11-yl)oxy)-6-methyltetrahydro-2H-pyran-
3-yl methyl fumarate, '"H NMR (400 MHz, CDCl;) &
6.87-6.83 (m, 2H), 6.82 (d, /=2.2 Hz, 2H), 5.11 (d,
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J=4.7Hz, 1H), 4.86 (dd, J=10.6, 7.6 Hz, 1H), 4.78-4.70
(m, J=12.9, 5.5 Hz, 2H), 4.66 (d, /=7.8 Hz, 1H), 4.40
(dq, J=12.4, 6.1 Hz, 1H), 4.18 (dd, J=5.0, 1.6 Hz, 1H),
3.80 (d, J=4.0 Hz, 6H), 3.62 (s, 1H), 3.54 (d, J=6.7 Hz,
1H), 3.35 (s, 3H), 2.80-2.60 (m, 4H), 2.50 (d, /=10.0 Hz,
1H), 2.44-2.33 (m, 2H), 2.31 (s, 3H), 2.25 (s, 5H), 2.23 (s,
1H), 2.05 (dd, J=16.3, 7.0 Hz, 1H), 1.92-1.82 (m, 2H),
1.82-1.76 (m, 1H), 1.69-1.59 (m, 2H), 1.51-1.37 (m, 2H),
1.36-1.27 (m, 2H), 1.26 (s, 3H), 1.19 (s, 2H), 1.18-1.14
(m, 8H), 1.11 (s, 3H). 1.08 (d, J=6.9 Hz, 3H), 1.02 (s,
3H), 0.92-0.84 (m, TH), 0.79 (d, J=7.5 Hz, 3H), *C NMR
(101 MHz, CDCl;) 6 165.80, 16 5.29, 164.65, 164.04,
134.67, 133.98, 133.45, 132,92, 100.18, 95.02, 83.46, 80.00,
78.27,77.61,77.36,74.42,73.77,73.17,73.13,70.21, 67.70,
63.66, 63.13, 62.72, 52.49, 52.35, 49.58, 45.13, 42.00,
40.80, 40.75, 36.55, 35.18, 30.65, 27.35, 26.74, 26.20,
22,06,21.56,21.43,21.35,21.19, 17.99, 16.30, 11.32, 9.39,
7.70, HRMS nv/z caled for CygHg N,O 4 973.54789 found:
973.54749, colorless solid, yield 900 mg (23.1%), purity
96.1% via HPLC-ELSD, for the synthesis of 2, monomethyl
fumarate and dicyclohexyl carbodiimide were dissolved in
ethyl acetate and a spatula tip of 4-(dimethylamino)pyri-
dine was added as catalyst. Subsequently, Azithromycin was
added. The reaction was stirred at room temperature and
frequent reaction controls via MS and TLC were performed.
The reaction showed complete conversion after 2 days and
was worked up. Liquid-liquid extraction was performed to
extract product from solution and done as described in syn-
thesis of compound 1. Afterwards residue was purified by
flash chromatography (stationary phase: silica gel, 2.5 pm,
@ =3 cm, h=14 cm, mobile phase: cyclohexane/ethyl ace-
tate/acetone with triethylamine) to yield product.
Compound 3 (2S,35,4R,6R)-6-(((2R.38,4R,5R,
8R,10R,11R,125,135,14R)-11-(((28,3R,4S,6R)-4-
(dimethylamino)-3-hydroxy-6-methyltetrahydro-2H-pyran-
2-yl)oxy)-2-ethyl-3,4,10-trihydroxy-3,5,6,8,10,12,14-
heptamethyl-15-oxo-1-oxa-6-azacyclopentadecan-13-yl)
oxy)-4-methoxy-2,4-dimethyltetrahydro-2H-pyran-3-yl
methyl fumarate, 'H NMR (400 MHz, CDCl) & 6.86 (s, 2H),
5.19 (d. J=4.7 Hz, 1H), 4.76 (d, /=9.8 Hz, 1H), 4.70 (dd,
J=9.8,2.4 Hz, 1H), 4.57 (d, /=7.3 Hz, 1H), 4.50-4.40 (m,
1H), 4.26 (dd, J=4.2, 1.8 Hz, 1H), 3.81 (s, 2H), 3.81-3.73
(m, 2H), 3.67 (s, 1H), 3.60 (d, J=7.1 Hz, 1H), 3.32 (s, 3H),
3.29-3.21 (m, 1H), 2.92 (s, 1H), 2.76 (dt, J=11.8, 5.9 Hz,
1H), 2.69 (dd, /=13.7, 6.6 Hz, 1H), 2.53 (d, /=10.4 Hz,
1H), 2.41 (d, J=15.2 Hz, 1H), 2.32 (d, J=11.5 Hz, 9H),
2.10-1.94 (m, 3H), 1.89 (ddd, J=14.3, 7.6, 2.5 Hz, 1H),
1.76 (d, J=14.6 Hz, 2H), 1.64 (dd, J=15.1, 5.0 Hz, 1H),
1.46 (ddd, J=14.4, 9.8, 7.3 Hz, 1H), 1.33-1.23 (m, 8H),
1.21-1.17 (m, 4H), 1.16 (d, J=6.1 Hz, 5H), 1.12~1.06 (m,
9H), 1.05 (d, /=7.6 Hz, 3H), 0.88 (t, J=7.4 Hz, 7TH), °C
NMR (101 MHz, CDCl;) 6 178.87, 165.34, 164.69, 133.93,
133.53, 102.54, 94.95, 83.59, 80.11, 78.19, 77.65, 74.49,
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74.13, 73.79, 73.11, 71.14, 70.24, 68.06, 65.87, 63.12,
62.58, 52.50, 49.62, 45.29, 42.43, 42.06, 40.52, 36.52,
35.17, 29.82, 29.19, 27.59, 26.93, 22.10, 21.76, 21.43,
17.97,16.35, 14.91, 11.37, 9.30, 7.67, HRMS m/z caled for
Cy3H57N,0,5* 861.53185, found: 861.53226, colorless solid,
yield 145 mg (81.9%), purity 97.0% via HPLC-ELSD, 2 was
dissolved in methanol and stirred at room temperature. Reac-
tion was monitored via TLC and MS. After 2 days solvents
were evaporated. In a next step the residue was purified by
flash chromatography (stationary phase: silica gel, 2.5 pm,
@=3 cm, h=14 cm, mobile phase: cyclohexane/acetone) to
yield white solid powder.

Compound 4 (2S,3R.45,6R)-4-(dimethylamino)-
2-(((2R,3S,4R,5R,8R,10R, 1 1R,12S,138,14R)-2-ethyl-
3.4,10-trihydroxy-13-(((2R,4R,5S,6S)-5-hydroxy-
4-methoxy-4,6-dimethyltetrahydro-2H-pyran-2-yl)
0xy)-3.,5,6,8,10,12,14-heptamethyl-15-oxo- 1-oxa-6-azacy-
clopentadecan- 1 1-yl)oxy)-6-methyltetrahydro-2H-pyran-
3-yl methyl succinate, 'H NMR (400 MHz, CDCl;) 8 5.10
(d, /=4.6 Hz, 1H), 4.75 (dd, /=10.5, 7.5 Hz, 1H), 4.67
(dd, J=9.7, 2.2 Hz, 1H), 4.53 (d, J=7.5 Hz, 1H), 4.21
(dd, J=4.1, 1.8 Hz, 111), 4.03 (dq, J=12.4, 6.1 Hz, 1),
3.70-3.63 (m, 4H), 3.56 (d, J=7.1 Hz, 1H), 3.53-3.44
(m, 1H), 3.33 (d, J=10.6 Hz, 3H), 3.03 (s, 1H), 2.75-2.65
(m, 3H), 2.62 (d, /=1.9 Hz, 4H), 2.60-2.55 (m, 1H), 2.50
(d, /=10.3 Hz, 1H), 2.34 (d, /= 14.9 Hz, 1H), 2.30 (s,
3H), 2.23 (s, 6H), 2.18-2.09 (m, 1H), 2.09-1.98 (m, 1H),
1.98-1.81 (m, 3H), 1.71 (dd, J=12.3, 3.1 Hz, 1H), 1.65 (d,
J=14.8 Hz, IH), 1.58 (dd, /=15.2, 5.0 Hz, 1H), 1.51-1.38
(m, 1H), 1.32-1.28 (m, 4H), 1.25 (t, J=8.1 Hz, TH), 1.19
(dd, J=12.6, 6.7 Hz, TH), 1.08 (d, J=6.7 Hz, 4H), 1.05 (s,
2H), 0.92-0.83 (m, 10H), '*C NMR (101 MHz, CDCL,) &
178.66, 172.90, 171.11, 100.72, 94.86, 83.39, 78.29, 78.10,
77.64,74.45,73.86,73.21,72.28, 70.23, 68.40, 65.79, 64.04,
62.62, 51.84, 49.51, 45.28, 42.23, 41.90, 40.80, 36.47,
34.97, 30.63, 29.71, 29.25, 27.54, 26.82, 26.30, 24.85,
22.06,21.75,21.40,21.31, 18.39, 16.35, 14.91, 11.34,9.12,
7.62, HRMS m/z caled for Cy3HooN,0, 5% 863.54750, found:
863.54790, colorless solid, yield 455 mg 13.2%), purity
95.0% via HPLC-ELSD, Azithromycin (3 g) was dissolved
in ethyl acetate. To this solution 1.1 eq of monomethyl suc-
cinate (580 mg, 4.4 mmol) was added. Subsequently, 1.1 eq
of dicyclohexyl carbodiimide (910 mg, 4.4 mmol) was
dissolved in ethyl acetate and added to the Azithromycin
solution. A spatula tip of 4-(dimethylamino)pyridine was
further added to the solution. Reaction monitoring showed
partial conversion, so another 1.1 eq of monomethyl succi-
nate and dicyclohexyl carbodiimide were added. The reac-
tion was stirred at room temperature and frequent reaction
controls via MS and TLC were performed. The reaction
showed conversion after 10 days and was worked up. Lig-
uid-liquid extraction was performed to extract product from
solution and done as described in synthesis of compound

1 (yield=3.4 g). In a next step the residue was purified by
flash chromatography (stationary phase: silica gel, 2.5 pm,
(=3 cm, h=14 cm, mobile phase: cyclohexane/acetone) to
yield white solid powder.

Formation of Azi-Fum-GSH derivatives

Formation of glutathione fumarate adducts in mechanistic
experiments were tested in situ and ex vivo. For in situ tests,
compounds 1-3 were dissolved (diluted from 10 mM dime-
thyl sulfoxide (DMSO) stock to 10 pM final concentration)
in water with 0.5% triethylamine. Glutathione (diluted from
100 mM DMSO stock to 100 uM final concentration) was
added to the solution and reaction was monitored via MS.
Formed adducts (see table 2 supporting information (SI))
were used to tune HPLC-MS/MS for screening assays. For
ex vivo experiments whole blood was taken from tail vein
of healthy male wistar rat. Compound 1-3 were added to
rat blood (diluted from 10 mM DMSO stock to 10 uM final
concentration) and incubated for 1 h at 37 °C and analyzed
via MS/MS. Additionally, three C57BL/6 female mice were
euthanized, livers explanted, immersed in ice-cold phos-
phate buffered saline pH 7.4 (PBS), minced and washed
with the same solution. The mince was homogenized with
Fastprep (FastPrep-24 5G, MP Biomedicals) using double
amount of PBS to the liver. The homogenate was centrifuged
at 700 g for 10 min at 4 °C. The pellet was discarded and
the supernatant was used as liver homogenate. 20 pM of
each compound was added separately from 10 mM DMSO
Stock (1 pL in 500 pL. homogenate), vortexed and incubated
at 37 °C. Samples were after 4 h and analyzed via MS/MS.

Quantification and monitoring of analytes using
HPLC-MS/MS & MS/MS

Quantification of analytes was performed with an Agilent
1290 Infinity system coupled to a triple quadrupole Sciex
API 4000 MS/MS detector. An Agilent C,¢ Poroshell 120
column (4.6 x 50 mm, 2.7 um) was used for separation. The
mobile phase was composed of water containing 0.1% for-
mic acid (eluent A) and acetonitrile containing 0.1% formic
acid (eluent B). Gradient used was: 10% B for | min, to
100% B in 2 min, 100% B for 3 min, to 5% B in | min,
5% for 3 min. MS detection parameters can be found in SI
table 2. Reaction monitoring and fragmentation of synthesis
products and of possible adducts was performed via MS/MS.

In vitro assays
Human blood products used in the in vitro assays (used
for cell stimulation, viability, stability and uptake

assays) were obtained from the center for transfu-
sion medicine in Tibingen, Germany (Zentrum fiir
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Klinische Transfusionmedizin Tiibingen GmbH. (ethi-
cal approval number ZKT-FoPro202106-2305-01 and
ZKT-FoPro202012-2211)).

Cytokine studies

PBMCs were isolated from buffy coat by density gradient
centrifugation using PBMC Spin medium (pluriSelect SKU
60-00092-10). PBMCs were seeded at a density of 2x 10°
cells/well in 96-well flat-bottom plates (Sarstedt 83.3924)
and left untreated or stimulated with either: (a) 1 pg/mL
LPS and 10 ng/mL interferon gamma (IFNy), (b) 1 pg/mL
LPS and 75 uM Imiquimod (IMQ) or (¢) 10 ng/mL LPS and
1 uM Nigericin. Cells were then treated with compounds
or DMSO at the indicated concentrations for 24 h at 37 °C.
Supernatant was taken after centrifugation at 400 x g and
directly used for ELISA. Supernatant was diluted 1:10 for
human TNFax (bio-techne R&D system DY210) and human
1L-1p (Biolegend 437016) readout and 1:2 to detect human
IL-12 p70 (Biolegend 431701). OD was measured at 450 nm
using VersaMax (Molecular Devices). ELISA was per-
formed according to the respective manual. Cytokine con-
centrations were calculated using a linear standard curve (7
standard concentrations; 100-1000 pg/mL).

Viability assays

Human PBMCs were prepared as above. For MTT
(3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyltetrazolium)
assay after treatment, cells were mixed with 1 mg/ml
3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyltetrazolium
bromide (MTT; Acros organics) and incubated for 1 h at
37 °C. Cells were centrifuged at 400 X g and supernatant was
removed completely. DMSO was added to the wells. After
2 h incubation on a shaker in the dark at room temperature,
OD was measured at 570 nm using a microplate spectro-
photometer (VersaMax, Molecular Devices). For live/dead
staining, cells (1 Mio cells per mL) were harvested by cen-
trifugation at 400X g, washed once in FACS-Buffer (1xPBS
without Ca®* Mg®* 3% FBS (Biowest $1810-500)+3 mM
K,EDTA) and resuspended in 50 nM Helix NIR® (Biolegend
425301) in FACS-Buffer. Samples were acquired on a Guava
EasyCyte 8HT (Merck) and analyzed using FCS Express 7
Research Edition (De Novo Software).

Stability assay

1 mL of either, human whole blood or plasma was mixed
with I L of a 10 mM DMSO stock of tested compound and
incubated at 37 °C. At indicated time points 50 pL of blood
or plasma was transferred to 150 uL of acetonitrile. Mixture
was vortexed, sonicated for 5 min and centrifuged for 7 min
at 20.000 g at 4 °C. Supernatant was transferred to HPLC
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vials and analyzed as describe in the Quantification of ana-
Ivtes using HPLC-MS/MS & MS/MS section.

Uptake assay

Human buffy coat was prepared to contain 5 x 10® cells/
mL. 1 mL was mixed with 1 pL of a 10 mM DMSO stock
of tested compounds. At time points O and 30 min sam-
ple was centrifuged for 5 min at 400x g at 4 °C. 50 pL of
supernatant was added to 150 pL of acetonitrile, remaining
supernatant was discarded. Pellet was resuspended in 50 pL.
of ice cooled PBS and centrifuged again (5 min, 400 x g,
4 °C), Supernatant was discarded and pellet resuspended
in another 50 pL of PBS. Cell suspension was transferred
to 150 uL of acetonitrile. Mixture was vortexed, sonicated
for 5 min and centrifuged for 7 min at 20.000 g at 4 °C.
Supernatant was transferred to HPLC vials and analyzed as
describe in the Quantification of analytes using HPLC-MS/
MS & MS/MS section.

Kinetic assay of the Michael addition to GSH

For kinetic measurements 100 mM stocks of compounds
1-4 were prepared in DMSO, and stocks of DMF, MMF
and GSH in water. For each compound (1-4, DMF or MMF)
1 pL were mixed with 10 pL of GSH in 989 pL of buffered
solution. Buffers were prepared at pH 5 (250 mM sodium
acetate/acetic acid buffer), pH 7.3 (250 mM NaH,PO,/
Na,HPO,) and pH 8 (250 mM NaH,PO,/Na,HPO,). Absorp-
tion was measured with NanoPhotometer NP80 Implen at
226 nm every 90 s for 15 min.

In vivo studies

All study protocols were approved by the local Animal Care
and Ethics Committee (Federal government ethics commit-
tee, Tiibingen, Germany under the licenses 35/9185.81-7/
SYN 06/20; 35/9185.81-7/SYN 07/18; and 35/9185.81-7/
SYN 11/19). Mice used in these studies (BALB/c and
C57BL/6, all female and 8 weeks old) were purchased from
Janvier Labs (Le Genest-Saint-Isle). Animals were acclima-
tized for at least 1 week with standard chow (Mouse Mainte-
nance, V1534-000, Ssniff Spezialdidten GmbH, Germany)
and drinking water ad libitum before the start of the experi-
ment. Animals were housed in type IV cages (4 animals per
cage), with bedding and enrichment material and kept at
22 °C (%1 °C), 45-65% humidity, with 12/12 h dark/light
cycles period. Animals were monitored daily and at the end
of the experiment, terminated painlessly with overflow of
CO,.
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Pharmacokinetic studies

For this study, 18 female BALB/c mice were utilized and
each experimental group consisted of 3 animals. Animals
were treated orally once with the testing compounds dis-
solved in 0.1% citric acid (12 pmol/kg). Tail blood was
collected after 5, 15, 30, 45, 60, 90 min. Animals were
euthanized with CO,. and organs collected 2 and 4 h after
treatment. Collected samples stored at -25 °C until further
processing, as published (Straf et al. 2021).

Cream-induced mouse model

In this study, 56 female BALB/c mice were examined and
each experimental group consisted of 8 animals (4 animals
per cage). On day 0, prior to psoriasis induction, dorsal
skin was shaved using a clipper, followed by application
of depilatory cream to complete fur removal. Psoriasis was
induced by daily application of an induction cream. Briefly,
the cream was formulated with IMQ (5%), DMSO (3.8%)
and isostearic acid (25%; supplier TCI 10184), mixed with
a spatula till homogenous, then hydroxypropyl methylcel-
lulose (HPMC, 2%, dry) was added. At the end, base cream
(Deutscher Arzneimittel Codex) DAC was added and
homogenized. Cream was stored at 4 °C. From day 1 to day
6, 50 mg of induction cream was weighed and applied using
a spreader to achieve homogeneity on 4 cm? of depilated
skin. Treatments (compounds 1-3, DMF and vehicles) were
administered orally once daily. For oral administration the
vehicle was a mixture of 0.5% citric acid and 0.5% hydroxy-
propyl methylcellulose (HPMC, dry). Parameters measured
were: daily body weight (BW), skin thickness, skin redness
and scaling (0=no change, 1 =marginal effects, 2=moder-
ate effects, 3 =strong effects, 4 = maximum). Animals were
euthanized on day 7, 27 h after last exposure to cream and
4 h after last treatment. At termination, pictures of back skin
were taken (ante mortem) and skin samples (for histology
and for gene expression) were collected and the weights of
spleen and liver were recorded.

Acute peritonitis

Acute peritonitis was induced with the intraperitoneal injec-
tion of MSU crystals, which were prepared following pro-
tocols published earlier (Roberge et al. 1994). The in-house
prepared crystals were characterized by examination under
microscope and in in vitro assays versus commercially avail-
able MSU crystals (Invivogen, data not shown). C57BL/6
mice (male, 8 weeks) were treated per oral with either
compound 3 (n=15) or PBS (n=5) and were injected with
MSU crystals (200 pL of a 15 mg/mL suspension of MSU
crystals in sterile PBS) intraperitoneal15 min later. Animals
were euthanized after 4 h. At termination heart plasma and

peritoneal lavage (sampled with 1-2 mL of ice-cold PBS)
were collected and samples analyzed via ELISA for cytokine
concentrations of IL-1f, IL-6 and TL-10 following protocols
described in section cyfokine studies.

Real-time polymerase chain reaction (qQRT-PCR)

Flash frozen skin samples were homogenized in lysis buffer
using a standard fast prep procedure. Subsequently, RNA
was isolated using the Qiagen RNeasy® MiniKit. 3.6 g of
RNA was used for cDNA synthesis, using PerfeCTa DNase
I (Quanta Bioscience) and 5 X PrimeScript RT Mastermix
(Takara). Gene-specific primers used for qPCR are listed in
Table 4 SI. The gPCR reaction was performed in duplicates
with Blue §’Green qPCR Mix Sepa-rate ROX (Biozym)
in 96-well plates. Amplification was carried out in the
QuantStudio® 3 qPCR system (ThermoFisher Scientific/
Quantstudio™ Design & Analysis Software v.1.4.3). Cycle
conditions were set as 95 °C for 2 min followed by 40 cycles
of 95 °C for 5 s and 60 °C for 17 s; a melt-curve analysis
was performed for each qPCR reaction. Primer efficiency
was determined for each primer pair to ensure linear stand-
ard curve and high amplification efficiency. Threshold cycle
(Ct) values were used for the calculation of the relative gene
expression levels. For this, all values were first normalized
to respective Ct values of the (hypoxanthine—guanine phos-
phoribosyltransferase) HPRT housekeeping gene. Then, nor-
malized ACt values of the different treatment groups were
compared to the ACt levels of the vehicle treated control
group which was set to 1. Normalized expression ratios
(2(=AACt)) are given for all treatment groups relative to
the vehicle group. Ct values of all samples were normalized
to the respective Ct values obtained for HPRT housekeeping
gene, resulting in the ACt value for each sample: ACt (gene
x)=Ct (gene x)—Ct (HPRT). To calculate the AACt value,
the ACt average of the control condition (vehicle) was used.
This analysis was also performed for the individual control
condition samples to determine variance within the control
group. Subsequently, AACt values of each sample were
transformed into normalized expression ratio which gives
the fold increase (or decrease) of the target gene expression
compared to the control condition (vehicle) and normalized
to the reference gene (HPRT). Normalized expression ratio
(fold change) =272 Data were plotted as scatter plots
using GraphPad Prism 9.1.0.

Statistics

All experimental results were first tested for normal distribu-
tion using Shapiro—Wilk for normality. Statistical analysis
between multiple groups was done using two-way ANOVA
followed by Bonferroni correction. Kruskal-Wallis test
was used for non-parametric data. Non-marked bars are
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considered as not significant by which statistical significance
was considered at the level of p-value <0.05. Calculations of
e.g., half-life were made with GraphPad Prism 9.3.1.

Results

Design of targeted fumarates—from synthesis
to mechanistic insights

Structures and substitution patterns were confirmed by
NMR (StraB et al. 2021). Specific shifts in 'H spectra of
compounds 1 to 4 at proposed positions 2" and/or 4" were
observed. NMR spectra of given compounds can be found in
supplemental information (SI). Additional, MS/MS experi-
ments showed distinct fragmentation patterns of synthesized
compounds (Table 1 SI). Purity was tested via HPLC-UV/
ELSD. A substance was declared pure at greater than 95%.

GSH conjugation

Based on previous studies from Schmidt et al. we incubated
DMF, MMF and compounds 1-4 at different pH values (3,
7.3 and 8) with GSH (1/10 the fumarate concentration) and
measured the absorbance at 226 nm (maximum of double
bond) over time. At pH 8 (SIFig. 1) compound 1 hydrolyzed
and there was no change in absorbance. Compounds 2, 3
and DMF show similar initial kinetics of GSH conjugation,
but 3 stabilizes earlier, suggesting that the reaction stops
before the available double bonds are depleted. LC-MS/MS
confirmed the conversion to conjugates (data not shown).
MMF and compound 4 do not show any reaction to GSH in
the given time. MMF is believed to not react or only over
a long period (Schmidt et al. 2007). Compound 4 does not
carry the necessary double bond and is therefore used as a
negative control. At pH 5 (SI Fig. 1) hydrolysis is slowed
down for all fumarate diesters providing more diester for
the GSH conjugation to occur. At pH 5, DMF conjugates to
GSH more slowly, than the macrolide fumarate esters. At the
physiological pH 7.3 (Fig. 2A), we observed an increased
conjugation rate for the macrolide fumarate esters 1-3 com-
pared to DMF. Compounds 1-3 react within seconds to min-
utes (T, of 1255; 2103 s and 3 153 5), whilst DMF has the
longest half-life (T, =17 min). Although, conversion for 1
can be detected, absorption at 226 nm is higher compared
to compounds 2 and 3. This might be due to high hydrolysis
rate and therefore conversion to MMF. Overall, these results
lead to the conclusion that the new fumarate diesters have,
compared to DMF, a faster conjugation rate at physiological
pH towards possible Michael donors, like GSH.

Addition of GSH to our fumarate esters can be shown
not only via change in absorbance of the double bond, but
also as a stable Azithromycin-fumarate-GSH complex via
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MS (Fig. 2B). These peaks were not only found in situ, but
also after incubation in rat whole blood and mouse liver
homogenates (SI Fig. 2 to 7). Adducts of fumarates with
hydrolysis of the macrolide core system were not identified.
At higher pH values hydrolysis of the methyl ester at the
fumarate side was observed by MS (SI Fig. 4). The GSH
conjugates were relatively stable and could be detected over
a longer time course.

Stability and uptake

Stability assays in human whole blood and plasma (SI
Fig. 10) showed that the 2' position hydrolyses almost
immediately. Compounds carrying fumaric esters in this
position (found in compounds 1 and 2) form their more sta-
ble metabolites very rapidly. 4” esters (found in compounds
2 and 3) were slow to hydrolyze, with low levels of the free
macrolide detected. However, the total amount of these
substances decreases over time. This is due to the fact that
stable GSH adducts form with this class. In general, it was
observed that hydrolysis of the 2’ position is slower in whole
blood compared to plasma. This is due to accumulation to
acidic cell compartments and stabilizing effects of the lower
pH value. The stabilization was already shown in previous
publications by our group using SCFA esters of azithromy-
cin (Straf et al. 2021).

In addition, we have performed cellular uptake experi-
ments to show possible accumulation into immune cells.
Human buffy coat was therefore incubated with compounds
1 to 3 at a concentration of 10 uM for a total of 30 min
and compared to concentrations at t;,. We measured total
macrolidic concentration and found an intra- vs. extracel-
lular factor of 14 x for compound 1, 6 X for compound 2 and
8 x for compound 3 (SI table 5). All compounds partition to
immune cells and accumulate over time. Factors would be
even higher, but compounds bound to GSH or other cysteine
carrying peptides were not quantified.

Effects on inflammatory cytokines in vitro

Cytokine concentrations were measured 24 h after stimula-
tion of PBMCs with LPS/INFy and treatment with DMF or
compounds 1-4 at different concentrations (Fig. 2D). Exper-
iments were performed according to protocols published by
Lehmann et al. (Lehmann et al. 2007). The results indicate
that the mechanism of DMF and the set of new compounds
is likely to be similar. The negative control 4 (2'-succinate)
and compound 1 (2-fumarate) don’t exert a major influence
on the measured cytokines. Compound 1 hydrolyses to the
inactive MMF too quickly to influence cytokine levels (Straf3
et al. 2021). Compounds 2 and 3 carry a fumaric ester in the
4" position. This position hydrolyzes more slowly than the 2'
and seems to have major influence on cytokine production.
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Fig.2 A Relative absorption (c/cy) at 226 nm of DMF, MMF and
compounds 1-4 (100 uM) with GSH (I mM) monitored over 60 min
in PBS (n=3). B Mass spectra of compound 3 (10 pM) 1 h after
incubation at room temperature with GSH (100 uM) and 5% trieth-
ylamine as base. C Direct toxic effects were tested in human PBMCs
(stimulated with 1 pg/mL LPS and 10 ng/mL INFy) at different con-
centrations after 24 h (n=2). D Human PBMCs were stimulated with
LPS (1 pg/mL) and INFy (10 ng/mL) and treated with either DMF
or compounds 1-4 at different concentrations. Cytokine secretion
(IL-1p, TNFa and IL-12) measured via ELISA from supernatant after

Results from PBMCs for 2, 3 and DMF show significant
reduction in released cytokines IL-1p and TNFa, but not
for IL-12. This reduction can be seen for 2 and 3 from 1 uM
for IL-1f and 5 pM for TNFa. DMF reduces IL-1p and
TNFa from 25 uM suggesting that DMF is 5 to 25-fold less
active in vitro. The results for the control 4 suggest that this
cytokine effect is not due to the macrolide itself.

To further investigate the possible underlying mechanism
and assess the effects of inflammatory cytokines in cream
s we stimulated human PBMCs, according

concentration [uM]

f‘,& 3"‘#’ A s

24 h (n=3). (E) Human PBMCs were stimulated with LPS (1 pg/
mL) and IMQ (75 uM) and treated with either DMF or compounds
1-4 at different concentrations. Cytokine secretion (IL-1f and TNFa)
were measured via ELISA from supernatant after 24 h (n=3). (F)
Human PBMCs were stimulated with LPS (10 ng/mL) and Nigericin
(1 pM) and treated with compounds 2 and 3 at 5 pM. Cytokine secre-
tion (IL-1p) measured via ELISA from supernatant after 24 h (n=3).
P values <0.0001 are indicated with ###*p <0.001 are indicated as
#4p <0.01 are indicated as *¥p <0.05 are indicated as*

to Hoyle et al. (2022) first with LPS (and co-treatment with
substances) and in a second stimulus with IMQ. This stimu-
lus induced a fast increase of proinflammatory cytokines in
these cells. DMF and the compounds 2 and 3 (Fig. 2E) were
able to significantly reduce the levels of IL-1§ and TNFa.
The reduction of IL-1p and TNFa can be seen in the range
between 1 and 5 uM for compound 3 and 10 to 25 pM for
compound 2 and DMF. The negative control compound 4
and the 2’ fumaric ester compound 1 were inactive in this
assay.
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In a next step tested the compounds’ possible effects in
the inflammasome pathway. Our set of compounds is similar
to DMF and expected act in a similar way. DMF is known
to play a role in the inflammasome response via binding to
cysteine residues on gasdermin D (Humphries et al. 2020).
NLRP3 inhibition has been shown to be more potent for
DMF than MMF (Miglio et al. 2015; Hoyle et al. 2022).
Inflammasome activation was done by priming PBMCs
with LPS (and co-treatment with substances) and nigericin
as second stimulus. This was done for compound 2 and 3 at
5 uM. Both substances reduced TL-1p levels significantly,
with compound 2 being slightly more effective (Fig. 2F).

Taken together, compounds 2 and 3 showed anti-inflam-
matory effects in different stimulation settings and that they
are typically at least an order of magnitude more potent than
DMF in vitro.

Viability assay

The Viability assays (live/dead staining and MTT) per-
formed in peripheral blood mononuclear cells (PBMCs),
(Fig. 2C) under the same conditions as the cytokine assays
(macrolides are solubility limited) suggest, that the observed
cytotoxicity is not related to the cytokine effects. For com-
pounds 2 and 3, the highest concentration (25 uM) induced
apoptosis mainly in monocytes. These effects are known for
DMF starting from 10 yM (Michell-Robinson et al. 2016).
Our data (SI Fig. 8) shows similar effect for DMF, 2 and 3
at concentrations starting at 25 uM. However, due to high
cell uptake, the effective concentration of the macrolides in
these cells is much higher (see stability and uptake) (Bosnar
et al. 2005; Stral} et al. 2021; Burnet et al. 2018).

Given that fumaric esters (MMF as well as DMF) are
capable of influencing cell metabolism via inhibition of gly-
colysis (modification of GAPDH) in the tricarboxylic acid
(TCA) cycle (Kornberg et al. 2018; Angiari and O’Neill
2018; Park et al. 2019; Ocana et al. 2021) we assessed
metabolism via the MTT assay. Compounds 2 and 3 (SI
Fig. 9) reduced MTT more than DMF with a 20-fold dif-
ference in potency. At 5 uM, however, the difference was
reduced to twofold difference in the observed effects. Com-
pounds 1 and 4 did not show any influence on the metabolic
activity.

New fumarates and their in vivo action

Psoriasis mouse model

Compounds 1-3 were tested in a dose response setting in
a cream-induced psoriasis model, to find an optimal dose
range for each compound. All studies consisted of cream

application on the skin for seven consecutive days to induce
psoriasis. Doses were based on pharmacokinetic results
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(Fig. 4), in vitro results (Fig. 2) and previous studies with
similar compounds (e.g. (Strafl et al. 2021; Burnet et al.
2018)). DMF was used in one study as positive control with
a dose of 30 mg/kg based on reported activity in the lit-
erature (Lehmann et al. 2002; Chen et al. 2014, Liu et al.
2016b).

The 2’ monoester of MMF, compound 1, reduced score at
all doses (0.03, 0.06, 0.12 and 0.24 mg/kg) (Fig. 3A). This
substance hydrolyses relatively quickly, showing the lowest
interaction with GSH in vitro. However, since the macro-
lidic substances partition to acidic compartments in vivo,
they tend to be more stable than in cell-based assays. The
0.12 mg/kg dose was ideal for most parameters for this sub-
stance, with most prominent effects on erythema (redness)
(SI Fig. 12). At termination, the induction cream group
(labelled as IMQ) had an average score (consisting of three
parameters redness, scaling and thickness of the skin) of
6.5, while the 0.12 mg/kg group was score 3.3. At a dose
of 0.12 mg/kg the compound 1 tended to from protect body
weight change. Loss of BW is an effect of IMQ and was
maximal at day 3. The area under the score-time curve is
also optimal at (.12 mg/kg. Skin thickness was most reduced
at doses of 0.06 and 0.12 mg/kg compared to induction
cream. Spleen and liver sizes showed no significant differ-
ences between all groups (SI Fig. 11).

The 2, 4" macrolide diester, compound 2, showed benefi-
cial effects vs. the induction eream in terms of skin score and
arca under the curve at 0.03 and 0.06 mg/kg (about half the
dose of the monoester 1) (Fig. 3B). This can be explained by
the effectively two moles of fumarate per mole at the same
dose in mg/kg for this compound. On the final day, the non-
treated group had score 5 vs. score 4.3, 3.1, 2.9 and 4.4 for
0.015, 0.03, 0.06 and 0.12 mg/kg respectively. These data
suggest, as seen in other substances, that effects on other
immune functions (e.g. gut homeostasis) may develop as
dose increases. Liver and spleen weights did not show sig-
nificant differences (SI Fig. 11). Skin thickness on termina-
tion was improved in the 0.015 mg/kg and 0.03 mg/kg doses
(SI Fig. 11). Compound 2 performed better than compound
1 in GSH conjugation in vitro. It shares the 2' ester with
compound 1 and the 4" ester with compound 3.

The 4" monoester, compound 3 was given at the same
doses as compound 1 (0.03, 0.06, 0.12 and 0.24 mg/kg) so
that the molar dose of MMF was the same (Fig. 3C). DMF
was included as a comparison at 30 mg/kg—being between
125 and 1000 times higher than the doses used for Com-
pound 3. DMF effects were slow in onset and first visible at
day six, as were the effects of compound 3 at 0.24 mg/kg.
At termination, total scores for induction cream (labelled as
IMQ) were at 6.8, vehicle 5.8 and DMF was at 5.1. Com-
pound 3 was 5.8, 5.1, 5.4 and 4.5 at 0.03, 0.06, 0.12 and
0.24 mg/kg respectively. Significantly lower area under the
curve was only found for the positive control DMF at 30 mg/
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Fig.3 All studies were conducted in 6-10 weeks old female BALB/c
mice n=8 (only exception is IMQ control group for compound 2 (C)
where n=4). Animals treated with induction cream (50 mg) for seven
consecutive days. Back skin was scored daily for parameters redness,
thickness and scaling (scores ecach between 0 and 4, with 4 being
most severe). Body weight was recorded daily. Induction cream con-
sisted of 5% IMQ solved in 3.6% DMSO and 25% isostearic acid in
DAC base cream. 0.5% citric acid and 0.5% HPMC in water served
as vehicle. First graph in each row shows accumulated skin score of

kg (Fig. 3C). There was no difference in BW, skin thickness,
liver or spleen weight.

Compound 3 differs from compounds 1 and 2 in that it is
most GSH bound and that the 4" site is the most stable of
the esters. Thus, it is most likely to react with GSH and the
least likely to release free MMF. To investigate distribution
and fate, a subgroup of mice received 10 mg/kg compound
3 by oral gavage, 2 h before termination. Analysis of blood,
skin, spleen, lung, liver, colon, thymus (via HPLC-MS/MS)
showed no major amounts of 3 (m/z=_861), its GSH adduct
(m/z=1168), nor, its major metabolite detected in stability
assays, Azithromycin (m/z=749) (SI table 3). Since elimi-
nation of macrolides is known to be slower and accumula-
tion and distribution of similar molecules has been published
already (StraB et al. 2021) the most likely possibility is that

Study day

compounds 1-3, DMF, IMQ and p.o. vehicle scored over 7 days. Sec-
ond graph in cach row shows change of body weight of groups treated
with compounds 1-3, DMF, IMQ or p.o. vehicle. Daily measured, in
comparison to day 0. Third graph in each row shows total area under
the curve for skin score of each treatment. P values <0.0001 are indi-
cated with ****p<0.001 are indicated as ***p<0.01 are indicated
as *¥*p<0.05 arc indicated as*. Groups were statistically analyzed
against IMQ treatment

the compounds bind to other cysteine carrying molecules or
proteins as reported for DMF (McGuire et al. 2016) and this
may be relevant to 3.

Inflammatory processes in psoriatic skin lesions are
initially driven by the proinflammatory cytokines IL-23
and IL-12. These cytokines stimulate Th17 cells to induce
the release of TL-17, IL-22 and TNFa. Analysis of gene
expression of induced back skin in our performed studies
showed significant differences in most inflammatory markers
(Fig. 4). Lowered TNF« levels compared to NTC animals
were detected for treatment groups and one IMQ group.
Overall, TNFe mRNA levels are low compared to NTC.
Compound 1 even lowered TNFa significantly. The TL-17
subtypes IL-17A and F were upregulated (50-to-300-fold
change) in skins of mice induced but not treated, whilst mice
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treated with compound 1 and 2 (Fig. 4A, B) showed only
minor changes in comparison to NTC mice. For compound
3, there were no major changes in cytokine expression level
compared to IMQ induced reference group. DMF in contrast
showed higher levels of IL-17A and F then IMQ and com-
pound 3. Gene expression levels of IL-23A, important for
initial activation of Th17 cells, is significantly upregulated
in IMQ groups and DMF and compound 3 receiving groups.
Compound 1 and 2 showed to have beneficial effects for
reduction of IL-23A (almost same levels as NTC). The same
pattern is seen for IL-6 induction. Inflammasome activa-
tion is displayed by RNA levels of IL-1p and NLRP3. Both
parameters are increased with induction cream in all studies.
Reduction from these levels can be seen for compounds 1
and 2.

Pharmacokinetics

Pharmacokinetic studies aimed to assess the compounds
distribution and hydrolysis effects further. Initial pharma-
cokinetics for compound 1 (Fig. 5A and SI Fig. 13) sug-
gested that the macrolide esters of MMF had a high volume
of distribution and adequate exposure to circulating immune
cells as well as immune organs like the spleen and to skin.
These properties, combined with the much lower dose
should result in a more selective exposure to compartments

relevant immune-mediated diseases, as psoriasis. Conclu-
sions on the distribution of compounds 2 and 3 (Fig. 5B, C)
can only be made to a limited extent, since a large propor-
tion of the substance quantities were not detected. This is
a further indication of binding to thiol-bearing groups in
proteins. However, compounds 2 and 3 show sufficient con-
centrations (> 100 nM) in skin tissue compared with liver for
some activity to be expected. The more metabolically active
liver may hydrolyze the fumaric esters faster than the skin.

Acute peritonitis mouse model (MSU crystal-induced)

The MSU crystal induced peritonitis model is a murine
model for human acute gout. We treated C57BL/6 mice
(male, 8 weeks, 15 animals per group and 5 animals PBS
vehicle) orally with 0.1 mg/kg Compound 1 and injected
MSU crystals into the peritoneum 15 min after treatment.
Animals were terminated 4 h post-MSU induction to deter-
mine cytokine concentration in plasma and peritoneal lav-
age. Animals treated with compound 3 (0.1 mg/kg p.o.)
(Fig. 6) showed a significant reduction of the proinflam-
matory cytokine IL-6 in both, peritoneal lavage and heart
plasma. However, IL-1f and IL-10 were not significantly
reduced in peritoneal lavage and plasma by the treatment
(SI Fig. 14).
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Fig.5 Comparison of pharmacokinetic data (BALB/c mice, female,
8 weeks old, n=3) of lead substances 1-3 in different organs via
oral route (12 umol/kg). A Compound 1 and metabolite Azithromy-
cin in skin, liver and spleen after 120 and 240 min. B Compound 2
and metabolites Azithromycin, 1 and 3 in skin, liver and spleen after

120 and 240 min. C Compound 3 and metabolite Azithromycin in
skin, liver and spleen after 120 and 240 min. Results are expressed as
means with SD. Remaining organ data in SI Fig. 13. Data represented
as means with error bars as SD (n=3)
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Fig.6 Cytokine concentrations of IL-6 in peritoneal lavage and
heart plasma sampled from mice treated with PBS (vehicle and
MSU group) or Compound 3 (0.1 mg/kg) and terminated 4 h after
administration of MSU crystals. P values <0.0001 are indicated with
#k#p<0.001 are indicated as **¥p <0.01 are indicated as **p<0.05
are indicated as*. Groups were statistically analyzed against MSU
treatment. Kruskal-Wallis test with Dunn’s comparison (for heart
plasma) or Brown-Forsythe and Welch test with Dunnett’s compari-
son (for lavage) was used after Shapiro-Wilk test for normality. Data
represented as means with error bars as SD (n=15)

Discussion

Design of targeted fumarates—from synthesis
to mode of action

Monomethyl fumarate (MMF) has risen to prominence as a
treatment for MS where it is commercialized as Tecfidera,
a DMF preparation in which DMF is considered the pro-
drug of MMF. DMF was commercialized in the past as a
treatment for psoriasis in a mixed ester salt formulation.
The mode of action of DMF/MMF is not fully understood,
however, recent reports of its use in MS suggest that it tends
to drive immune cell subsets towards anti-inflammatory
response, notably Th1 and Th17 cells (Mills et al. 2018).
It is thought to be proapoptotic, and this may explain the
reduction of specific lymphocyte sub-sets in treatment. At
the molecular level, these effects are proposed to be related
to: (i) interactions with NF-kB signaling, (ii) binding to
GPR109A, (iii) conjugation to glutathione, (iv) binding
to cysteines in GAPDH and (v) interactions with the Nrf2
pathway.

As a therapeutical use in human, the typical dose of DMF
is about 500 mg daily, which approximates to 7-8 mg/kg or
75 umol/kg. The majority of DMF is converted to MMF on
uptake and circulates as MMF in plasma. MMF appears not
to be thiol reactive, however, DMF entering the gut mucosa
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is thiol reactive prior to hydrolysis of the first ester. If thiol
reactivity was important to the mode of action in the auto-
immune setting, more stable esters, such as longer chain
alcohol groups, would be favored, which appears not to be
the case.

Here, we have developed novel fumarate diesters to differ-
entiate effects on immune cell activation and thiol conjuga-
tion. Our hypothesis was that GPR109A is the primary target
and that the most relevant form is in immune cells. To test
this hypothesis, we synthesized substances that concentrate
MMF into the endosomes of immune cells where it could
maintain GPRI09A in its activated or bound form in the
endosome. These compounds are approximately 300-900-
fold more potent than DMF in vivo on a molar basis in a
murine psoriasis model. Given their high uptake into target
cells, and their concentration in endosomes, a target located
in the endosome could explain the potency gain exhibited
by these substances.

However, the substances also exhibit much faster reac-
tion with GSH than that of DMF (initial rates 10-200-fold
faster) which implies that this mode of action should also
be considered. GSH is required for oxidative burst reactions
in myeloid cells (Brennan et al. 2015), and its depletion can
limit activation reactions. Similarly, GSH is located in the
endo- and lysosomes, where the conjugates concentrate (Xu
et al. 2018). Nonetheless, the abundance of GSH, cysteines
and protein thiols, is such that they can titrate low doses (e.g.
0.03 mg/kg) of substance. Furthermore, in both clinical and
preclinical studies (Mrowietz et al. 2018; Dibbert et al. 2013;
Linker and Haghikia 2016), MMF is the dominant product
detected in plasma and MMF conjugates with GSH at much
lower rate (see Fig. 1) (Schmidt et al. 2007). It is difficult to
estimate to what extent DMF or the conjugate diesters may
be bound to thiols in large molecules, however, comparing
recovery of thiol binding and non-binding compounds, the
difference suggests that 90% is reacting with thiols in large
molecules. Thus, the balance of data suggests that the thiol
binding aspect is most likely a secondary effect that is more
relevant in vitro, where the total volume of medium relative
to cells is higher (> 1000x) and where the total substance
available can titrate a higher proportion of thiols. In areas
where the substance is more abundant relative to cells, such
as the gut, there may also be thiol binding effects and these
may interfere with innate immune reactions. These in turn
may impact innate control of gut bacteria in the epithelium
and be the cause of tolerability issues in the gut.

The effects of DMF in vitro reported here reflect data
reported by others. McGuire et al. (2016) showed reduc-
tion of cytokines in bone marrow-derived macrophages
(BMDMs) after stimulation with LPS at DMF concentra-
tions starting at 25 uM. Lehmann et al. (2007) reported
reduction of pro-inflammatory cytokines (including TNFa
in PBMCs stimulated with LPS/INF-y and IL-1p in PBMCs

63



64

»Immune cell targeted Fumaric Esters support a role of GPR109A as a primary target of
Monomethyl Fumarate in vivo“

Immune cell targeted fumaric esters support a role of GPR109A as a primary target of monomethyl...

stimulated with phytohemagglutinin (PHA) with different
fumaric esters, with best effects using diesters at concentra-
tions higher than 30 uM. Our assays confirm these values for
DMEF. In contrast, the endosomal directed compounds (2 and
3) show efficacy from 1 uM on TNFu and IL-1p, suggesting
at least a 20-fold increase in potency in vitro, when using
substances with strong cellular uptake.

Striking in these studies was the relatively low ratio in the
concentrations between effective and potentially toxic effects
of fumarate esters. We monitored cell viability using the
MTT assay which reports on mitochondrial metabolic activ-
ity. McGuire et al. (2016) showed a loss in cell viability over
time at 50 uM DMF in BMDMs. Michell-Robinson et al.
(2016) showed specific toxicity on monocytes and Sebik
et al. (1994) showed cytotoxic effects on keratinocytes. In
all these previous studies and ours (see Fig. 2) a margin
between the lowest effective dose and lowest toxic dose of
DMF was observed in the range of 2—4.,

Taken together, the results from MTT assay (hence reduc-
tion of metabolic activity) and GSH binding (hence Michael
addition to cysteines) might suggest a covalent binding to
GAPDH and thus reducing its enzymatic activity by block-
ing the binding of NAD" as a mechanism of action. This
could lead to a lower concentration of cytokines simply
through the inhibition of cell activity and energy supply.
While potentially valid in vitro, it strikes one as unlikely
in vivo except under conditions of very high substance to
cell ratio. As noted above, these conditions may be found
in segments of the gut after oral administration, but are
unlikely in systemic circulation.

New fumarates and their in vivo action

Dose response studies in the psoriasis model were conducted
to estimate the relative potency increase generated via the
macrolide esters. The rationale was that most DMF provided
by the oral route is preferentially delivered to the gut where
it appears to be associated with occasional signs of dis-
comfort. We hypothesized that by using a carrier, we could
deliver MMF to the immune cell compartment and, poten-
tially more importantly, the endosome where GPR109A may
be most amenable to interactions with its ligand and the
stabilization of signaling.

A further argument for extensive dose response studies
was the observation that the high potency of short chain
fatty acid analogs can impact bacterial processing and thus, a
secondary goal of our studies was to identify doses at which
we could analyze effects on innate immune function such
as gut homeostasis and bacterial killing (Straf et al. 2021).

Differences between in vitro and in vivo data are espe-
cially prominent for the novel conjugates. In vitro, conjuga-
tion to the 4" position was most effective in reducing inflam-
matory cytokines, whilst in vivo, in the psoriasis models,

the 2'-esters appeared to be more effective. The 4" conju-
gates react at least 10-times faster with glutathione while
the 2' esters readily hydrolyze to MMF. In vitro, MMF was
essentially inactive, suggesting that either the free carboxy
group impedes cellular uptake, or, that interaction with
glutathione is the more important aspect of in vitro activ-
ity (see medium volume to cellular mass concept above).
Given that compound 1 has significant uptake into cells, the
issue of access to the cytoplasm appears less relevant for this
compound. MMF released in cells from Compound 1 after
uptake appears not to interact with GSH and may be subject
to efflux. In vivo, Compound 1 had the more standard phar-
macokinetics but exhibited steady loss of the MMF 2’ ester.
It was also the most active in the psoriasis model. These data
suggest that MMF is the more relevant agent in vivo.

If MMF is the effective agent in vivo, hydrolyzed MMF
can then ligate to the target receptor GPR109A. The phar-
macokinetics of Compound 1 show that it is preferentially
taken up to immune cells and steadily hydrolyzed. From
similar compounds, the site of uptake is the lysosomal com-
partment where GPR109A is located. The concentration at
the site of action is consistent with the more potent effect
of this substance in vivo and an interaction with GPR109A
and not thiols.

In the murine model for human acute gout the MSU crys-
tals act as putative ligands for CD14, TLR2, and TLR4 and
can, within the peritoneum of mice, activate macrophages
which release proinflammatory cytokines via the activation
of NLRP3 inflammasome complex (Mariotte et al. 2020;
Khameneh et al. 2017). Effects seen here on IL-6 may be
useful given that it is one of the central cytokines involved
in the acute phase of MSU induced gout (Guerne et al.
1989). This might be explained by the direct effect of fuma-
ric diesters on inflammasome activity. That DMF is in this
model more effective compared to MMF was published ear-
lier (Miglio et al. 2015; Hoyle et al. 2022) and is consistent
with our results in this model.

Conclusion

Here we investigated the mode of action of DMF/MMF
using novel conjugates that differentiate thiol binding activi-
ties while targeting the immune cell compartment. Based on
the observations of these conjugates, we propose a mode of
action based on MMF binding to GPR 109A in the lysosomal
membrane. Effective doses in mice of 0.03-0.12 mg/kg cor-
respond to human doses in the range of 1-2 mg (given the
higher body weight, but lower metabolic rate). These very
low amounts provide for both dramatic economies in terms
of bulk ingredient and pill burden, but they also provide
opportunities to avoid tolerance issues and adverse effects.
More generally, the substances described here demonstrate
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that delivery to the lysosome can dramatically increase or
modulate efficacy for substances where the target is lyso-
somal. Given that lysosomes are probably less than 1% of
overall cell volume, targeting the compartment provides for
efficiency and dose reductions. Finally, these data provide
insight into the role of GSH in immune functions. In vitro
data from this study suggests that titrating GSH with a
Michael acceptor dampens inflammatory reactions in cul-
tured cells and primary immune cells.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10787-023-01186-0.
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Abstract

Topical imiquimod based creams are indicated as immune stimulants for papillomas and various skin neoplasms. Imiquimod
is considered a TLR7 ligand. These creams are also used in research to induce skin inflammation in mice as a model for
psoriasis. We observed that this inflammatory response was not strictly imiquimod dependent and we set out to establish
which components drive the proinflammatory effects. To this end, we examined the induction response in a BALB/cIR]
mouse model, in which 50 mg of cream is applied to 2 cm? of skin (125 mg/kg imiquimod—3% W/V, and/or 625 mg/kg
isostearic acid—25% W/V). Comparing cream formulations containing isostearic acid, imiquimod and the combination,
we observed that isostearic acid causes skin inflammation within 2 days, whereas imiquimod requires up to 5 days for initial
signs. Isostearic acid activated an inflammasome response, stimulated release of proinflammatory cytokines and upregulated
the IL-23/17 axis. Animals treated with isostearic acid had enlarged livers (+40% weight), which was not observed with
imiquimod alone. Imiquimod was readily metabolized and cleared from plasma and liver, but was maintained at high levels
in the skin throughout the body (200 mM at area of application; 200 uM in untreated skin). Imiquimod application was
associated with splenomegaly, cytokine induction/release and initial body weight loss over 3 days. Despite high imiquimod
skin levels throughout the animal, inflammation was only apparent in the treated areas and was less severe than in isostearic
acid groups. As the concentrations in these areas are well above the 10 uM required for TLR7 responses in vitro, there is an
implication that skin inflammation following imiquimod is due to effects other than TLR7 agonism (e.g., adenosine recep-
tor agonism). In brain, isostearic caused no major changes in cytokine expression while imiquimod alone sightly stimulated
expression of IL-1p and CCL9. However, the combination of both caused brain induction of CCL3, -9, CXCL10, -13, IL-1p
and TNFa. The implication of these data is that isostearic acid facilitates the entry of imiquimod or peripherally secreted
cytokines into the brain. Our data suggest that psoriaform skin responses in mice are more driven by isostearic acid, than
generally reported and that the dose and route used in the model, leads to profound systemic effects, which may complicate
the interpretation of drug effects in this model.

Keywords Psoriasis - Dermatitis - Isostearic acid - Imiquimod

Introduction

Psoriasis is a chronic skin disease, that causes visible and

4 Michael Burnet painful inflammation and hyperproliferation of skin. Its eti-
michael burnet@synovo.com ology is not fully understood but includes genetic, environ-
mental, infectious and lifestyle factors (Global Report on
Psoriasis 2023; Girolomoni et al. 2017). In Western coun-
tries around 1-2% of the population is affected by various
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antibodies (e.g. inhibitors of interleukin-23: ustekinumab,
guselkumab, tildrakizumab, and Risankizumab; TNFa:
etanercept, adalimumab; IL-17: secukinumab (AIN457),
ixekizumab (LY2439821), and brodalumab (AMG827)
(Yang et al. 2021; Zhang et al. 2022) as well as small mol-
ecules (e.g., glucocorticoids, methotrexate, cyclosporine and
fumarates). The central goal of therapy, is to reduce psoriatic
activity without generally suppressing the immune system.
In this regard, the introduction of therapy directed to IL-17
and IL-23 has led to substantial improvements in quality
of life.

Psoriatic inflammation is driven by i.a. dendritic cells
(DCs), T cells and macrophages (Girolomoni et al. 2017;
Nakajima and Sano 2018; Fits et al. 2009). The inflamma-
tion is supported mainly by the proinflammatory cytokines
interleukin (IL)-23 and IL-12, released by myeloid DCs
which stimulate Th17 cells to secrete proinflammatory
IL-17, tumor necrosis factor o (TNFa) and [L-22. Activation
of TL.-22R mediates proliferation and migration of keratino-
cytes (Girolomoni et al. 2017; Nakajima and Sano 2018;
Fits et al. 2009; Briick et al. 2018). Activation of toll-like
receptors (TLRs) plays a distinct role in the pathogenesis of
psoriasis. TLR9 activates plasmacytoid DCs (pDCs). Acti-
vation of TLR7/8 triggers autoinflammatory processes in
psoriasis (Nakajima and Sano 2018; Chiricozzi et al. 2018;
Flutter and Nestle 2013; Sun et al. 2018).

Finding improved therapies for psoriasis requires disease
models, that recapitulate the disease mechanisms either in
combination or alone. The involvement of TLR receptor,
therefore, provides at least one means to easily mimic dis-
ease in WT animals. Van der Fits et al. first proposed in
2009 a murine model for psoriasis, based on repeated topical
application of Imiquimod (IMQ) formulated as Aldara® (Fits
et al. 2009), which activates murine TLR7, the proposed
target of IMQ. This activation leads to a proinflammatory
response similar to human acute phase psoriasis. IMQ con-
taining cream (clinical formulation of Aldara®), is applied
on the depilated dorsal skin of mice on consecutive days
to induce the 1L-17/23 axis (Fits et al. 2009; Briick et al.
2018; Flutter and Nestle 2013). Clinical signs include local
thickening, scaling, redness and inflammation of the skin.
This leads to psoriasis like lesions: thickening of the epider-
mis through hyperproliferation of keratinocytes, a reduced
layer of granules (hypogranulosis), redness of skin because
of dilation of blood vessels, accumulation of neutrophils in
stratum corneum (Munro’s microabscesses), and infiltration
from clusters of CD4*, CD8* and antigen presenting DCs
in dermis and epidermis (Nakajima and Sano 2018; Briick
et al. 2018). The Aldara® induced psoriasis model is widely
used because of its rapid development, low cost and simple
read out. However, although operationally straightforward,
the molecular biology and immunology of the model is
less simple (Walter et al. Mar. 2013; Horvith et al. 2019;
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Hawkes et al. 2017; Luo et al. 2016). IMQ also acts systemi-
cally causing splenomegaly, lymphadenopathy and possi-
bly elevated systemic cytokines (Hawkes et al. 2017) and is
likely to also be an adenosine receptor inhibitor (Fits et al.
2009; Schén and Schén 2007; Schon et al. 2006). Walter
et al. (2013) showed that isostearic acid, (25% by weight
of Aldam®), also has proinflammatory effects in vitro and
in vivo (Walter et al. 2013). Although isostearic acid is
thought to be included for its physical formulation proper-
ties (it is a weak acid while imiquimod is a weak base),
it appears to be immunologically and systemically active.
Thus, isostearic acid present in the formulation of Aldara®
may have a functional role irrespective of the initial inten-
tions behind its inclusion.

‘We have been employing the model to study the effects of
anti-inflammatory drug candidates for pharmaceutical devel-
opers. In the course of such studies, we have observed that
compounds that should influence the model, were sometimes
more or less active than expected, depending on the mode
of action. We also observed that in topical formulations of
certain compounds, there were cases of significant effects
of the vehicle on the performance of Aldara® as an inducer
of disease. To better control the model, we then set out to
create a “sham cream” that did not contain IMQ, that could
be used as a better control vs. the IMQ induced disease.
We used this preparation, in which IMQ could be added
to a final concentration of 5% W/V which is the same as
that in the original imiquimod containing Aldara®. Studies
with this material showed that it produced a different dis-
ease pattern to that of Aldara®. Further studies demonstrated
that isostearic acid was active alone in this formulation, and
in some ways synergistic to the effects of IMQ, especially
locally. The formulated in-house creams are based on DAC
cream (40% H,0, 25.5% Vaseline, 10% propylene glycol,
7.5% triglyceride, 7% Macrogol-20-glycerol-monostearate,
6% cetyl alcohol, 4% 60-glycerol-monosterate) (Hofel and
“Basiscreme DAC” 2018).

Here we demonstrate that the isostearic acid is a major
contributor to the local skin inflammatory reaction, whilst
IMQ tends to act only in combination with isostearic acid.
This gives a better understanding of the Aldara® induced
psoriasis model and the modes of action that may be active
in the model. We demonstrate a clear effect of isostearic
acid and/or IMQ to inflammatory response, spleen and liver
weight and scaling, redness and thickness of the skin of
female BALB/cJRj mice. Finally, we quantified the effects
of the combination on uptake to skin and distribution sys-
temically. These observations may be useful to researchers
in the field attempting to interpret results obtained with this
in vivo model. In particular, the knowledge that the model is
based on multiple disease inducers may explain cases where
treatments with a very specific mode of action do not fully
suppress disease signs.
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Materials and methods

All chemicals, consumables and supply products were pur-
chased from commercial sources and used as received. All
study protocols were approved by the local Animal Care and
Ethics Committee (Federal government ethics committee,
Tiibingen, Germany).

HPLC-MS/MS and MS/MS studies

Quantification of analytes (imiquimod and isostearic acid;
MS tunes in Table 1) was performed with an Agilent 1260
Infinity system coupled to a triple quadrupole Sciex API
4000 MS/MS detector. An Agilent C g Poroshell 120 column
(4.6 x 50 mm, 2.7 pm) was used for separation. The mobile
phase was composed of water containing 0.1% formic acid
(eluent A) and acetonitrile containing 0.1% formic acid (elu-
ent B). Gradient used was: 10% B for 1 min, to 100% B in 2
min, 100% B for 3 min, to 5% B in 1 min, 5% B for 3 min.

Real-time polymerase chain reaction (qPCR)

Analysis of gene expression was done by isolating RNA
from flash frozen skin samples, using the Qiagen RNeasy®
MiniKit (Qiagen). 3.6 pg of RNA was used for reverse
transcription into complementary DNA (¢cDNA) using Per-
feCTa DNase I (Quanta Bioscience) and 5x PrimeScript RT
Mastermix (Takara). Gene-specific primers used for PCR
are listed in Table 2. The qPCR reaction was performed in
duplicates with Blue S’Green qPCR Mix Separate ROX
(Biozym) in 96-well plates. Amplification was carried out in
the QuantStudio® 3 gPCR system (ThermoFisher Scientific/

Table 1 Specific tunes of substances in HPLC-MS/MS

Quantstudio™ Design & Analysis Software v.1.4.3). Cycle
conditions were set at 95 °C for 2 min followed by 40 cycles
of 95 °C for 5 s and 60 °C for 17 s; a melt-curve analysis
was performed for each qPCR reaction. Primer efficiency
was determined for each primer pair to ensure linear stand-
ard curve and high amplification efficiency. Threshold cycle
(C,) values were used for the calculation of the relative gene
expression levels. For this, all values were first normalized
to respective C, values of the HPRT (hypoxanthine phos-
phoribosyltransferase) housekeeping gene. Then, normalized
AC, values of the different treatment groups were compared
to the AC, levels of the vehicle treated control group which
was set to 1. Normalized expression ratios (2(— AAC))) are
given for all treatment groups relative to the vehicle group.
C, values of all samples were normalized to the respective
C, values obtained for HPRT housekeeping gene, resulting
in the AC, value for each sample: AC, (gene x) = C, (gene
x) — C, (HPRT). To calculate the AAC, value, the AC, aver-
age of the control condition (vehicle) was used. This analysis
was also performed for the individual control condition sam-
ples to determine variance within the control group. Subse-
quently, AAC, values of each sample were transformed into
normalized expression ratio which gives the fold increase
(or decrease) of the target gene expression compared to the
control condition (vehicle) and normalized to the reference
gene (HPRT). Normalized expression ratio (fold change) =
2— AAC,. Data are shown as scatter plots using GraphPad
Prism 9.1.0.

Cream formulation

Compositions of the different tested creams can be found in
Table 3 for the first study and Table 4 for the second study.
As applicable, IMQ (Chempur), cetyl alcohol (TCI), DMSO
(Carl Roth) and/or isostearic acid (TCI) were mixed with
a spatula until homogenous, then hydroxypropyl methyl-

Substance Qlmass Q3mass DP(V) CE(v) CXP(v) cellulose (HPMC, Sigma Aldrich, 2.0%, dry) was added

and mixed. To this mixture, base cream DAC (40% H,0,
MQ 24 185 96 3 36 25.5% Vaseline, 10% propylene glycol, 7.5% triglyceride,
Isostearic acid 329 283 15 20 11

7% Macrogol-20-glycerol-monostearate, 6% cetyl alcohol,

Table2 Primers used for qRT-

PCR Cytokine Forward sequence (5" => 3') Reverse sequence (5' = 3")
HPRT AGTTCTTTGCTGACCTGCTG CCACCAATAACTTTTATGTCCCC
TNFu CCACCACGCTCTTCTGTCTA CTGATGAGAGGGAGGCCATT
TL-17A GAAGGCCCTCAGACTACCTC CTTTCCCTCCGCATTGACAC
IL-17F GAGGGAAGAAGCAGCCATTG GGCAAGTCCCAACATCAACA
1L-6 ACTTCACAAGTCGGAGGCTTA TCTGCAAGTGCATCATCGTT
IL-1p TGACGGACCCCAAAAGATGA TCTCCACAGCCACAATGAGT
IL-23A TGAGCCCTTAGTGCCAACAG CTTGCCCTTCACGCAAAACA
NLRP3 TCCCAGACACTCATGTTGCC GTCCAGTTCAGTGAGGCTCC
IL-22 CTGCTTCTCATTGCCCTGTG GAACAGTTTCTCCCCGATGAG
@ Springer
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Table3 Composition of creams used in optimization study

Group name IMQ Isostearic acid Cetyl alcohol DMSO Amount applied
1—Aldara® 5% 25% 2.2% - 50 mg
2—Cetyl alcohol + isostearic acid - 25% 2.2% - 50 mg
3—5% IMQ + cetyl alcohol 5% - 2.2% - 50 mg
4—7% IMQ+cetyl alcohol 7% - 2.2% - 50 mg
5—7% IMQ + cetyl alcohol + isostearic acid 7% 25% 2.2% - 50 mg
6—5% IMQ+DMSO 5% - - 3.6% 50 mg
7—5% IMQ+ DMSO + isostearic acid 5% 25% - 3.6% 50 mg

Group 1 is commercial Aldara®, Groups 2-7 were prepared inhouse

Table4 Composition of creams

A . Group name
used in second optimization

IMQ  Isostearic acid  Cetyl alcohol  DMSO  Amount applied

study 1—Vehicle DAC base cream - - - - 50 mg
2—5% IMQ+DMSO 5% - - 3.6% 50 mg
3—Tsostearic acid - 25% - - 50 mg
4—5% IMQ+DMSO +isostearic acid 5%  25% - 3.6% 50 mg

Group 1 is vehicle cream, based on commercially available DAC. Groups 2—4 were prepared inhouse and

are based on DAC

4% 60-glycerol-monosterate, Nordring Apotheke, Tiibingen)
was added, mixed and stored at 4 °C.

Cream-induced psoriatic murine model

All study protocols were approved by the local Animal Care
and Ethics Committee (Federal government ethics commit-
tee, Tiibingen, Germany under the license 35/9185.81-7/
SYN 07/18). A total of 88 mice (BALB/cJR]j, female, 8
weeks old) were used for the studies performed (divided
into two separate studies. First study with 56 animals and
second study with 32 animals) were purchased from Janvier
Labs (Le Genest-Saint-Isle). Animals were acclimatized
for at least one week with standard chow (Mouse Mainte-
nance, V1534-000, Ssniff Spezialdidten GmbH, Germany)
and drinking water ad libitum before the start of the experi-
ment. Animals were housed in type IV cages, with bedding
and enrichment material and kept at 23 °C (£ 1 °C), 50-60%
humidity, with 12/12 h dark/light cycles period. Animals
were monitored daily and at the end of the experiment, ter-
minated painlessly with overflow of CO,. For the first opti-
mization study, mice were grouped in 8 animals per cage.
Induction was performed with following creams: Aldara®
(MEDA Pharma GmbH & Co. KG; Aldara® here referred
as clinical cream or clinical formulation), Cetyl alcohol +
isostearic acid, 5% IMQ + cetyl alcohol, 7% IMQ + cetyl
alcohol, 7% IMQ + cetyl alcohol + isostearic acid, 5% IMQ
+ DMSO or 5% IMQ + DMSO + isostearic acid (see also
Table 4). For the second optimization study, mice were
grouped in 4 animals per cage and the following creams
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were used: vehicle DAC base cream, 5% IMQ + DMSO,
Isostearic acid or 5% IMQ + DMSO + isostearic acid. On
day 0, prior to psoriasis induction, dorsal skin was removed
using a clipper, followed by application of depilatory cream
for complete fur removal. From day 1 to day 6 (first study) or
7 (second study) 50 mg of each induction cream (see cream
formulation section) was applied to 2 cm? of the depilated
skin of the animals. The required amount of cream was
weighed and applied using a spreader to achieve homogene-
ity. During the experiment, daily measured parameters were:
body weight (BW), skin thickness, skin redness and scaling
(0 = no change, 1 = marginal effects, 2 = moderate effects, 3
= strong effects, 4 = maximum). At termination, pictures of
dorsal skin were taken (ante mortem), skin samples (for his-
tology and gene expression) were collected and the weights
of spleen and liver were recorded. Additional organ samples,
including skin, were collected, washed to remove remnant
cream, flash frozen, and kept at -20 °C until processing to
determine tissue distribution of imiquimod and isostearic
acid. Skin samples were kept in 4% paraformaldehyde solu-
tion until processing.

Sample preparation for pharmacokinetic
assessment

Frozen organ samples were thawed and treated as
described earlier (StraB et al. 2021). Briefly, samples
were digested with Proteinase K in a buffer volume in
uL corresponding to sample weight in mg (Proteinase K,
VWR, diluted 1:40 in phosphate buffer 20 mM) for 1 h

71



72

»lsostearic acid is an active component of imiquimod formulations used to induce
psoriaform disease models”

Isostearic acid is an active component of imiquimod formulations used to induce psoriaform...

at 50 °C and homogenized at 6 m/s for 40 s (FastPrep-24
5G, MP Biomedicals). Six volumes of acetonitrile were
added, the mixture again homogenized, centrifuged (10
min at 14000g, Eppendorf Centrifuge 5417R) and the
supernatant taken for HPLC-MS/MS analysis.

Histology

Paraffin-embedded skin sections were stained using the
hematoxylin and eosin (H&E) method. Briefly, skin sam-
ples were fixed for 24 h in 4% PFA and then transferred
to 70% ethanol until tissue preparation took place. Skin
samples were placed into cassettes for the subsequent
embedding process. Dehydration and clearance were
by sequential incubation steps: 90% ethanol for 45 min,
100% ethanol for 45 min (2x), 100% ethanol for 60 min,
100% isopropanol for 60 min (2x), 100% isopropanol,
overnight. Next day, organs were transferred into liquid
paraffin for 30 min (55-65 °C) and cooled overnight at
room temperature, to complete the embedding in paraffin.
After deparaffinizing and hydration steps from xylol to
several ethanol dilutions and H,0, 8 um sections of the
tissue samples were stained with Mayer’s hematoxylin
to stain nuclei and Eosin Y 1% aqueous solution to stain
cytoplasm (H&E staining). H&E-stained tissue was used
to perform histopathological evaluation and quantitative
analysis (derma and submucosa depth) using QuPath 3.0
software. Ki67 immunofluorescent staining was per-
formed on formalin-fixed and paraffin-embedded skin
samples previously cut on a microtome into 5 um thick
sections. The sections were deparaffinized in xylol and
hydrated in decreasing concentrations of ethanol. Anti-
gen retrieval was performed in heated citrate buffer (pH
6.0) and, after cooling to room temperature, Sudan Black
buffer (Sigma-Aldrich 199664-25G; 0.1% in 10% etha-
nol: pH 7.4) was used to inhibit erythrocytes autofluo-
rescence and goat serum (Vector Laboratories) was used
as blocking solution. After sections were washed in 1x
PBS (pH 7.4) 3 times, 5 min each, they were incubated
with specific primary unconjugated antibody (BioLegend,
rat anti-mouse, 652402), 2h, 37 °C. After sections were
washed in 1xX PBS (pH 7.4) 3 times, 5 min each, the spe-
cific secondary antibody (NovusBio, TX-RED, NBP1-731
49) was used in the reaction and, after nuclear counter-
staining with DAPI glue mounting step, skins samples
were scanned with KEYENCE BZ-X810 fluorescence
microscope and investigated for further analysis. The
positive stained cells were counted (per um?) for total
epidermal immunostaining in the same 20X magnification
field area and the% of the intensity was calculated vs the
DAPI counter staining.

Statistics

All experimental results were first tested for normal distribu-
tion using Shapiro-Wilk for normality. Statistical analysis
between multiple groups was done using two-way ANOVA
followed by Bonferroni correction. Kruskal-Wallis test was
used for non-parametric data. Non-marked bars are consid-
ered as not significant by which statistical significance was
considered at the level of p value < 0.05. Calculations of
e.g., half-life were made with GraphPad Prism 9.3.1.

Results

Differences to clinical products in induction of skin
inflammation

The widely used Aldara® induced psoriatic skin model is not
fully defined or understood (Horvith et al. 2019; Hawkes
et al. 2017; Luo et al. 2016; Walter et al. 2013). We focused
on the influence of components of imiquimod cream for-
mulations. To study this, we induced skin inflammation in
BALB/cJRj mice with different induction creams (Tables 3,
4). Isostearic acid may promote inflammasome activation,
IL-1 release and apoptosis (Walter et al. 2013). Although
DMSO is known to increase skin permeation, making sub-
stances more systemically available, this effect is not seen
with IMQ (Telo et al. 2016). DMSQO is used here to facilitate
the incorporation of the substance into the cream and to
overcome the poor solubility of IMQ (DMSO is permitted
in human use up to 10% in creams).

In a first study, we tested different formulations for their
ability to induce a psoriatic-like skin disease in mice. All
of the creams used were mixed with inducing substances
(either IMQ, isostearic acid or a mixture of the two) and
none of the creams are considered to be vehicle creams.
The usual concentration of IMQ in Aldara® or similar prod-
ucts is 5% W/V, however, we also tested higher concentra-
tions (7% IMQ) to assess the effect on rate of onset of skin
signs. Creams were applied 25 mg/em? (50 mg total) cor-
responding to a total of 125 mg/kg IMQ (5%) or 175 mg/kg
IMQ (7%) daily over seven consecutive days. In this initial
experiment with different cream formulations (Table 3) the
first changes in skin score were observed from day three on
(Fig. 1A). Groups receiving isostearic acid were the first to
show clinical signs in skin. Animals induced with Aldara®
had a score plateau starting at day 5 (day 5-7 score of 5.9),
while other groups induced with isostearic acid containing
creams did not reach a plateau, but showed a reduced rate in
score development (cetyl alcohol + isostearic acid: 5.5, 6.6
and 7.0; 7% IMQ + cetyl alcohol + isostearic acid: 5.6, 6.9
and 7.1; 5% IMQ + DMSQO + isostearic acid: 5.3, 6.8 and
7.3 at days 5-7).
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Fig. 1 A Accumulated skin score based on the parameters of redness,
thickness and scaling (scores each between 0 and 4, with 4 being
most severc). BALB/cJR] females (8 weeks old, n=8 per group) were
treated with different formulations of induction cream (50 mg) for
seven consecutive days. Scores were based on dorsal skin and the first
changes were observed on day 3. B Change of body weight during
study vs day 0. C Weights of livers at day of termination (n=8). D
Weights of spleens at day of termination (n=8). E Pictures of dorsal

The cream containing isostearic acid and cetyl alcohol,
but not IMQ showed a similar increase in score (2.6, 4.3, 5.5,
6.6, 7.0 from days 3-7), whilst the other groups treated with
creams containing IMQ, but not isostearic acid, showed only
minor signs in the first five to six days and a minor increase
in skin score by day 7 (5% IMQ + cetyl alcohol: 3.4; 7%
IMQ + cetyl alcohol: 2.8; 5% IMQ + DMSO + isostearic
acid: 2.1 at day 7). Variation of cetyl alcohol or DMSO and
the amount of IMQ did not change the scores to a significant
extent. Consistent with literature reports, IMQ treatment in
our studies also leads to a loss in body weight (Fig. 1B)
(Horvith et al. 2019) peaking around day 3 (clinical cream
94%; 5% IMQ + cetyl alcohol: 98%; 7% IMQ + cetyl alco-
hol: 93%; 7% IMQ + cetyl alcohol + isostearic acid: 98%;
5% IMQ + DMSQO: 98%; 5% IMQ + DMSO + isostearic
acid: 101%) and suggesting that there was no difference in
the availability of IMQ from the various formulations (see
Fig. 1E, for lesions). [sostearic acid caused a severe reaction
in terms of redness, scaling and thickness, however, with-
out major loss in BW (tendency of loss in BW from day 4
on). IMQ also caused splenomegaly (Fig. 1D) with Aldara®
induced animals, having the largest spleens (avg. spleen
weights: cetyl alcohol + isostearic acid 102 mg; 7% IMQ +
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skin of one representative animal of each group at day 7 ante mor-
tem. In graphs A and B groups were compared against Aldara® and
tested with ordinary two-way ANOVA with Bonferroni’s compari-
son. In graphs C and D Kruskal-Wallis test with Dunn’s comparison
was used after Shapiro—Wilk test for normality. Data represented as
means with error bars as SD. p values <0.0001 are indicated with
###4p <0.001 are indicated as ***p <0.01 are indicated as **p<0.05
are indicated as *

cetyl alcohol 206 mg; 5% IMQ + DMSO 212 mg; 5% IMQ
+ cetyl alcohol 214 mg; 5% IMQ + DMSO + isostearic acid
216 mg; 7% IMQ + cetyl alcohol + isostearic acid 224 mg;
Aldara® 272 mg). Increased spleen size is linked to IMQ
containing cream and is probably due to systemic inflamma-
tory reactions (Fits et al. 2009; Horvith et al. 2019). Larger
liver size (hepatomegaly) was observed for animals receiving
creams containing isostearic acid (Fig. 1C). Creams without
isostearic acid had liver weights similar to those in control
animals. Mean liver weight of the Aldara®-treated group was
between the two clusters (avg. liver weights: 7% IMQ + cetyl
alcohol 1044 mg; 5% IMQ + DMSO 1065 mg; 5% IMQ +
cetyl alcohol 1126 mg; Aldara® 1307 mg; cetyl alcohol +
isostearic acid 1494 mg; 5% IMQ + DMSO + isostearic
acid 1528 mg; 7% IMQ + cetyl alcohol + isostearic acid
1568 mg). Isostearic acid in the induction cream showed a
direct effect on the weight of the liver independent of BW
suggesting that it has a systemic effect, either via absorption
by the topical route or via ingestion during grooming. The
effects of IMQ on body weight were lost by day 7, consist-
ent with a continuous attenuation of cytokine response after
repeated application of IMQ or Resiquimod (data not shown)
we observed in other studies. We assume that the observed
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body weight pattern is an effect of the cytokine attenuation
and the well-known reduction in TLR stimulation responses
with time (Horvéth et al. 2019).

The data from this study suggests that isostearic acid is
playing a major role in the induction of skin inflammation
in mice. To clarify aspects of the induction of psoriasis-like
inflammation further, we investigated the key parameters in
more detail in a second study.

Direct influence of isostearic acid on development
of psoriasis in mice

We then directly compared IMQ (5%) containing cream with
isostearic acid (25%) containing cream and a cream contain-
ing both substances versus a vehicle cream based on DAC
(Table 4). Female BALB/cJRj mice were again treated with
induction creams on seven consecutive days. Each animal (n
= 8 per group) received 50 mg of cream dorsally on depilated
skin (2 cm?). Consistent with the results of the first study we
observed changes in the skin areas treated with isostearic
acid containing creams. [sostearic acid alone was sufficient
to induce visible signs of skin inflammation (Fig. 2A, F).
The onset of the disease in the isostearic acid containing
creams was again at the third day and reached a plateau at
day five until end of study (isostearic acid 4.4, 4.4, 3.8; 5%
IMQ + DMSO + isostearic acid 4.3, 4.6, 4.8 at days 5-7).
Scores for scaling in group 3 (isostearic acid alone) were
reduced on day seven, when compared to day six (from 4.4
to 3.8) This was not observed for the IMQ/isostearic com-
bination, which had a slightly higher total score on the final
study day. Both isostearic acid containing creams showed
a very similar course of induction. In animals treated with
vehicle cream no changes were observed. Group 2 (IMQ
containing cream) showed almost no changes over the course
of the study. Individual animals of this group showed very
slight thickening and redness of the skin, but significantly
less than in the isostearic acid groups. As observed in our
first study it appears that isostearic acid is the main stimulant
of changes in skin and the development of lesions. This can
be observed for all three parameters (thickness, redness and
scaling). However, in contrast to the first study, no additive
induction with IMQ was found here. In general, this study
showed a milder course of the disease. A maximum score
of 4.8 was observed for the IMQ/isostearic acid combina-
tion (isostearic acid alone 3.8 at final day). In the first study
isostearic acid reached 7.0, Aldara 5.9, and 7.2 (combination
of 5% IMQ + DMSO + isostearic acid) and 7.1 (7% IMQ +
cetyl alcohol + isostearic acid) for the IMQ/isostearic acid
combinations, respectively. Photographs taken on the final
day of the studies (Figs. 1E, 2E) provide further qualitative
impressions of the signs at termination.

Increased liver weights in groups that received isostearic
acid and increased spleen weights in groups that were

treated with IMQ containing creams (Fig. 2C, D), confirmed
observations from the first study. Body weight distribution
(Fig. 2B) did not follow a clear trend. Initially, the animals
induced with IMQ tend to lose body weight (95% at day 3),
but a slight loss is also seen in the vehicle animals (96%
BW at day 4). After four to five days, animals from IMQ
induced group recover BW (97% at day 4 and 103% at day
5), while the animals induced with isostearic acid start to
lose weight continuously displaying the lowest body weight
values at the end of the study (95% at final day for isostearic
acid group and 90% for IMQ and isostearic acid group).
The same trend in weight loss (from day 4) was observed
for animals induced with isostearic acid in the first study.

Differences in the development of skin parameters are
apparent by histology (Fig. 2H). Skin treated with isostearic
acid showed significant thickening in several layers. These
trends are most notable in the thickness of the dermis, but
not in the submucosa (Fig. 2G). Immunohistochemical
staining of Ki67, a marker of cellular proliferation, was per-
formed with skin samples from the final day of the study
(Fig. 2H). Ki67 staining suggested lower proliferation for
groups receiving isostearic acid.

These data suggest that visible skin lesions and hepato-
megaly in BALB/cJRj mice are mostly driven by isostearic
acid. This is surprising given that it is generally considered
to be safe in most reports (CIR 2013) (up to 37.4% in rinse-
off products and 21% in leave-on products) and may sug-
gest a specific effect in mice or a consequence of the high
concentration and/or overall dose—625 mg/kg or 6.25 mg/
cm’—in a small animal study in proportion to the skin area
affected. Splenomegaly and proinflammatory cytokines
appear to be due to TLR7 activation through IMQ (Horvith
et al. 2020; Jabeen et al. 2020; Butchi et al. 2008). While
IMQ and isostearic acid contribute to the disease model, the
effects on the conventional signs of keratinocyte prolifera-
tion may be more related to isostearic acid in mice.

Upregulation of cytokine markers in course
of disease

To investigate how the components of the induction creams
influence the cytokine response we collected samples of
brain and skin from animals at day 7 of both studies. Fig-
ure 3 displays results from skin samples collected in the first
study (other results of this study are displayed in Fig. 1).
Figure 4 displays results from skin samples collected at final
day of second study (other results of this study are displayed
in Fig. 2). Brain samples were collected to check systemic
inflammation response of chemokines (Fig. 5) (McColl
et al. 2016; Nerurkar et al. 2017). Samples gathered in first
study were collected on day seven, 27 h after last application
of creams when induction effects may have been reduced
(Fig. 3).
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Fig.2 A Accumulated skin
score based on the parameters:
redness, thickness and scaling
(scores each between 0 and

4, with 4 being most severe).
BALB/cIRj females (8 weeks
old, n=8 per group) were
treated with different formu-
lations of induction cream

(50 mg) for seven consecutive
days. Scored was dorsal skin
and first changes were observed
on day 3. B Change of body
weight during study vs day 0
(n=8). C Weights of livers at
day of termination (n=8). D
Weights of spleens at day of
termination (n=8). E Pictures
of dorsal skin of one representa-
tive animal of each group at
day 7 ante mortem (scale bar
represents 100 um). F Skin
score of parameters redness,
thickness and scaling (scores
each between 0 and 4, with 4
being most severe) (n=4). G
Analyzed histological param-
eters from dorsal skin collected
at final day of study (n=4). H
H&E staining of skins collected
at final day of study. I Analyzed
Ki67 positive cells in dorsal
skin collected at final day of
study (n=4). J Ki67 stain-

ing (TxRed) on DAPI nuclear
counterstaining captured at x40
(scale bar represents 100 pm).
In graphs A, B and F groups
were compared against vehicle
cream and tested with ordinary
two-way ANOVA with Bonfer-
roni’s comparison. In graphs

C and D Kruskal-Wallis test
with Dunn’s comparison was
used after Shapiro-Wilk test for
normality. Data represented as
means with error bars as SD. p
values <0.0001 are indicated
<0.001 are indi-
p<0.01 are indi-
cated as **p <0.05 are indicated
as *Groups were compared with
vehicle cream
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Although isostearic acid caused the highest skin score a
higher inflammatory reaction at a gene expression level was
observed in IMQ induced dorsal skin samples in this experi-
ment, and was highest in 7% IMQ induced samples where
a dose dependence between cytokines and IM(Q) concentra-
tion can be observed. Addition of DMSO had no effect on
cytokine expression. Clinical cream was more effective on
IL-17A and IL-17F eytokine expression than other 5% IMQ
formulations without increasing TNFo or IL-6 signal (Fits
et al. 2009). These results show a tendency to induce pso-
riasis relevant proinflammatory cytokines, which indicates a
role of IMQ in this model. However, effects may depend on
the time between substance application and measurement. In
this study, we chose a period of 27 h after the last application
(overnight) which reflects conditions in published models

and potentially a means to observe the “chronic™ or “trough”
expression levels following repeated stimulus.

In the second study, we sampled 2 h after the last appli-
cation of cream and we assessed a wider range of relevant
targets, (Fig. 4) including inflammasome related markers,
IL-1p and NLRP3 which are influenced in the model (Walter
etal. 2013). TNFo and IL-6 were slightly upregulated while
other markers (IL-17A, IL-17F, IL-23A and IL-22) were
significantly upregulated. The IL-17 family cytokines and
IL-22 are known to play a central role in clinical psoriasis
(Yang et al. 2021). The relative effects of IMQ and isostearic
acid were differed as in previous reports (see Fig. 3 and Fits
et al. 2009), however, these samples were taken 2 h after the
final application of the cream which may increase effects of
isostearic acid and explain the variations in the results. The
implication is that responses to isostearic acid are shorter
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Fig.4 Levels of IL-17A, IL-17F, IL-23A, IL-22, IL-1b, TNFa, IL-6
and NLRP3 mRNA in dorsal skin samples from study 2 by qPCR.
Fold change compared to untreated (sham) control. Kruskal-Wal-
lis test with Dunn’s comparison was used after Shapiro-Wilk test for

in duration than those to IMQ and possibly indicate a more
local proinflammatory reaction.

In addition to skin samples, we analyzed samples from
brain (Fig. 5) collected at the same time as skin samples
(Fig. 4). However, unlike skin, changes in gene expression
in the brain can only be seen in animals receiving the com-
bination cream. Systemic IMQ has been shown to influ-
ence chemokines in brain tissue (Nerurkar et al. 2017),
but here we show that only the combination is able to
induce these chemokines via the topical route. Disruption
of the blood-brain-barrier by one of the compounds could
play a role (Nerurkar et al. 2017; Bourgognon et al. 2019),
however, substance concentrations in brain tissue are nei-
ther elevated for IMQ nor isostearic acid in groups receiv-
ing the combination (Fig. 6) suggesting that disruption is
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normality. Data represented as means with error bars as SD (n=8).
p values £0.0001 are indicated with **¥**p<(0.001 are indicated as
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were compared with a clinical imiquimod cream

unlikely. The main markers that we found to upregulated in
brain (chemokines, IL-1p, TNFa) were not those that were
upregulated in skin (IL-22, IL-23). The chemokines are
closely connected with virus-induced neuroinflammation
(Butchi et al. 2008). Nerurkar et al. (2017) were able to
measure elevated levels of chemokine markers after topical
treatment with Aldara®. They explained their results by a
priming phenomenon due to peripheral immune stimula-
tion with IMQ. The concentration of IMQ in the brain
tissue that we report here was low, compared with a study
published by Butchi et al. (2008), where IMQ was directly
injected into the brain. These data suggest the hypothesis,
that the combination of IMQ elevates chemokine levels
without overcoming the blood-brain-barrier (see Fig. 6 for
IMQ brain concentration).
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Fig.5 RNA levels of CCL3, CCL9, CXCL10, CXCL13, IL-1b,
TNFa, IL-22 and IL23A in collected brain samples from second
study were measured via qPCR. Fold change compared to untreated
(sham) control. Kruskal-Wallis test with Dunn’s comparison was

Retention of substances in skin

We assessed animals for distribution of IMQ and isostearic
acid 2 or 27 h after last application of creams (both after 7
days of consecutive application of cream) on dorsal skin
using HPLC-MS/MS. Previous studies showed that IMQ is
rapidly distributed to tissue with a particular affinity to skin
(oral and dermal application) (Jabeen et al. 2020; Pharma-
ceuticals 2009; Paula et al. 2008). Although, IMQ is quickly
metabolized by a first-pass effect, topical application pro-
longs systemic exposure (Pharmaceuticals 2009). IMQ is
able to penetrate into skin and it is retained in the stratum
corneum (Jabeen et al. 2020; Paula et al. 2008). The local
concentration can increase over six days with continued
application (Jabeen et al. 2020).

In dorsal inflamed skin we observed high concentrations
of IMQ (20 mM in the IMQ group and 13 mM in IMQ/
isostearic acid group) 2 h after cream application (Fig. 6).
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Lower concentrations were also detected in healthy (non-
inflamed) ventral skin (0.4 mM in the IMQ group and 1
mM in IMQ/isostearic acid group). For IMQ/isostearic acid
cream, concentrations were also measured 27 h after appli-
cation. IMQ concentrations were significantly lower in both,
dorsal (0.2 mM) and ventral skin (0.15 mM). Concentrations
in the two areas almost equalized over this period. Other
organs showed IMQ concentrations in lower uM ranges.
Ranges, nonetheless, high enough to stimulate proinflam-
matory responses based on known TLR7 affinity. No major
changes were observed in IMQ levels in organs other than
skin over the course of time. The skin might act as a IMQ
depot and release it over time and thus generates a prolonged
systemic stimulation. The fact that levels in ventral skin were
as high as in dorsal skin (site of application) after 27 h,
suggest that either it was re-distributing within skin or via
grooming, or that it was accumulating from the systemic
circulation. The levels in the ventral skin were not associated
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with any form of obvious “psoriatic” transformation and this
is, in turn, consistent with the observation that IMQ itself is
less effective in causing psoriaform lesions.

Quantification of isostearic acid (Fig. 6, lower panel)
showed ca. 70 mM in dorsal skin where the combination
cream was applied. Local concentrations in dorsal skin are
elevated 2 h after application. The contribution of remnant
cream on the skin is difficult to assess because overly vigor-
ously washing could also leach material from the skin itself,
nonetheless, rinsing steps ensure that detected levels are
from skin associated material. Absorbed cream is distrib-
uted to organs, like spleen and liver, where concentrations
reflect the treatment type. Naturally occurring “stearic acid
isomers” were detected in nontreated animals (parent masses
and retention times being similar). Brain levels of isostearic
acid were not elevated in combination with IMQ. The high
levels of Isostearic acid in dorsal skin could act as a local
proinflammatory stimulus as concentrations are substantially
elevated for hours.

Discussion

There is often a degree of time sensitivity in pharmacology
studies with short duration models favored over longer ver-
sions for reasons of efficiency, ethics or simplicity. Often,
shorter duration is obtained with higher dosed challenges
or, indeed, more complex challenges. In developing a model

based only on IMQ we faced questions about not only the
degree of severity (50-60% of clinical formulations) but
also duration (9-10 days instead of 5-7). These data sug-
gest that a “pure” IMQ “psoriasis” model can be conducted,
it requires only more time. While it is unlikely that simply
inhibiting TLR7 signaling would be sufficient for a thera-
peutic effect in human patients, we suspect that the transi-
tion to skin pathology with IMQ is not strictly driven by
TLR7 agonism alone. Rather, we propose that the effects in
skin may be related to inhibition of the adenosine receptors
A(1) and A(2A) in addition to or in concert with cytokine
increases related to TLR7 agonism (Schion et al. 2006; Wolff
et al. 2013). Indeed, in such a mixed challenge model (IMQ/
isostearic acid), a number of pathways are activated locally
and systemically. Some effects are caused by multiple path-
ways, and others are specifically related to one challenge
agent. Thus, it should not be assumed that compounds with a
“single specific mode of action™ should influence all aspects
of pathology unless they impact an extremely central regula-
tor. Action on a very central regulator is not always desirable
in terms of safety (see glucocorticoids). Rather, assessing a
range of signals will help deconvolute which aspects a given
therapy can influence. It may also lead to assessment in a
more focused model where there is less complex activation
of different pathways.

Finally, mouse strain selection may play a greater role
than is often appreciated and while many models are con-
ducted in the C57BL/6 background, others like this one
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use BALB/cJR] for the simple convenience of more easily
observing the skin score and reddening. However, contrast-
ing results have been obtained in C57BL/6 mice, includ-
ing the suggestion that high doses of IMQ (156 mg/kg)
cause systemic vs. local signs which are reported to be just
as apparent at 50 mg/kg IMQ with the lower dose actually
associated with more significant local score (Horvith et al.
2019). These data may suggest a form of “spillover™ to the
systemic circulation at high doses that may be in excess of
that required for local effect, especially when skin appears to
accumulate or retain the substance. In this context, we will
continue to examine effects of the two most eliciting com-
ponents of clinical imiquimod formulations in both mouse
strains, taking account of the effects of melanin and other
C57BL/6 immune attributes in follow-up studies.

While clinical imiquimod formulations provide a
convenient means to induce psoriasiform like lesions in
mice with IL-17 involvement, the composition in rela-
tion to the mode of action is potentially more complex
than is widely appreciated. It is important to recall that
the original proposed use was to stimulate rejection of
warts, and more recently, clinical imiquimod formula-
tions have demonstrated efficacy in rejection of early skin
cancers (Rosso 2005). Biochemical investigations suggest
a range of effects of IMQ, which was widely considered
to be the active principle in the induction of psoriaform
like lesions in mice (TLR7 agonism, adenosine receptor
inhibition and interactions with the hedgehog pathway)
(Schon et al. 2006; Wolff et al. 2013). However, in human
use, while redness/erythema is noted, effects are rarely
“psoriasiform” and isostearic acid is considered an uncon-
troversial ingredient in human cosmetics (CIR 2013; Berg-
feld et al. 2018). The difference between human use and
murine uses is almost certainly first the dose. Human use
would rarely exceed one sachet or 250 mg of cream—12.5
mg of imiquimod (assuming use of the full sachet), or 0.5
mg/em? or 0.18 mg/kg. In contrast, the dose commonly
used to induce the model in mice is between 62.5 and 156
mg/kg—350-870-fold higher. The dose for isostearic acid
would be 62.5 mg or 2.5 mg/em?, or 0.9 mg/kg in human
patients. In mice, it is of the order of 625 mg/kg (ca. 700-
fold higher) or 6.25 mg/cm?. These differences in overall
dose probably explain both systemic spillover in mice and
more profound local effects. Accounting for metabolic
rate, the exposure in mouse is still at least 100-fold over
that which is common in human use. On the other hand,
a lower sensitivity to TLR-agonist induced inflammation
can be observed in mice with doses used in murine models
showing intolerable adverse effects in clinical studies (see
Resiquimod) (Pockros et al. 2007). This further points to
the possibility that the contributions individual compo-
nents of clinical IMQ formulations have on inflammation
differ significantly between a murine and human setting.

Data reported here demonstrate that isostearic acid
appears to have an important role in stimulating initial skin
signs in the psoriasiform model. In contrast, IMQ appears
to take longer to induce skin effects and is instead rather
potent in cytokine induction. Our observations suggest that
the clinical formulation is, in many ways, optimal in terms of
cytokine induction, and compositions with the same amount
of IMQ and isostearic acid differ in subtle ways from the
formulation sold as Aldara® in disease induction. Nonethe-
less, should workers wish to use a defined, non-commercial,
preparation, the cream formulations we describe can at least
be reproduced in their functional properties with and without
the key ingredients. This should make it more straightfor-
ward to deconvolute drug effects.

Conclusion

The induction of psoriaform skin inflammation in mice is
not solely due to a stimulus by IMQ. Isostearic acid, one of
the main components of clinical formulations is a key trig-
ger in the disease model. Studies using clinical creams for
induction need to take this into account. Further analysis,
especially regarding cellular mechanisms, should elucidate
the exact role of isostearic acid in vivo in mice.
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1 Abstract

TLR Agonists have promising activity in preclinical models of viral infection and cancer. However,
clinical use is only in topical application. Systemic uses of TLR-ligands such as Resiquimod, have
failed due to adverse effects that limited dose and thus, efficacy. This issue could be related to
pharmacokinetic properties that include fast elimination leading to low AUC with simultaneously
high cmax at relevant doses. The high cmax is associated with a sharp, poorly tolerated cytokine pulse,
suggesting that a compound with a higher AUC/emax-ratio could provide a more sustained and
tolerable immune activation.

Our approach was to design TLR7/8-agonist Imidazoquinolines with endosomal tropism via acid
trapping using a macrolide-carrier. This can potentially extend pharmacokinetics and simultaneously
direct the compounds to the target compartment. The compounds have hTLR7/8-agonist activity
(EC50 of the most active compound in cellular assays: 75-120 nM hTLR7, 2.8-3.1 pM hTLRS8) and
maximal hTLR7 activation between 40 and 80% of Resiquimod. The lead candidates induce
secretion of IFNo from human Leukocytes in the same range as Resiquimod but induce at least 10-
fold less TNFo in this system., consistent with a higher specificity for human TLR7. This pattern was
reproduced in vivo in a murine system, where small molecules are thought not to activate TLRS. We
found that Imidazoquinolines conjugated to a macrolide or, substances carrying an unlinked terminal
secondary amine, had longer exposure compared with Resiquimod. The kinetics of pro-inflammatory
cytokine release for these substances in vivo were slower and more extended (for comparable AUCs,
approximately half-maximal plasma concentrations). Maximal IFNa plasma levels were reached 4 h
post application. Resiquimod-treated groups had by then returned to baseline from a peak at 1 h. We
propose that the characteristic cytokine profile 1s likely a consequence of altered pharmacokinetics
and, putative endosomal tropism of the novel substances. In particular, our substances are intended to
partition to cellular compartments where the target receptor and a distinet combination of signaling
molecules relevant IFNa-release are located. These properties could address the tolerability issues of
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37  TLR7/8 ligands and provide insight into approaches to fine-tune the outcomes of TLR7/8 activation
38 by small molecules.

39
40 2 Introduction

41 The term immunotherapy is mostly associated with the treatment of cancer by checkpoint inhibitors,
42 cell-based approaches or vaccinations.(1). In a broader sense, immunotherapy describes therapeutic
43 concepts aimed at modulating the host immune system to treat conditions related to neoplasia and
44 infection as well as autoimmune conditions (2)(3)(4). The possibility of harnessing the diverse

45  defense mechanisms of the immune system itself circumvents some of the limitations of pathogen- or
46  neoplasm-directed pharmaceuticals, particularly the development of resistance to those drugs by

47  mutations in their molecular targets. Correspondingly, immune activating therapies could be useful
48 for infectious diseases for which a drug specifically targeting the pathogen itself is not yet available
49 (4)(5)(6). One of the first treatments relying on immune activation to interfere with an ongoing

50  infection or neoplasm was the use of recombinant Interferon alpha (IFNg) in the treatment of Hairy
51  Cell Leukemia, Hepatitis B and Hepatitis C (before HBV/HCV were identified) (7)(8)(9). Indeed,
52 recombinant IFNo was the first approved immunotherapeutic agent and the most thoroughly

53 clinically characterized immune stimulant. It has been used for decades as a treatment of various viral
54  diseases and cancers (8). While there has been a considerable focus on checkpoint blockade via

55  antibodies targeting the PD1/PD-L1-axis (10), stimulation of the immune system through activation
56  of pattern recognition receptors (PRRs) and particularly Toll-like-receptors (TLRs) is another

57  promising concept that has been widely investigated, especially in dermatological cancers

58  (11)(12)(13). In contrast to immunotherapies focused on blocking of inhibitory receptors and thus
59  overcoming immunosuppression, agonists to PRRs activate immune response through increasing the
60  expression of surface-bound and secreted mediators of inflammation making this stimulatory

61  approach more similar to the direct use of recombinant cytokines such as IFNa as therapeutic agents

62 (13)(14)(15)(16)(17).

63  Toll-like receptors are membrane-integral PRRs with varied representation in different species — 10
64  subtypes have been identified in humans and 12 in mice. Regardless of species, TLRs can generally
65  be subdivided based on the orientation of their ectodomains either towards the extracellular space or
66  the luminal space of endosomal vesicles. In humans, TLR1/2/4/5/6/10 are localized in the plasma

67  membrane while TLR3/7/8/9 are restricted to vesicular membranes. TLR 10 1s not present in mice but
68  TLR11/12/13 arc and all localize to membranes of intracellular compartments (18). Ligand binding
69  results in the formation of receptor dimers and recruitment of adapter proteins containing a TIR

70  domain which vary with receptor type. The signaling cascade of all TLRs except for TLR3 uses the
71  common adapter MyD88 to subsequently activate NfiB and IRF1/3/5/7/8 depending on receptor and
72 cell type, with activation of NfkB and IRFS5 being linked to the induction of pro-inflammatory

73 cytokines and IRF1/3/5/7/8 having a role in regulating expression of type I interferons (19)(20)(21).

74 The endosomal nucleic acid-sensing TLRs 7/8/9 are similar in terms of their natural ligands.

75  localization and direct engagement of MyD88. This is in contrast to plasma membrane-localized

76  TLRs which employ additional adapters such as TIRAP and TRAM or TLR3 which uses TRIF as its
77  downstream adapter. TLR7/8/9 can therefore be classified as a sub-family of TLRs (14)(19). TLR7
78  and 9 are highly expressed in plasmacytoid dendritic cells (pDCs), which play a central role at the
79 interface between the innate and adaptive immune response to viral infections (22). However, their
80  impact on cancer and immune evasion is ambiguous (23)(24). TLRS is highly expressed in

81  monocytes, macrophages and myeloid dendritic cells (mDCs) (25).
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The outcome of intracellular TLR activation can vary considerably as a consequence of receptor
expression being limited to specific cell types with characteristic signaling cascades and downstream
mediators of inflammation (26). For example, TLR7-mediates release of large amounts of Type I IFN
from pDCs. This is in contrast to its role in monocytes, where TLR7 activation by Imiquimod
induces secretion of the classieal inflammatory cytokines Interleukin-6 (IL6) and -1p (IL1p) but
IFNo/p release is instead mediated by TLR8(22)(27).

Ligand-dependent cytokine expression patterns in a single cell type have been demonstrated for
TLRY, for which several classes of synthetic oligodeoxynucleotides (ODNs) with different signaling
outcomes have been identified. A distinct induction of either IRF- or NfiB-relayed signaling was
originally reported to be dependent on ODN sequence and has later been demonstrated to vary based
on the subcellular location of receptor engagement (28)(29)(30)(31). In this context TRAF3 and
IKKao act as the central mediator of IRF7 phosphorylation and induction of type [ IFNs following the
activation of TLR9 and 7 (32)(33)(34)(35).

Given the similarities in the respective signaling cascades, a similar spatial factor to the outcome of
TLR7 activation is plausible, although not yet demonstrated (35). Clear differentiation of the
signaling by TLR7 and 8 in native cells will, however, be complicated because there is some overlap
also in their ligand preferences. TLR9 signaling, however, can be distinguished because it recognizes

unmethylated CpG motifs in DNA (36).

In addition to their ability to bind specific nucleic acid sequences, TLR7/8/9 possess dedicated
binding sites for either guanosine (TLR7), uridine (TLRS8) or cytosine (TLR9) and simultaneous
engagement of both binding sites enhances receptor activation (11). While signaling through TLR9-
appears to require a longer oligonucleotide ligand, several synthetic small molecules
(mononucleotide analogs) sufficient to activate TLR7/8 are available. The most widely used class of
small-molecule TLR7/8-activators are Imidazoquinolines, particularly the most prominent members
of this class, Resiquimod (TLR7/8) and Imiquimod (TLR7). Imiquimeod is the only FDA-approved
agonist to an intracellular TLR to date. Its applications include the topical treatment of basal cell
carcinoma or genital warts. Imiquimod probably interacts with other receptors in addition to TLR7
but its efficacy appears to depend on induction of [FNe, tumor necrosis factor o (TNFa), interleukin
12 (IL12) and other pro-inflammatory mediators (15).

The more potent Imidazoquinoline, Resiquimod originally showed promise in various pre-clinical
models of neoplastic or infectious disease (37)(38)(39), however, these results have not translated in
wider clinical trials. Topical treatment of genital herpes with Resiquimod had encouraging effects in
Phase II but not 1n Phase III (40). In the treatment of chronic Hepatitis C, oral Resiquimod could
transiently reduce viral titers but effective doses caused systemic adverse effects consistent with an
excess induction of inflammatory cytokines, particularly IFNo (41). Similar adverse events were
observed for daily Imiquimod use (42). These adverse effects, often in the form of “flu like™
symptoms, limit the systemic use of TLR7 and 8 activators and likewise IFNo. In the latter case,
efforts have been made to increase the therapeutic window by PEGylation of recombinant IFNa to
improve the pharmacokinetic profile (9), lengthen circulating half-life and allow longer mtervals
between treatments. Efficacy and adverse event benefits compared with the un-PEGylated cytokine
were variable (43)(44).

Following a similar rationale, we hypothesized that the therapeutic index of small molecule TLR
agonists like Resiquimod is limited by a range of factors: very steep dose response characteristics (all
or nothing), the short half-life and poor tissue distribution necessitating the use of relatively high
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126 doses to achieve sufficient activation, the transient stimulation and, correspondingly, the high
127  maximal concentrations relative to the AUC of pro-inflammatory cytokines that are induced.

128 The transient effects are due to the fact that Resiquimod is unstable and rapidly metabolized. After
129  oral application major metabolites are 6-OH-Resiquimod and 7-OH-Resiquimod via CYP1A2;
130 desethyl or N-oxide Resiquimod via CYP3A4: or 8-OH-Resiquimod via one of both enzymes.

131  Unchanged Resiquimod is only detectable in minor amounts in either urine (< 5%) or feces (< 1%)
132 (45)(46). Imiquimod metabolism is associated with the formation of at least five different

133 monohydroxylated metabolites through CYP1A isoforms (47).

134 The binding sites of known small-molecule agonists of TLR7 and 8 are each located in the same
135 motif. The aminoquinolyl moiety mediates agonistic receptor binding through stacking effects and
136 through hydrogen bonds (48)(49)(50)(51). The butyl side chain interacts hydrophobically with the
137  binding pocket of the receptors. The length of 4 atoms appears optimal for interaction with hTLR7
138 while heteroatoms in this side group, such as an oxygen in Resiquimod, moderately increase the
139 affinity (52.53). A smaller contribution to the binding affinity is made by van der Waals interactions
140 of the 2-methylpropan-2-ol side chain (49)(54).

141 Due to the slightly lower importance of that interaction, the 2-methylpropan-2-ol side chain was

142 chosen as the starting point for modification and linking via side groups listed in reaction scheme 1 in
143 Figure S1 (Al to A4), which could be further extended by a macrolide (Al-mac and A2-mac; see
144 Figure S2). The linking molecules functioned as a spacing between TLR agonistic

145 imidazoquinolinone and macrolide but can also contribute hydrogen bonds as in the 2-methyl-

146  propan-2-ol of Resiquimod. The macrolide site consists of Azithromycin coupled to the TLR binding
147  site at the desosamine via an N-methyl iminodiacetyl. Azithromyein provides a high volume of

148  distribution, concentration in immune cell endo/lysosomes, high exposure to liver, lung and spleen
149 and sub-cellular separation from cytochrome p450 containing organelles (55)(56). Compared with
150  other common macrolides, it exhibits increased stability to acids, low hERG affinity, and a greater
151  ability to concentrate in cells due to its dual amines (57)(58). Many of these effects are related to its
152 properties as an amphiphilic di-basic compound for which the pkas of the amines correspond well to
153 those required to be neutral during membrane traverse but charged in acidic intracellular

154  compartments.

155  Building on our previous experience with lysosome-directed compounds(55.59). we set out to

156  prepare TLR7/8 ligands with high exposure to the endo/lysosomal lumen by exploiting the properties
157  of acid trapping in the assumption that amphiphiles would be ideal ligands for endosomal TLRs. We
158  designed these ligands in a way that would make them suitable for linkage to carrier molecules, such
159  as Azithromycin, peptides or proteins, i.. retain activity, when conjugated. The ligands described
160 here were directed to their target organelles, either by manipulating the properties of the ligand

161  substituents themselves, or via conjugation to Azithromycin, which would dominate the properties of
162 the resulting compound. In parallel we optimized for high in vivo stability as well as favorable

163  pharmacokinetic properties following parenteral application. Based on the expected pharmacokinetic
164  properties of our ligands. we expected differences in release kinetics of inflammatory mediators,

165  when compared to other Imidazoquinolines and, correspondingly. changes in maximal and

166  cumulative plasma concentrations of those mediators. What we did not expect were changes in the
167  cytokine spectrum induced by our ligands that may improve tolerability. Here we report the initial
168  characterization of the compounds as small molecules, that may be useful as immune stimulants in
169  cancer and infection.



»Imidazoquinolines with improved pharmacokinetic properties induce a high IFNa to TNFa
ratio in vitro and in vivo®

170

172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187

188

189
190
191
192
193
194
195
196
197

198

199
200
201
202
203
204
205
206

207
208
209
210

Novel TLR7/8 agonists with improved pharmacokinetic properties

3 Methods

3.1 Synthesis and Characterization

All chemicals were purchased from commercial sources and used as received. Reaction monitoring
was performed via mass spectrometry (Finnigan LCQ Deca XP MAX, Software Xcalibur 2.0.7 SP1)
and TLC (Merck TLC Silica gel 60 F254). TLC spots were detected with Hanessian’s stain, based on
a Cerium Molybdate solution and heat. NMR spectra were recorded with a Bruker Avance 400 (400
MHz) or Bruker Avance III (300 MHz). Substances were dissolved in CDCl3 and chemical shifts
(ppm) were referenced to CHCls/tetramethyl silane. Coupling constants (J) are given in Hz. After
reaction steps solvents were evaporated with rotary evaporator (RV8 IKA, KNF SC 920) under
vacuum. 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 HPLC (Varian ProStar) and ELS detection (Sedere Sedex 80). Mobile phases
contained water (0.05 % formic acid) and methanol (0.05 % formic acid) as gradients. Stationary
phase was ReproSil-Pur 120 C13-AQ, 5 pm, 75%3 mm (Dr. Maisch). High resolution mass spectra
were recorded with a Bruker maXis 4G ESI-TOF from Daltonik [JL1]. 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 to 1350. Detailed synthesis
and reaction procedure can be found in SI.

3.2  Stability in whole blood, U937 and RPMI

Human blood products used in the in vitro assays (for cell stimulation and stability) were obtained
from the center for transfusion medicine in Tiibingen, Germany (Zentrum fiir Klinische
Transfusionmedizin Tiibingen GmbH, (ethical approval number ZKT-FoPro202106-2305-01). Test
compounds (1 pM) in either culture medium (RPMI-1640 medium containing 10% fetal bovine
serum, 60 mg/l Penicillin G sodium salt and 100 mg/l Streptomycin sulfate (all Biowest)). human
blood (diluted 1:1 with culture medium) or a suspension of 5x10° cells/ml U937 in culture medium
were incubated at 37 °C, 450 rpm on a shaking incubator. At the indicated time points 50 pL of
blood. cell suspension or medium were collected and prepared for HPLC-MS/MS-Analysis as
detailed below.

3.3 HPLC-MS/MS

All samples were extracted with 3 or 6 volumes acetonitrile containing terbuthylazine as an internal
standard (ACN) relative to either sample weight or volume. Liquid samples (plasma. culture medium,
cell suspensions in stability experiments) were diluted in either 3 (culture medium, cell suspensions)
or 6 (plasma) volumes ACN, pellet and blood samples were extracted by addition of ACN followed
by sonication for § min. Organ samples were digested with 0.5 pg/mg Proteinase K (Genaxxon) for 1
h at 50 °C before being homogenized using a Fastprep FP-24 5G instrument (MP-Biomedicals).
Homogenates were diluted with 6 volumes ACN and homogenized again. All extracts were cleared
by centrifugation at ~20.000xg for 10 min at 4°C.

Quantification of analytes was performed on an Agilent 1260/1290 Infinity system fitted with an
Agilent C18 Poroshell 120 column (4.6 x 50 mm, 2.7 pm) coupled to a triple quadrupole Sciex API
4000 MS/MS detector. The mobile phase was composed of water containing 0.1 % formic acid
(eluent A) and acetonitrile containing 0.1 % formic acid (eluent B). Gradient used was: 5 % B for 0.5
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211 mun, to 100 % B in 4.5 min, 100 % B for 2 min, to 5 % B in 0.5 min, 5 % for 2.5 min. MS detection
212 parameters are listed in SI Table S1.

213 3.4 TLR7/8 SEAP reporter Assay (HEK blue)

214  HEK blue hTLR7 or hTLRS reporter cells (Invivogen) were cultivated in DMEM High Glucose
215  (Biowest) according to the manufacturer’s instructions. Cells were treated with test compounds and
216  controls at various concentrations in serum-free DMEM and incubated at 37°C, 5% CO; for 24 h
217  before supernatants were collected.

218  Relative secreted embryonic alkaline phosphatase (SEAP) activity in the supernatants was

219 determined by quantification of para-Nitrophenyl Phosphate (pNPP)-turnover. Supernatants were
220 diluted 10-fold in a solution containing 1 mM MgCly, 1 M diethanolamine and 1 mg/mL pNPP and
221  incubated at RT for 15 min before the reaction was stopped by the addition of 0.25 volumes of 1 M
222 NaOH. Absorbance was measured at 405 nm on a Versamax microplate reader (Molecular Devices)
223  and normalized to the mean of >5 solvent controls.

224 3.5 Viability assay and live-dead staining (MTT and Dye Exclusion)

225 3-(4,5-dmmethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) turnover was used to identify
226  potential compound effects on cell metabolism and indirectly assay changes in cell number or

227  wviability. HEK Blue reporter cells were cultured and exposed to compounds as deseribed above and
228 20 pl supernatant were collected for SEAP activity assays. U937 monocyte-like cells were cultured
220 in RPMI-1640 containing 10 % FBS, differentiated by addition of 100 nM PMA for 2 days and

230  exposed to compounds at varying concentrations or solvent for 2 days. MTT dissolved in PBS was
231  added to the cells to a final concentration of 1 mg/ml. Cells were then incubated at culture conditions
232 for 1 h. Supernatants were removed after centrifugation at 400xg for 5 min and the formed formazan
233 dye was dissolved in DMSO. Absorbance was measured at 570 nm and readings were normalized to
234 solvent treated controls.

235 Exclusion of Helix NIR (BioLegend) was used to assay membrane integrity following compound
236 treatment. Culture conditions for U937 were as described above, undifferentiated cells were

237  incubated with varying concentrations of compound or with solvent. Helix NIR was added to the
238 cells to a final concentration of 10 nM, cells were incubated at RT for 10 min and acquired on a ZE5
239  Cell Analyzer (Bio-Rad). The cutoff for positive staining was set to approximately the 99 percentile
240 of unstained cells.

241 3.6 Full blood stimulation Assay

242 Human peripheral blood of healthy donors was diluted in an equal volume of culture medium as
243 described in 3.2, blood was treated with test compounds or controls at various concentrations and
244 incubated at 37°C, 5% CO: for 6 h. Cells were pelleted by centrifugation at 400xg for 5 min and
245 supernatants were collected.

246 3.7 Quantification of cytokines by ELISA or cytometric bead array

247  Cytokine concentrations in samples were quantified either by ELISA (hTNFa, R&D Systems;
248  hIFNa, Mabtech) or cytometric bead arrays (CBA. LegendPlex mouse anti-virus response panel,
249  BioLegend) according to the manufacturer’s instructions. CBAs were acquired on a ZES Cell
250  Analyzer (Bio-Rad) and analyzed using the LegendPlex Software Suite (Qognit/BioLegend).
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Absorbance of ELISA-samples was quantified using a Versamax microplate reader (Molecular
Devices).

3.8 Experimental animals, sampling and compound formulation

Experimental Animals. All animal experiments were carried out in accordance with German law
(application 35/9185.81-7). Mice, 8-18 weeks old, were purchased from Janvier Laboratories and
maintained in a specific-pathogen-free animal facility with chow and water ad libitum. After arrival
mice acclimated for a minimum of 7 days.

Formulation. Test compounds were prepared for application in either 1 % Tween 80, 9 % PEG400
in ultrapure water (Biowest) (Figure 3) or 5 mM ecitric acid in 0.9 % saline (Braun) (Figure 4, 5 and
6). If compounds were administered subcutaneously, injections were carried out into the neck crease.
Collection of Samples. Mice were bled from the tail vein at various timepoints. Heparin (Sigma) or
K3-EDTA (Sigma) was added to blood samples to a final coagulant concentration of 10-15 Unit or 5
mM. Plasma was generated by centrifugation at 6800xg for 8 min at 4 °C and stored at -80 °C until
analyzed by ELISA or CBA. Animals were sacrificed after the indicated time points by CO2
inhalation. Heart blood and organs for compound quantification by HPLC-MS/MS were collected
post mortem and stored at —20 °C until extracted as described above.

4 Results

Activity of the new compounds (Figure 1) on TLR7/8 was confirmed vusing the commercially
available HEK Blue reporter system. Corresponding to the dual specificity of structurally similar
compounds described by others (1)(2), HEK-Blue hTLR-7 and hTLR-8 were used to assess relative
potency on each receptor relative to Resiquimod (RSQ) as a reference compound. Results of the
initial sereening are in Table 1 and Figure 2A. While all structural variants retained TLR-7-agonism,
activation of hTLR-8 was reduced for compounds linked to a macrolide, carrying a protective group
or a longer spacer between the aromatic polycycle and the piperidine as in Al. Maximal induction of
SEAP varied between compounds and was generally highest for RSQ in repeated experiments, while
other compounds either reached a lower maximum and subsequent decrease in signal at lower
concentrations or became insoluble under the conditions used for the assay before reaching a plateau.
Average maximal activity in HEK-Blue hTLR-7 relative to RSQ was 58% for Al, 55% for Al-boc
and 41 % for Al-mac. The methyl-piperidine variants reached a higher maximal induction (A2-boc
86%, A2 81%, A2-mac 63%). SEAP secretion from HEK Blue hTLR-8 was close to baseline for Al
as well as the protected or macrolide-bound variants Al-boc, Al-mae, A2-boc and A2-mac, with the
former two showing low induction at very high concentrations without reaching a plateau at sub-
toxic concentrations. A2 (57%), A3 (36%) and A4 (18%) retained activity, although at a lower
maximal induction than that of RSQ.

The compound specific EC50 for the HEK Blue system is listed in Table 1. To obtain reliable
estimates, replicate measurements of a minimum of 2 experiments were normalized to the maximal
SEAP activity of a compound in a given experiment and pooled before fitting a non-linear function to
the data. For all compounds, we observed a reduction in SEAP activity in the supernatants above
certain compound concentrations. Data points above those concentrations were excluded before
curve fitting (Figures 2B, 83, 54).

The decrease in signal was assumed to be caused by toxic effects above certain concentrations. as
indicated by a change in cell morphology and reduced attachment to the plate surface. Sensitivity of
the reporter cells to toxic effects seemed to be closely related to serum concentrations during the
assay and was less apparent if higher serum concentrations were used (Figure S5A). To confirm this,
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295  we performed an MTT assay on the HEK cells after collection of the supernatants for SEAP

296  quantification (Figure 1 C upper two panels). While there was some reduction in MTT conversion at
207  concentrations similar to those for which we observed a decrease in SEAP secretion, obvious toxicity
298  could only be observed at 20 uM and is likely to be related to poor solubility and crystalizing of the
200  compounds at those concentrations. Further, a reduction in MTT conversion could be observed in
300 U937 cells and was again most apparent for the poorly soluble Al-boe, with 50% dye formation

301  relative to solvent controls at the highest concentration of 25 pM. Imiquimod and A1 reduced signal
302 to <90% at concentrations =6.25 uM. In contrast, a dye exclusion assay in U937 cells could only

303 confirm negative effects on membrane integrity for cells treated with 25 pM Al-boc, pointing to

304  additional compound effects on metabolism and proliferation of the cells as opposed to cell death.

305 Al and Al-mac were selected for further studies based on their similar specificity and activity. Blood
306  from 8 human donors was stimulated at varying concentrations of either test compounds or reference
307  for 6 hours. Secretion of key cytokines was quantified by ELISA. IFNa and TNFa were selected as
308  indicators for either NfikB- or IRF3/7-mediated signaling following stimulation. Maximal supernatant
309  concentrations of both cytokines varied considerably between donors (Figure 2E, Figure S5B). When
310  normalized to the maximal observed concentration for a given donor, relative IFNo induction was
311  robust and similar for both A1 and Al-mac as well as the reference, while the highest TNFa

312 concentrations were almost exclusively measured in supernatants of RSQ-treated samples (Figure
313 2D). This is consistent with the reduced affinity to TLRS apparent in the reporter assay (Figure 2A).
314  IFNa response for a given concentration was comparable for all compounds, in contrast to the lower
315 activity of Al/Al-mac in the HEK-blue system. However, overexpression of a given TLR and signal
316  transduction exclusively via NfxB mstead of IRF3/7 make the HEK system useful to estimate affinity
317  toa given receptor but might not reflect a more complex system with multiple adapter molecules

318  involved in a primary immune cell.

319  One of the issues we addressed by coupling a TLR-activating structure to a macrolide was poor

320  bioavailability of available TLR-agonists and the resulting limitations in possible routes for systemic
321  treatment. We confirmed the stability of our macrolide conjugates in biological systems in vitro. In
322 whole blood and cell based (U937) assays, compounds Al-mac and A2-mac were stable (Figure 3A)
323 over 24 h. We next sought to investigate whether stable coupling to a carrier known for good tissue
324 penetration and -distribution would translate to more favorable pharmacokinetics in vivo. To this end
325  we compared bioavailability following intravenous (1.v.), oral (p.o.) or intraperitoneal (i.p.)

326  application with cassettes containing Al-mac, A2-mac and RSQ. Blood samples taken from the tail
327  vein at various times and organ samples collected terminally were then analyzed for compound

328  concentrations by HPLC-MS/MS. Doses of compounds were selected based on known tolerance of
329 TLR agonists per route and restricted by detection limits of analytical methods (i.v. 0.5 mg/kg: 1.p. 2
330  mgkg: p.o. 2 mg'kg). As expected, 1.v. application (1.v. 0.5 mg'kg) showed highest blood

331  concentrations for all substances (cmax: RSQ 854 nM: Al-mae 392 nM; A2-mac 352 nM 15 min after
332 application) but also showed fast elimination (baseline level after 120 min) (Figure 3B) and low

333 tissue distribution (Figure 3C). Surprisingly, the oral availability of macrolide bound TLR agonists
334 was lower than expected and on the same level as RSQ (¢max RSQ 41 nM; Al-mac 28 nM, A2-mac
335 22 nM 15 min after application). This observation was unexpected, as macrolide-based substances
336 usually possess good oral availability. This is generally accompanied by good systemic distribution
337  and accumulation in tissues (55)(56)(60) and the relatively low plasma concentrations in this case
338  may also reflect retention in the gut epithelium, which has been observed for other similar

339  conjugates. In contrast, i.p. administration showed a distribution more similar to other macrolide-
340  conjugates described previously by us (55). Like 1.v. treatment, 1.p. (2 mg'kg), had rapid partition to
341 blood (emax RSQ 123 nM; Al-mac 299 nM; A2-mac 138 nM 15 min after application) and high
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concentrations of compounds Al-mac and A2-mac in tissue with high levels in the liver (RSQ <
LOD:; Al-mac 3390 nM; A2-mac 2522 nM) and kidney (RSQ < LOD; Al-mac 586 nM: A2-mac 449
nM). Given the low levels following oral application and the risk that it may stimulate the gut
excessively, the oral route was not used in subsequent in vivo studies.

We then compared the activity of Al and Al-mac in vivo. Since receptor engagement and activities
i1 vitro were very similar for Al and Al-mae, we hoped to be able to identify changes in activity
directly related to the macrolide carrier. Compounds were applied subcutaneously at 3, 6 or 12
pmol’kg. Plasma samples taken at various times before and after treatment were analyzed for
cytokine concentrations. Organs, terminal heart blood and peripheral blood 1 h post-treatment were
analyzed by HPLC-MS/MS. As in the last study (Figure 3B+C), high concentrations of Al-mac were
found in liver (5099 nM for 12 pmol/kg) and kidney (5481 nM for 12 pmol/kg) 8 h after treatment
(Figure 4A). This was not found for RSQ (33 nM in liver and 51 nM in kidney for 12 umol’kg) and
Al (173 nM 1n liver and 636 nM in kidney for 12 pmol/kg). Levels of Al were dose dependent for
all organs, with lung (868 nM for 12 pmol/kg) and tail blood high after 1 h (1557 nM for 12
pmol’kg). Concentrations measured for RSQ were generally lower with spleen being (202 nM for 6
pmolkg and 158 nM for 12 pmol/’kg) the highest of the organs analyzed.

These pharmacokinetic data confirm the known effects of macrolides on half-life and volume of
distribution, are in line with our previous study (Figure 3) and show that s.c. is a suitable application
route. For Al, the higher concentrations across all tissues point to better overall penetration and
stability when compared to RSQ, further supported by higher concentrations of Al in peripheral
blood 1 h post application (Al: 1557 nM, Al-mac: 696 nM, RSQ: 175 nM, for 12 pmolkg). Whole
blood was analyzed in these studies to take account of material portioned to cells.

Similar to the blood stimulation assays described earlier (Figure 2D), the induction of pro-
inflammatory cytokines and IFNo was clearly different between groups receiving RSQ and either Al
or Al-mac (Figure 4B). While RSQ treatment resulted in a sharp increase in TNFa and [FNo plasma
levels, peaking 90 min post treatment and falling close to baseline after 240 min, release kinetics
were generally slower in the groups receiving Al or Al-mac. Mice treated with Al-mac had a lower
TNFa peak at 90 min while in Al-treated mice it was at 120 min. IFNa levels stayed elevated over
the 8 h period of the study in Al and Al-mac treated groups.

Most striking was that in RSQ-treated groups, the peak TNFu concentrations were over 10 times
higher than in A1 or Al-mac groups. The area under the curve calculated from the TNFa plasma
values of mice receiving the lowest dose of 3 pmol'kg RSQ was about 4 times larger than the area
calculated for any Al or Al-mac treated group. In contrast to this, the AUCs for IFNo were similar
between groups (Table 2 top section).

While we anticipated different release kinetics based on the differences in pharmacokinetics
described earlier, the different cytokine release patterns were unexpected. Preference for TLR7 over
TLRS should not have an impact in murine systems (in which activity of RSQ is thought to be
dependent on TLR7 under normal circumstances (61)(62)) and the release of TNFa as well as [FNo
and other cytokines (Figure S6) were highest in the RSQ group receiving the lowest dose. We
suspected this to be due to a saturation effect and possibly overshooting feedback mechanisms. The
idea of negative feedback potentially decreasing the secretion of Type I IFN in RSQ treated animals
after a short burst 1s supported by the higher IL 10 levels observed only in those animals (Figure S6
bottom panels). In this case, differences in cytokine secretion could be explained simply by the
higher potency of RSQ compared to Al/Al-mac. To rule out differences in potency as the reason for
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386  the varymg cytokine profiles, we reduced RSQ doses to 0.1, 0.3, 1 and 3 pmol/kg and added 1

387  pmolkg as an additional dose for Al and Al-mac in a follow-up study. The doses were chosen so
388  the lowest dose for a given compound would be at the threshold of detectable activity while

389  reflecting the differences in maximal TLR 7-activation we originally observed in the HEK reporter
390  assay. When comparing the AUC in this study, we found a dose ratio of roughly 6-10 times the molar
391  dose of RSQ leading to comparable amounts of IFNa in Al and Al-mac treated groups, while 30-40
392 times the molar dose were necessary to induce similar levels of TNFa. More specifically, we could
393  not find a dose for which RSQ would induce similarly high levels of type I Interferon without also
394  leading to much higher release of TNFo than Al and Al-mac (Figure 5C, Table 2 bottom section).

395  We conclude from this that the specific induction of high levels of Type I IFN is a characteristic
396  feature of Al and Al-mac and cannot be reproduced by any dose of RSQ. These characteristics
397  might be related to the different stability and pharmacokinetic profile when compared to RSQ, to
398  varying receptor specificity or to differences in subeellular partitioning of the compounds.

399  Distribution of compounds to different organs was similar in pattern but varied in concentration when
400  compared to the previous study (Figures 5B and 4A). Taking the different dose ranges into account,
401 Al and Al-mac reach higher concentrations in tissues than RSQ 8 h post compound application (in
402 kidney at 3 pmol/kg RSQ: 10 nM Al: 469 nM Al-mac 2176 nM and in liver RSQ: <LLOQ Al: 45
403 nM Al-mac 6030 nM). Compound levels in peripheral plasma over time were analyzed in this study.
404  We found that not only the macrolide conjugate but also the free agonist A1 was detectable in plasma
405  over a longer period of time when compared to RSQ. This may, in part, be due to higher stability as
406  well as retention at and slower release from the injection site for Al and Al-mac (Figure 5B. narrow
407  panels).

408  Since we could not attribute our observations to dose alone and there are specific cases in which
409  murine TLRS is reported to be activated (63), we added Imiquimod as the prototypical TLR7-agonist
410 to act as an additional reference in our next study. Imiquimod itself is not solely reliant on TLR7
411  signaling to trigger its pro-inflammatory effects, being also an inhibitor of adenosine receptors (64).
412 However, it is inactive on TLR8 and more similar to Al and Al-mac in that regard. To account for
413 the lower potency of Imiquimod when compared to the other compounds. we used a dose

414 corresponding to the ~10-fold difference in potency relative to Al-mac indicated by the reporter
415 assay detailed earlier. We further chose doses for Al, Al-mac and RSQ based on those which

416  resulted in similar IFNa-AUC in the previous study and modified the protocol to include three

417  consecutive daily treatments to assess the effect of repeated applications on pharmacokinetics

418 (induced metabolism, accumulation) and cytokine induction.

419 Organ concentrations (Figure S7; collected after 4, 28 and 52 h) were similar to previous studies,
420  with highest concentrations in liver (RSQ: <LLOQ IMQ: 630 nM Al: 63 nM Al-mac: 2617 nM after
421 4 h;RSQ: <LLOQ IMQ: 824 nM Al: 82 nM Al-mac: 4461 nM after 28 h: RSQ: <LLOQ IMQ: 645
422 oM Al: 94 nM Al-mac: 6352 nM after 52 h). Interestingly. measured brain tissues showed baseline
423 orclose to baseline levels for RSQ (most likely at least partly due to the comparatively low dose), Al
424 and Al-mac, whilst IMQ was detected with increasing concentrations over the course of the study
425 (32 nM after 4 h; 135 nM after 28 h, 177 nM after 52 h). i line with carlier publications and our

426 observations connecting IMQ brain concentrations with systemic inflammatory responses (65)(66).
427  While there were some minor deviations in compound plasma levels between the first and

428  consecutive treatments (all peaked 60 min after each application; day 1: RSQ <LLOQ IMQ 796 nM,
429 A1171 oM, Al-mac 755 nM; day 2: RSQ <LLOQ, IMQ 606 nM, Al 85 nM. Al-mac 585 nM: day
430  3:RSQ <LLOQ, IMQ 608 nM, Al 66 nM, Al-mac 639 nM), the most prominent effect of repeated
431  doses is a decline in Interferon-secretion after the first treatment. Secretion of TNFo was fairly
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similar after each of the repeated treatments and remained low for all treatments with A1 and Al-mac
in comparison with IMQ and RSQ (Figure 6C shows days 1 and 2). IFNa induction was reduced
after the second treatment for all compounds and plasma levels on the third day generally remained
below the limit of detection. The decrease in INFa levels on the second day was more pronounced for
Al and Al-mac, both being at the limit of detection for type I Interferon concentrations in plasma
after the second treatment.

The induction of IFNa and TNFq after treatment with RSQ or IMQ were very similar in their kinetics
as well as the ratio of both cytokines. Al- and Al-mac-treated animals showed a delayed and more
sustained induction of IFNg and little TNFa in peripheral plasma after the first treatment, as in
previous studies.

5. Conclusion

The similarities between IMQ and RSQ in cytokine induction make differences in receptor specificity
an unlikely explanation for the divergent cytokine profile induced by A1/Al-mac. We hypothesize
that these observations are due to either PK and specifically release kinetics from the injection site or
possibly partitioning to specific cellular compartments. The differences in PK are clear from the data
reported here.

Additionally, we consider the option that subcellular location may be relevant in “polarizing” TLR7-
mediated signaling based on: firstly, the observations made by others demonstrating the outcome of
TLRY activation is dependent on the cellular compartment in which activation occurs
(28)(29)(30)(31): and, secondly, the considerable overlap between adapter molecules employed by
TLR7 and 9 to either activate NfiB or cause phosphorylation of IRF7, particularly TRAF6 or
TRAF3. Thirdly, our own observations that a structurally similar fluorescent tool compound
consisting of a macrolide core conjugated to a coumarin dye accumulated in endosomal
compartments (Laux er al.. in review) which could be organelles relevant to IRF7 activation. In
conclusion, we consider the possibility that preferential uptake of our compounds in those organelles
causes their characteristic cytokine induction, although preferential partitioning to specific
endosomes needs to be explicitly demonstrated.

Irrespective of the exact mechanism causing them, these data suggest that the compounds have
profound and distinct properties and biological activities relative to well-known compounds like RSQ
and IMQ. The new class differs from previous compounds in stability, distribution, spectrum and
duration of action. The conserved activity of the macrolide conjugate Al-mac indicates that the
compounds tolerate large bulky substituents at the linkage position and are also suitable for linkage
to other macromolecules This makes them potentially useful reagents for addition of immune
stimulatory properties to other compounds and agents such as polymers, proteins and antibodies.

The absence of a strong TNFa signal could increase the tolerability of the compounds in clinical use.
It remains to be seen whether this 1s advantageous for applications mn oncology. However, a variety
of tumors appear to benefit from high TNFo levels and this aspect may require more nuanced
investigation.

This cytokine profile with its emphasis on IFNa may potentially suit applications in treatment of viral
infections. The potency and specificity of the compounds as well as their induction of patient-specific

quantities of type [ IFN could make them suitable as an alternative to treatment with a fixed dose of
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recombinant IFNo. Nevertheless, the loss of the IFNa response on successive application may
indicate a risk of receptor saturation and immune exhaustion. The impact of time between treatments
on this effect has been demonstrated for RSQ in the past (67) and careful attention is required to
define a suitable dosing interval before application in a clinical setting.

Table 1: ECx values for compounds in HEK-blue human TLR7 and human TLRS receptor
assay (expressed as 95% CI, ND noted for no calculation of curve fit possible (adj. r* < 0.8)) and
average maximal SEAP secretion observed for a given compound relative to the maximum

secretion observed in the assay.

Compound TLR7 ECso TLR7 activity TLRS8 ECso TLRS activity
[uM] rel. to assay max | [uM] rel. to assay max

RSQ 0.47 to 0.77 95% 29t03.6 96%

IMQ 52t08.3 35% ND 3%

Al-boc 0.39 to 0.69 55% ND 4%

Al 0.096 to 0.22 58% ND 11%

Al-mac 0.40to 0.74 41% ND 5%

A2-boc 0.23 to 0.47 86% ND 4%

A2 0.075 t0 0.12 81% 28t03.1 57%

Al-mac 1.5t0 2.0 63% ND 4%

A3 1.0to 1.5 62% 82to 8.5 36%

A4 1.5t02.1 84% 11to13 18%

Table 2: AUC of TNFa and IFN¢ measured in peripheral plasma over an 8 h period after
application of equimolar doses (top section) or doses adjusted to the activity of the compounds
(bottom section) in female C57BL/6. Plasma of 3 individual animals per group was pooled and

analyzed via CBA.

TNFo AUC [pg/ml*min]

IFNa AUC [pg/m]*min]

0.1 0.3 1 3

0.1 0.3 1 3
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Al 6,50E | 1,66E | 3,49E 6,61E | 1,27E | 2,51E
+03 | +04 | +04 +05 | +06 | +06

Al

ma 6,92E | 2,38E | 7,56E 4,15E | 9,24E | 3,11E

c +03 | +04 | +04 +05 | +05 | +06

RS 3,20E | 2,82E | 2,63E 215E | 7,83E | 7,95E

Q +05 +05 +05 +06 +05 +05

Al 9,68E | 1,12E | 1,95E | 4,38E 6,98E | 492E | 1,14E | 1,93E
+03 | +04 |+04 |+04 +04 | +05 |+06 |+06

Al

ma 7A7E | 1,36E | 3,79E | 6,54E 3,25E | 3,02E | 1,59E | 1,94E

c +03 | +04 |+04 |+04 +04 | +05 |+06 |+06

RS [ 171E | 502E | 1,18E | 1,52E 1,08E | 5,56E | 1,10E | 9,72E

Q |+04 |+04 |+05 |+05 +05 | +05 |+068 |[+05
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505 10 Figure Captions

506 FIGURE 1 | Compound structures.

507 FIGURE 2 | In vitro characterization of candidate molecules (A) SEAP activity in supernatants of
508  HEK Blue reporter cells after 24 h stimulation with varying concentrations of test compounds

509  relative to solvent controls. (B) Dose response of Al and Al-mac in HEK Blue hTLR7. Circles

510  represent normalized replicate measurements pooled from 3 experiments. Lines represent non-linear
511  functions fit to the data to calculate compound-specific EC50; values in grey have been excluded
512 before fitting. (C) Percent MTT conversion of compound-treated HEK-Blue reporter cells (top

513 panels) or PMA-differentiated U937 relative to solvent controls OR percent of undifferentiated U937
514 excluding Helix NIR dye. (D) TNFo/IFNw in supernatants of human blood stimulated with A1, Al-
515 mac or RSQ for 6 h, n=8, concentrations normalized to the maximum concentration of each cytokine
516  for a given donor, data presented as mean = 95% CL. (E) TNFow/IFNa in supernatant for two

517  individual donors.

518  FIGURE 3 | Stability and bioavailability of macrolide conjugates. (A) Stability of Al-mac and A2-
519  mac was measured in human blood, U937 monocytes and RPMI medium over 24 h. (B, C)

520  Concentration of RSQ, Al-mac and A2-mac in peripheral blood and organs was assessed via HLPC-
521  MS after i.v., i.p. and p.o. compound administration in 10-week-old, female C57BL/6 mice (n=3

522 mice per group). Compounds were administered in cassettes (1.v. application: 1.6 pmolkg RSQ, 0.4
523 pmol’kg Al-mac, 0.4 pmol/kg A2-mac: i.p. application: 3.2 pmol’kg RSQ, 1.7 pmol’kg Al-mac, 1.7
524  pmolkg A2-mac. p.o. application: 3.2 pmol’kg RSQ. 3.3 pmol’kg Al-mac, 3.3 pmol’kg A2-mac).
525  (B) Peripheral blood was collected 15, 30 60, 120, 180, 240, 360 and 1440 min after compound

526  administration. (C) Organs were sampled 1440 min after compound administration. (A, B, C) Data
527  are presented as mean =SD.

528 FIGURE 4 | Concentration of RSQ, Al and Al-mac in organs and cytokine profile in peripheral
529  plasma over time after 3, 6 and 12 pmol/kg s.c. compound administration in 8-week-old, female
530  C57BL/6 mice (n=3 mice per group). (A) Organs were sampled 8 h after treatment and compound
531  concentration was determined via HPLC-MS/MS. Data are presented as mean + SD. (B) Cytokine
532 levels in tail plasma over time were determined via cytometric bead array. At each sampling

533  timepoint the plasma of mice in one treatment group was pooled.

534  FIGURE 5 | Pharmacokinetics and induction of TNFo, IFNa by Al and Al-mac and RSQ. (A, B, C)
535 Female, 18-week-old, C57BL/6 mice were treated s.c. with 1, 3 6 or 12 pmol’kg RSQ, Al or Al-mae
536 (=3 mice per group). Compound concentration in (A) peripheral blood collected via tail bleeding
537  before, 15, 30 60, 120, 240, 360 and 480 min after s.c. compound application and (B) organs

538  collected after 8 h was assessed via HPLC-MS/MS. (A, B) Data are presented as mean + SD. (C)

539  Levels of TNFa and IFNa in tail plasma over time was determined via cytometric bead array. Area
540  under the curve (AUC) of each cytokine was plotted against compound concentration. Data are

541  represented as mean + 95 % confidence interval.
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FIGURE ¢ | Effect of repeated applications of A1, Al-mac, RSQ and IMQ. Dotted lines indicate the
time of repeated compound applications. (A) Cytokine levels in pooled tail plasma of mice from
individual treatment groups (n=3 per pool and time point), error bars represent range of two replicate
measurements. (B) Peripheral blood was collected from the tail vein before, 15, 30 60, 120, 240, 360
and 480 min afier s.c. treatment. Compound concentration in peripheral plasma was analyzed by
HPLC-MS/MS, data presented as mean = SD. (C) AUC of TNFo/IFNug. in peripheral plasma
calculated from the data in (A) for days 1 and 2 of treatment, data represent calculated AUC + 95%
CL
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TABLE 1 | EC;, values for compounds in HEK-blue human TLR7 and human TLRS
receptor assay (expressed as 95% CI, ND noted for no calculation of curve fit possible (adj.
r? < 0.8)) and average maximal SEAP secretion observed for a given compound relative to
the maximum secretion observed in the assay.

Compound TLR7 ECy, TLR7 activity TLRS8 ECy TLRS activity
[ rel. to assay [nM] rel. to assay
max max
RSQ 0.47 10 0.77 95% 29103.6 96%
IMQ 5.2t08.3 35% ND 3%
Al-boc 0.39t0 0.69 55% ND 4%
Al 0.096 to 0.22 58% ND 11%
Al-mac 0.40t0 0.74 41% ND 5%
A2-boc 0.23 to 0.47 86% ND 4%
A2 0.075 to 0.12 81% 2.8to 3.1 57%
A2-mac 1.5102.0 63% ND 4%
A3 1.0to L.5 62% 8210 8.5 36%
Ad 1.5to2.1 84% 11 to 13 18%

103



»Imidazoquinolines with improved pharmacokinetic properties induce a high IFNa to TNFa
ratio in vitro and in vivo®

239hTLRT 25InTLRS I 107 3°
20 A 204 ~ o= Al-maz
E . -ac A2
5 154 'a' oy 15 — AZ-mac
g 10 7 104 - ReR
- “
. ; i
5 . 5 /i
0% 10" 107 10* 104 10¢ 0% 100 10* 10 10¢ 10f 102
cf[nh] cifnhd]
MTT HEK Blue hTLRS

s 0o B
"
104 109 104 104 100 10 10¢

FIGURE 2 | In vitro characterization of candidate molecules (A) SEAP activity in supernatants of HEK Blue reporter cells after 24 h stimulation with
vz.rymg oom:am'aucms of test compounds relative to solvent controls (B) Dose response of Al and Al-mac in HEK Blue hTLR7. Circles represent

10 ts pooled from 3 experiments. Lines represent non-linear functions fit to the data to calculate compound-specific EC30,
values in grey have been excluded before fitting. (C) Percent MTT conversion of compound-treated HEK-Blue reporter cells (top panels) or PMA-
differentiated U937 relative to solvent controls OR percent ofmda.ﬂ'emnﬁated ues7 mh.\dmgHe].th]R dye (D) TNFo/TFNo. in supernatants of human
blood stimulated with Al, Al-mac or RSQ for 6§ b n=8, it lized to the ion of each cytokine for a given donoer (E)
TNFewTFNu in supernatant of blood for two individual donors
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FIGURE 3 | Stability and bioavailability of lead compounds. (A) Stability of Al-mac and A2-mac was measured in human blood, U937 monocytes and
EPMI medium over 24 b. (B, C) Concentration of ESQ), Al-mac and A2-mac in peripheral blood and crgans was assessed via HTPC-MS after v, ip. and
p.0. compound administration in 10-weeks old, female C57BL/S mice (n=3 mice per group). Compounds were administered in cassettes (Lv. application:
1.6 umolkeg REQ, 0.4 pmolkg Al-mac, 0.4 pmolkg A2-mac; ip. application: 3 2 umolkg RSQ, 1.7 pmolkg Al-mac, 1.7 pmoldkg A2-mac, p.o.
application: 3.2 pmoldg RSQ, 3.3 umolkg Al-mac, 3.3 pmolkg A2-mac). (B) Peripheral blood was collected 15, 30 60, 120, 180, 240, 360 and 1440
min after compound treatment. (C) Organs were sampled 1440 min after compound treatment. (A, B, C) Data are presented as mean with SD.
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Ausblick

11. Ausblick

Die entwickelten Substanzen haben Potential und sollen in weiteren Studien getestet werden.
Dabei zeigte sich in bisher nicht publizierten Daten, dass die Derivate der kurzkettigen
Fettsduren einen Einfluss auf das Inflammasom haben. Des Weiteren wird diese
Substanzklasse im Kontext von Infektionen getestet (vgl. hierzu auch A. Saris et al. (2022)) 4.
Einen Ansatz zur Behandlung von entziindlichen Darmerkrankungen konnte auch schon
gezeigt werden (vgl. hierzu auch S. StraR et al. (2020)) und soll auch weiter untersucht
werden .

Die Derivate der Fumarate konnten im direkten Vergleich zu DMF in einer deutlich geringeren
Dosis angewandt werden. Dies kann in Bezug auf bekannte Nebenwirkungen (vor allem im
Magen-Darm-Bereich) zu einer Verbesserung fiuhren. Nach der Zulassung von DMF als
Medikament fiir die von MS wurden vor kurzem Vumerity (Diroximelfumarat) und Bafiertam
(Monomethylfumarat) zugelassen. Dies gibt einen Hinweis darauf, dass Bedarf fiir neue
Fumarsdurederivate besteht.

Die TLR-Agonisten werden von uns in verschiedenen Krebsmodellen getestet und sollen auch
in moglichen Vakzinierungsversuchen zum Einsatz kommen, auRerdem sollen weitere
Derivate mit anderen Seitenketten synthetisiert werden. Dies soll das vorhandene Portfolio
erweitern und bessere Rickschlisse auf die Struktur-Aktivitats-Beziehung geben. Als
Moglichkeit wird auch die Kopplung an Peptide und Proteine in Betracht gezogen.

Durch ein verbessertes Verstdandnis in der Induktion von Psoriasis-dahnlichen
Hautveranderungen und der systemischen Entziindungsreaktion beim murinen Creme-
induzierten Modell kdnnen Wirkstoffkandidaten besser getestet werden. Es entsteht ein
besseres Verstandnis der Wirkweise und durch die Verfeinerung und das bessere Verstandnis
des Tiermodells kann eine bessere Versuchsplanung durchgefiihrt werden und eine héhere
Reproduzierbarkeit der Daten erreicht werden, was zu einer verringerten Tierzahl fihren

kann.
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Supporting Information

Table 1. Tunes of butyrate and propionate derivatives in HPLC-MS/MS

Compound MS-1 [m/z] MS-2 [m/z] Declustering Collision energy Collision cell exit
potential [V] v potential [V]
Azithromycin 749.4 591.3 61 M 16
1a 959.7 7315 86 39 22
1b §19.6 661.3 126 37 42
1c 819.7 2282 126 47 42
1d 819.7 591.5 106 37 30
1e 889.8 7317 111 37 22
1f 889.7 7325 161 37 18
19 889.8 661.4 156 41 18
2a 917.6 2143 126 51 12
2b 403.4 324.2 51 19 18
2c 403.3 2142 7 25 38
2d 403.3 2151 61 19 14
2e 861.7 703.6 121 37 40
2f 861.7 454.4 131 51 28
29 4314 2142 56 27 12

Table 2. Results of solubility testing of 1a and 2a

concentration [pM] solubility 1a solubility 2a
25 yes yes

333 yes yes

50 no yes

100 no yes

125 no yes

150 no yes

200 no no

250 no no

500 no no

Table 3. Calculated LogP values of 1a—1g

Compound cLogP
1a 8.3681
1b 4.54915
1c 4.54683
1d 454915
18 6.4572
1f 6.46005
1g 6.4572
2a 6.7811
2b 4.02015
2c 4.0173
2d 4.02015
2e 5.3992
2f 5.40205
2g 5.3992

and 2a — 2g. Calculations done with ChemDraw 20.0 PerkinElmer Informatics.
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Figure 33. HSQC NMR of compound 1f
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Figure 36. H H COSY NMR of compound 2a
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Figure 37. HH COSY NMR of compound 2¢
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Metabolism schemes
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Figure 38. Schematic representations of pharmacokinetic data of 1a in intestine organs and via intravenous route
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Figure 39. Schematic representations of pharmacokinetic data of 1a in intestine organs and via oral route
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Figure 40. Schematic representations of pharmacokinetic data of 1a in different organs and via intravenous route
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Figure 41. Schematic representations of pharmacokinetic data of 1a in different organs and via oral route
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Figure 43. Schematic representations of pharmacokinetic data of 2a in intestine organs and via oral route
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Figure 44. Schematic representations of pharmacokinetic data of 2a in different organs and via intravenous route
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Figure 45. Schematic representations of pharmacokinetic data of 2a in different organs and via oral route
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Pharmacokinetic data
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Figure 46. Graphs of pharmacokinetic data of 1a and its metabolites in tail blood and heart blood (iv. and p.o.)
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Figure 47. Graphs of pharmacokinetic data of 1a and its metabolites in duodenum, jejunum, ileum, cecum and colon (i.v. and
p.o.)
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Figure 48. Graphs of pharmacokinetic data of 1a and its metabolites in liver, kidney and spleen (i.v. and p.0.)
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Figure 49. Graphs of pharmacokinetic data of 1a and its metabolites in eye, brain and lung (i.v. and p.0.)
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Figure 50. Graphs of pharmacokinetic data of 2a and its metabolites in tail blood and heart blood (i.v. and p.o.)
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Figure 51. Graphs of pharmacokinetic data of 2a and its metabolites in duodenum, jejunum, ileum, cecum and colon (i.v. and
p.o.)
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Figure 52. Graphs of pharmacokinetic data of 2a and its metabolites in liver, kidney and spleen (i.v. and p.o.)
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Figure 53. Graphs of pharmacokinetic data of 2a and its metabolites in eye, brain and lung (i.v. and p.0.)
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In vitro stability graphs
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Figure 54. In vitro stability data of 1a in U937 cells, human whole blood, and RPMI medium.
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Figure 55. In vitro stability data of 1b, 1¢ and 1d in U937 cells, human whole blood, and RPMI medium
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Figure 56. In vitro stability data of 1e, 1f and 1g in U937 cells, human whole blood, and RPMI medium
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Figure 57. In vitro stability data of 2a in U937 cells, human whole blood, and RPMI medium
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14.2.Supporting Information fir “Immune cell targeted Fumaric Esters support a role of

GPR109A as a primary target of Monomethyl Fumarate in vivo”

Table 1 Specific M3/M5 fragmentation patterns of synthesized compounds 1-4

Substance [M+H]*thee [M+H]*measures Frag 1 Frag 2

1 861.53 861.60 703.33 685.33

2 973.55 973.60 703.29 685.12

3 861.53 261.80 591.45 573.16

4 863.55 863.68 705.28 272.12

Table 2 Specific tunes of substances in HPLC-MS/MS

Substance Q1 mass Q3 mass DP {V) CE (V) CXP (V)
1 861.547 703.5 156 10 41
2 373.685 703.4 171 10 45
3 361.599 591.300 151 43 38
Azithromycin ~ 749.406 591.300 61 41 16
3 as GSH adduct1168.542 591.400 281 59 34

Table 3 Quantitative analysis of pharmacokinetic study of compound 3 HPLC-MS/MS. Compond was given Balb/C (N=8) via oral route with

10 mg/kg. Azithromycin was analyzed as possible metabolite

Organ Avg. conc. 3 sD3 Avg. conc. Azi SD Azi
(nm) (nn) (niv1) (nm)

Heart blood 3 1 13 2
Lung 1 1 45 22
Spleen 3 2 58 18
Healthy skin Belly 3 2 25 15
Back skin 2 2 17 [
Liver 7 5 332 62
Colon 9 4 128 57
Thymus 5 2 28 6

Table 4 Primer sequences for qPCR analysis

Cytokine
HPRT
TNFa
IL-17A
IL-17F
IL-6

IL-1R
IL-234
NLRP3
IL-22

Forward sequence
AGTTCTTTGCTGACCTGCTG
CCACCACGCTCTTCTGTCTA
GAAGGCCCTCAGACTACCTC
GAGGGAAGAAGCAGCCATTG
ACTTCACAAGTCGGAGGCTTA
TGACGGACCCCAAAAGATGA
TGAGCCCTTAGTGCCAACAG
TCCCAGACACTCATGTTGCC
CTGCTTCTCATTGCCCTGTG

Reverse sequence

CCACCAATAACTTTTATGTCCCC

CTGATGAGAGGGAGGCCATT
CTTTCCCTCCGCATTGACAC
GGCAAGTCCCAACATCAACA
TCTGCAAGTGCATCATCGTT
TCTCCACAGCCACAATGAGT
CTTGCCCTTCACGCAAAACA
GTCCAGTTCAGTGAGGCTCC
GAACAGTTTCTCCCCGATGAG

relative abs. [cfeg]
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Figure 1 Relative absorption (cfcg) at 226 nm of DMF, MMF and compounds 1-4 (100 uM) with GSH (1 mM) monitored over 300 or 300 min
igt pH 5 or 8 (n=3)

173



Anhang

Figure 2 Mass spectra of compound 3 (10 pgM) 1 h i‘iﬁ:ErirvcubatiDn at 37 °Cin rat blood
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Figure 4 Mass spectra of compound 3 (10 pM) 1 h after incubation at room temperature with GSH (100 pM) and 10 % triethylamine as base
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Figure 5 Mass spectra of compound 2 (20 M) 4 h after incubation at 37 °C in liver homogenate
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Figure 6 Mass spectra of compound 3 (20 pM) 4 h after incubation at 37 °C in liver homagenate
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Figure 8 Scatter and live/dead staining of substances. No. 1 is DMF, no. 4 is compound 3
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Figure 9 3-{4 5-Dimethyl-2-thiazolyl)-2,5-diphenyltetrazolium bromide (MTT) assay of compounds 1-4 and DMF at different concentrations,
incubated for 1 h
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Figure 10 3tability assays of compounds 1-3 perfomead in human whole blood and plasma incubated at 37 °C over 24 h

Table 5 Measured concentrations of compounds 1to 3 and azithromydin in uptake assay of human buffy coat. Samples were collected after
0 and 30 min and analysed via HPLC-MS/MS. Accumulation factor is calculated by division of pellet at t30 and pellet at t0 of total measured

analytes

cpd Tirl:lepoint Matrix i 1 2 3 Sum Alc(umula
[min] [nm] [nm] [nm] [nm] [nm] tion factor

1 o Pellet 4182 5 4187 14

1 30 Pellet 58140 14 58154

1 o 5N 33834 18 33852

1 30 SN 31503 1 31505

2 o Pellet 18 o 10547 622 11187 [

2 30 Pellet 382 o 63300 2612 66794

2 o SN 385 o 25428 2880 28703

2 30 5N 276 1 10734 336 11346

3 o Pellet 9 9317 9325 8

3 30 Pellet 556 72001 72557

3 o 5N 377 33586 33963

3 30 SN 610 19707 20317
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14.3. Supporting Information fiir “Imidazoquinolines with improved pharmacokinetic
properties induce a high IFNa to TNFa ratio in vitro and in vivo”

—
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:" frontiers

1. Synthesis

Compound $1.2 3-nitroquinoline-2,4-diol, 'H NMR (300 MHz, DMSO) & 11.98 (s, 1H), 11.36 (s,
1H). 8.01 (d, J= 8.1 Hz, 1H), 7.61 (t, J= 7.7 Hz, 1H), 7.32 (d. J = 8.2 Hz, 1H), 7.24 (t, J = 7.6 Hz,
1H), BC NMR (75 MHz, DMSQ) 6 156.49, 155.91, 138.24, 133.39, 133.14, 127.29, 124.69, 124.46,
122.56, 122.33, 116.11, 115.86, 114.07, yellow solid, yield 37.1 g (72.6%), MS (M+H)" caled m/z
207.04, found m/z 207.20. Synthesis of intermediate S1.2 was done following Shukla er al. (J. Med.
Chem, 2010). Briefly, quinoline-2.4-diol (TCI D1753. 40 g, 0,248 mol) was dissolved in nitric acid
(53%, 300 mL) and stirred at RT for 10 min. The mixture was then heated to 75 °C for 15 min. After
cool down to RT the solution was poured into ice/water mixture to form solid yellow precipitate
(S1.2). Precipitate was filtered off and dried to yield 37.1 g. and used without further purification.

Compound $1.3 2.4-dichloro-3-nitroquinoline, 'H NMR (300 MHz, CDCls) & 8.16 (d, /= 8.4 Hz,
1H), 8.00 (d. J = 8.4 Hz, 1H), 7.88 (t. J = 7.6 Hz, 1H), 7.74 (t, J = 7.6 Hz, 1H), 3C NMR (75 MHz,
CDCls) 6 146.50, 139.59, 135.62, 133.39, 129.72, 129.05, 125.24, 125.04, 124.33, 77.58, 77.16,
76.74, 49.55, 49.27, 48.98, preyish solid, yield 10.7 g (96.9%). Synthesis of intermediate 51.3 was
done following Shukla er al. (J. Med. Chem, 2010). Briefly, compound S1.2 (9.4 g, 45.6 mmol) was
dissolved in 60 mL of phenylphosphonyl dichloride (VWR A13777) and heated to 135 °C for 3 h.
Solution was transferred into ice/water mixture and stirred vigorously. Formed precipitate was
filtered off and dried to yield 10.7 g of $1.3 and used without further purification.

Compound $1.4-A1 tert-butyl 4-(2-((2-chloro-3-nitroquinolin-4-yl)amino)ethyl)piperidine-1-
carboxylate, white solid, yield 3.1 g (57.6%). MS (M+H)" caled m/z 435.18, found m/z 435.13.
Compound 51.3 (3 g, 12.4 mmol) was dissolved in anhydrous dichloromethane with triethylamine
(2.59 mL, 1.5 eq). To this solution tert-butyl 4-(2-aminoethyl)piperidine- 1-carboxylate (ChemPur
BD31964-5. 3.4 g. 14.9 mmol) was added. The reaction mixture was heated to 45°C for 45 min.
Reaction progress was monitored via TLC (ethyl acetate/acetone/cyclohexane 2:1:3 with 0.5%
triethylamine). Solvents were removed under vacuum, residue washed with water and dried. Crude
product was then purified via column chromatography on silica gel (400 g) with a mixture of
cyclohexane and ethyl acetate, eluted with a with a gradient of solvents to obtain 3.1 g of S1.4-A1.

Compound S1.5-A1 tert-butyl 4-(2-((3-amino-2-chloroquinolin-4-yl)amino)ethyl)piperidine-1-
carboxylate, yellow solid, yield 1.06 g (>99%), MS (M+H) caled m/z 405.21, found m/z 405.27.
Compound S1.4-A1 (1.15 g, 2.65 mmol) was dissolved in water/ethyl acetate (1:1). Subsequently
3.34 g of sodium dithionite (Fisher S/3800/63) was added and solution was heated to 55 °C. After 2
min MS analysis showed full conversion to product. Product was extracted with liquid-liquid
extraction (three times with dichloromethane). Organic phases were combined, dried with sodium
sulphate and solvent was evaporated under vacuum to yield 1.06 g of S1.5-A1 and used without
further purification.

Compound $1.6-A1 tert-butyl 4-(2-(2-butyl-4-chloro-1H-imidazo[4,5-¢]quinelin-1-
yD)ethyl)piperidine-1-carboxylate, white solid, yield 1.12 g (50%), MS (M+H)" caled m/z 471.25,
found m/z 471.40. Compound $1.5-A1 (1.94 g, 4.8 mmol) was dissolved in 5 mL trimethyl
orthovalerate (VWR L20377.22) and solution was heated to 135 °C over three days (heating was
stopped during mights). Reaction solution was poured into cyclohexane and formed precipitate was
filtered of and dried to obtain 1.12 g of $1.6-A1 and used without further purification.
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Compound 51.7-A1 tert-butyl 4-(2-(2-butyl-4-hydrazineyl-1H-imidazo[4,5-¢c]quinolin-1-
yDethyl)piperidine-1-carboxylate, MS (M+H)™ caled m/z 467.31, found m/z 467.33. Compound S1.6-
Al (640 mg, 1.36 mmol) was dissolved in 25 mL of ethanol, subsequently hydrazine hydrate (Sigma-
Aldrich 225819-500ML, 1.5 mL, 47 mmol) was added. Solution was refluxed overnight. MS analysis
showed full conversion. Product $1.7-A1 was directly used for next reaction step

Compound 51.8-A1 (also Al-Boe) tert-butyl 4-(2-(4-amino-2-butyl-1H-imidazo[4,5-c]quinelin-1-
yl)ethyl)piperidine-1-carboxylate, 'H NMR (300 MHz, CDCls) & 7.84 (dd, J=13.6, 8.2 Hz. 2H),
748 (t, J=17.5Hz, 1H), 7.31 (t, J= 7.5 Hz, 1H), 5.80 (s, 2H), 4.46 — 4.35 (m, 2H), 4.15 (d, J=9.9
Hz, 2H), 2.89 — 2.80 (m, 2H), 2.75 (t, J= 12.4 Hz, 2H), 1.93 — 1.77 (m, 5H), 1.74 (s, 1H), 1.71 — 1.59
(m, 1H), 1.51 (dt. J=9.8, 4.8 Hz, 2H). 1.46 (s, 9H), 1.28 (dt, J=19.7, 6.1 Hz, 2H), 1.00 (t, J= 7.3
Hz, 3H), BC NMR (75 MHz, CDCl3) & 154.87, 153.30, 151.26, 144.07, 133.28, 127.17, 126.84,
126.80, 122.48, 119.38, 115.31, 79.71. 43.61, 36.95, 34.31, 32.07, 30.25, 28.57, 27.24, 27.02, 22.76,
13.97, white solid, yield 294 mg (48% over two steps of synthesis), purity >99% via HPLC-ELSD,
MS (M+H)" caled m/z 452.30, found m/z 452.40. Compound S1.7-A1 dissolved in 10 mL of acetic
acid and subsequently three spatula tips of Zn powder were added. Reaction progress was controlled
via MS. After 48 h another spatula tip of Zn powder and 1 mL of acetic acid was added. Next day
full conversion was observed. The reaction mixture was diluted with water and underlayered with
dichloromethane. Mixture was vigorously stirred and potassium hydroxide added until Zn formed a
soluble complex. Product was extracted with liquid-liquid extraction (three times with
dichloromethane). Organic phases were combined, dried with sodium sulphate and solvent was
evaporated under vacuum to obtain 632 mg of crude product. To purify substance flash
chromatography was performed with a gradient of cyclohexane and isopropanol (with 0.25%
triethylamine each) to obtain 294 mg of compound S1.8-A1.

Compound A1 2-butyl-1-(2-(piperidin-4-yl)ethyl)-1H-imidazo[4,5-c]quinolin-4-amine, 'H NMR
(400 MHz, CDCl3) 6 7.94 — 7.85 (m, 1H), 7.81 (dd, J= 8.3, 0.8 Hz, 1H), 7.53 — 7.40 (m, 1H), 7.33 —
7.27 (m, 1H), 5.40 (d, J= 92.9 Hz, 1H), 4.46 — 4.35 (m, 2H), 3.14 (d, /= 12.1 Hz, 2H), 2.89 — 2.82
(m, 2H), 2.67 (td, J=12.0, 2.0 Hz, 2H), 1.95 — 1.71 (m, 6H), 1.71 — 1.56 (m, 1H), 1.50 (dq. J = 14.7,
7.4 Hz, 2H), 1.32 (ddd, J = 15.7, 12.3, 3.9 Hz, 2H), 1.00 (t. J= 7.4 Hz, 3H), 3C NMR (101 MHz,
CDCls) & 153.22, 151.33, 144.82, 133.32, 127.42, 126.99, 122.30, 119.49, 115.63, 46.61, 43.61,
37.56,34.56, 33.35, 30.35, 27.28, 22.78, 13.95, yellowish white solid, yield 82 mg (>99%), punty
97.5% via HPLC-ELSD, MS (M+H)" caled m/z 352.25, found m/z 352.67. Compound S1.8-A1 (100
mg, 0.22 mmol) was dissolved in a mixture of dichloromethane and trifluoroacetic acid (10:1, 10
mL) and stirred at RT. Reaction progress was controlled via MS. To neutralize solution sodium
carbonate was added after reaction was complete. Product was extracted with liquid-liquid extraction
(three times with dichloromethane). Organic phases were combined, dried with sodium sulphate and
solvent was evaporated under vacuum to obtain 82 mg of product Al.

Compound S1.4-A2 tert-butyl 4-(((2-chloro-3-nitroquinolin-4-yl)amine jmethyl)piperidine-1-
carboxylate, white solid, yield 2.3 g (46%). MS (M+H)" caled m/z 421.16, found m/z 421.20.
Compound 51.3 (2.9 g, 12.0 mmol) was dissolved in 30 mL of anhydrous dichloromethane with
triethylamine (2.5 mL, 1.5 eq). To this solution tert-butyl 4-(aminomethyl)piperidine-1-carboxylate
(ChemPur 11389, 3.1 g, 14.5 mmol) was added. The reaction mixture was heated to 45 °C for 45
min. Reaction progress was monitored via TLC (ethyl acetate/acetone/cyclohexane 4:1:2 with 0.5%
triethylamine). Solvents were removed under vacuum, residue washed with water and dried. Crude
product was then purified via column chromatography on silica gel (300 g) with a mixture of
cyclohexane, ethyl acetate and acetone, eluted with a gradient of solvents to obtain 2.3 g of 51.4-A2.
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Compound 51.5-A2 tert-butyl 4-(2-((3-amino-2-chloroquinolin-4-yl)amino)ethyl)piperidine-1-
carboxylate, white solid, yield 1.66 g (=99%), MS (M+H)™ caled m/z 391.19, found m/z 391.27.
Compound S1.4-A1 (1.78 g, 4.24 mmol) was dissolved in water/ethyl acetate (1:1). Subsequently
5.34 g of sodium dithionite (Fisher S/3800/63) was added and solution was heated to 75 °C. After 20
min MS analysis showed full conversion to product. Product was extracted with liquid-liquid
extraction (three times with dichloromethane). Organic phases were combined, dried with sodium
sulphate and solvent was evaporated under vacuum to yield 1.66 g of S1.5-A1 and used without
further purification.

Compound $1.6-A2 tert-butyl 4-((2-butyl-4-chloro-1H-imidazo[4,5-¢]quinolin-1-
yDmethyl)piperidine-1-carboxylate, 'H NMR (300 MHz, CDCl;) § §.18 — 8.03 (m, 1H), 8.02 — 7.91
(m, 1H), 7.59 (dq, /= 7.0, 5.5 Hz, 2H), 4.36 (d, J = 6.9 Hz, 2H), 4.12 (d, J = 10.0 Hz, 2H), 2.90 (dd,
J=220,13.9 Hz, 2H), 2.53 (t, J=12.3 Hz, 2H), 2.09 (t, J= 9.3 Hz, 1H), 1.87 (dt, J=15.6, 7.7 Hz,
2H), 1.63 — 1.45 (m, 4H), 1.39 (d, J= 12.5 Hz, 9H), 1.35 — 1.23 (m, 2H), 0.95 (dd, J=14.2, 6.9 Hz,
3H), 3C NMR (75 MHz, CDCL) & 156.28, 154.61, 143.95, 143.79, 134.72, 133.95, 130.33, 127.48,
126.74, 119.57, 117.60, 79.86, 77.58, 77.16, 76.74, 51.17, 37.24, 30.30, 29.70, 28.44, 27.76, 22.75,
13.88, white solid, yield 2.71 g (86%), MS (M+H)" calcd m/z 457.24, found m/z 457.40. Compound
S1.5-A2 (2.69 g, 6.9 mmol) was dissolved in 10 mL of dimethylformamide. To this 5 mL trimethyl
orthovalerate (VWR L20377.22) were added and solution was heated to 135 °C overnight. The next
day 1 mL trimethyl orthovalerate was added and solution was heated over weekend. MS analysis
showed complete reaction. Crude product was purified via column chromatography on silica gel (300
g) with a mixture of cyclohexane and diethyl ether, eluted with a gradient of solvents to obtain 2.71 g
of S1.6-A2.

Compound 51.7-A2 tert-butyl 4-(2-(2-butyl-4-hydrazineyl-1H-imidazo[4.5-c]quinolin-1-
yl)methyl)piperidine-1-carboxylate, MS (M+H)™ caled m/z 453.30, found m/z 453.33. Compound
S1.6-A2 (2.7 g, 5.92 mmol) was dissolved in 50 mL of ethanol, subsequently hydrazine hydrate
(Sigma-Aldrich 225819-500ML, 4 mL, 126 mmol) was added. Solution was refluxed over two days.
MS analysis showed full conversion. Product $1.7-A2 was directly used for next reaction step.

Compound 51.8-A2 (also A2-Boc) tert-butyl 4-((4-amino-2-butyl-1H-imidazo[4,5-c]quinolin-1-
ylmethyl)piperidine-1-carboxylate, 'H NMR (300 MHz, CDCls) & 7.83 (t, J = 7.0 Hz, 2H), 7.50 (dd,
J=11.3,4.2 Hz, 1H), 7.30 (dd. J = 11.6, 4.6 Hz, 1H), 5.51 (s, 2H), 4.31 (d, J= 6.9 Hz, 2H), 4.14 (d,
J=8.1 Hz, 2H), 2.91 — 2.83 (m, 2H), 2.56 (t, J= 12.4 Hz, 3H), 2.26 — 2.04 (m, 1H), 1.86 (dt, J =
15.4, 7.6 Hz, 2H). 1.51 (dd, J = 15.1, 7.6 Hz, 3H). 1.44 (s. 9H), 1.20 (d, /= 6.1 Hz, 1H), 0.99 (t. J=
7.3 Hz, 4H), 3C NMR (75 MHz, CDCls) § 154.75, 153.92, 151.36, 144.99, 133.30, 127.58, 127.15,
127.00, 122.30, 119.50, 115.71, 79.85, 50.95, 43.54, 37.31, 30.25, 29.81, 28.54, 27.64, 25.51, 22.74,
13.99, white solid, yield 332 mg (13% over two steps of synthesis), purity 96% via HPLC-ELSD,
MS (M+H) caled m/z 438.29, found m/z 438.37. Compound S1.7-A2 dissolved in 15 mL of acetic
acid and subsequently three spatula tips of Zn powder were added. Reaction progress was controlled
via MS. After 48 h acetic acid was diluted with 100 mL water and underlayered with 200 mL
dichloromethane. Mixture was vigorously stirred and potassium hydroxide added until Zn formed a
soluble complex. Product was extracted with liquid-liquid extraction (three times with
dichloromethane). Organic phases were combined, washed with water and brine, dried with sodium
sulphate and solvent was evaporated under vacuum to obtain 2.56 g of crude product. To purify
substance flash chromatography was performed with a gradient of cyclohexane, dichloromethane and
isopropanol (with 0.25% triethylamine each) to obtain 332 mg of compound S1.8-A2.

Anhang

183



184

131
132
133
134
135
136
137
138
139
140
141
142
143
144

145
146
147
148
149
150
151
152
153
154
155
156
157

158
159
160
161
162
163
164
165

166
167
168
169
170
171

172
173
174

Novel TLR7/8 agonists with improved pharmacokinetic properties

Compound A2 2-butyl-1-(2-(piperidin-4-yl)methyl)-1H-imidazo[4,5-c]quinolin-4-amine, "H NMR
(400 MHz, CDCl3) 6 7.86 (dt, J= 6.7, 3.3 Hz, 1H), 7.82 (dd, J= 8.4, 0.9 Hz, 1H), 7.52 — 7.45 (m,
1H). 7.34 — 727 (m, 1H). 5.56 (s, 2H), 4.30 (d. J= 7.1 Hz, 2H), 3.09 (d, J= 12.1 Hz, 2H), 2.91 —
2.85 (m, 2H), 2.50 (t, J= 11.2 Hz, 2H), 2.19 — 2.05 (i, 1H), 1.86 (dt, J=15.5, 7.6 Hz, 2H), 1.61 (d,
J=11.5 Hz, 2H), 1.48 (td, J= 14.8, 7.3 Hz, 2H), 1.43 — 1.31 (m, 2H), 1.28 — 1.15 (m. 1H), 1.02 —
0.96 (m, 3H), c NMR (101 MHz, CDCl3) 6 154.12, 151.36, 144.81, 133.45, 127.42, 127.14,
126.97, 122.30, 119.70, 115.80, 51.44, 46.18. 37.37, 30.83, 30.25, 27.64, 22.76, 13.96, yellowish
white solid, yield 127 mg (75%), purity 98.5% via HPLC-ELSD, MS (M+H)" caled m/z 338.23,
found m/z 338.56. Compound S1.8-A2 (205 mg, 0.47 mmol) was dissolved in a mixture of
dichloromethane and trifluoroacetic acid (10:1, 20 mL) and stirred at RT. After 30 min reaction was
completed. Solution was poured into water and neutralized with potassium hydroxide. Product was
extracted with liquid-liquid extraction (three times with dichloromethane). Organic phases were
combined, washed with water and brine, dried with sodium sulphate and solvent was evaporated
under vacuum to obtain 127 mg of A2.

Compound S1.4-A3 tert-butyl (2-(2-(2-((2-chloro-3-nitroquinolin-4-
ylamino)ethoxy)ethoxy)ethyl)carbamate, 'H NMR (300 MHz, CDCls) § 7.89 (d, J = 8.1 Hz, 1H),
7.82 (d, J=8.4 Hz, 1H), 7.67 (dd, J=8.2, 7.1 Hz, 1H), 7.48 (t, J= 7.7 Hz, 1H), 6.44 (s, 1H), 4.98 (s,
1H), 3.68 (dd, J= 9.6, 4.6 Hz, 2H), 3.63 (s, 3H), 3.57 — 3.45 (m, 4H), 3.28 (d, J= 5.1 Hz, 2H), 2.11
(s, 1H). 1.37 (s, 9H), *C NMR (75 MHz, CDCls) & 156.03, 146.15, 144.66, 142.16, 132.05, 129.32,
127.79, 126.83, 126.56, 121.52, 119.32, 79.37. 77.58. 77.16, 76.74, 70.33, 68.78, 43.74, 40.30,
28.42, 28.36, white solid, yield 1.23 g (80%), MS (M+H)™ caled m/z 455.17, found m/z 455.13.
Compound S1.3 (813 mg, 3.37 mmol) was dissolved in 10 mL of anhydrous dichloromethane with
triethylamine (697 pL, 1.5 eq). To another 5 mL of anhydrous dichloromethane 1 g of tert-butyl (2-
(2-(2-aminoethoxy)ethoxy)ethyl)carbamate (ABCR AB165344) was added. Both solutions were
combined and heated to 45 °C for 3 h. Solvents were removed under vacuum. Crude product was
then purified via column chromatography on silica gel (300 g) with a mixture of cyclohexane, ethyl
acetate (with 0.5% of triethylamine) eluted with a gradient of solvents to obtain 1.23 g of $§1.4-A3.

Compound S1.5-A3 tert-butyl (2-(2-(2-((3-amino-2-chloroquinolin-4-
yl)amino)ethoxy)ethoxy)ethyl)carbamate, white solid, yield 879 mg (76%), MS (M+H)" caled m/z
425.20, found m/z 425.27. Compound S1.4-A3 (1.23 g) was dissolved in cthyl acetate in a closed
vessel. Vessel was flushed with Ar (evaporated and flushed three times). To solution a spatula of
sodium sulphate and 500 mg of Pt/C (5% Pt, Sigma-Aldrich 205931-1G). The vessel was again
flushed three times with Ar. Subsequently the vessel was flushed with Hz (Air Liquide 130415).
After two days of stirring reaction was completed, solution filtered through celite and solvent
removed under vacuum to yield 879 mg of S1.5-A3 and used without further purification.

Compound 51.6-A3 tert-butyl (2-(2-(2-(2-butyl-4-chloro-1H-imidazo[4,5-c]quinolin-1-
yljethoxy)ethoxy)ethyl)carbamate, white solid, yield 7.4 g (99%), MS (M+H)" caled m/z 491.24,
found m/z 491.33. Compound S1.5-A3 (6.5 g, 15.3 mmol) was dissolved in 10 mL trimethyl
orthovalerate (VWR L20377.22) and solution was heated to 135 °C over three days. Residues of
trimethyl orthovalerate were removed under vacuum (approx. 80 mbar) at 100 °C to yield 7.4 g of
S1.6-A3.

Compound $1.7-A3 tert-butyl (2-(2-(2-(2-butyl-4-hydrazineyl-1H-imidazo[4,5-c]quinolin-1-
ylethoxy)ethoxy)ethyl)carbamate, MS (M+H)" caled m/z 487.30, found m/z 487.40. Compound
S1.6-A3 (7.4 g, 15.1 mmol) was dissolved in 35 mL of ethanol, subsequently hydrazine hydrate
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(Sigma-Aldrich 225819-500ML, 5 mL, 158 mmol) was added. Solution was refluxed over two days.
MS analysis showed full conversion. Product $1.7-A3 was directly used for next reaction step.

Compound $1.8-A3 tert-butyl (2-(2-(2-(4-amino-2-butyl-1H-imidazo[4,5-c]quinolin-1-
yl)ethoxy)ethoxy)ethyl)carbamate, 'H NMR (300 MHz, CDCls) & 7.90 (d, J= 8.1 Hz, 1H), 7.81 (d, J
=83 Hz, 1H), 7.48 (t, J= 7.7 Hz, 1H), 7.29 (t, J = 6.3 Hz, 1H), 5.51 (s, 2H), 5.02 (s, 1H), 4.66 (t, J=
5.6 Hz, 2H), 3.94 (t, J= 5.6 Hz, 2H), 3.45 (s, 4H). 3.38 (t, J = 5.0 Hz, 2H), 2.99 — 2.91 (i, 2H), 1.97
—1.76 (m, 2H), 1.58 — 1.45 (m. 2H), 1.43 (s, 9H), 0.99 (t, J= 7.3 Hz. 3H), *C NMR (75 MHz.
CDCLs) § 154.64, 151.33, 144.87, 133.27, 127.44, 127.02, 126.95, 122.26, 119.50, 115.61, 77.58,
77.36,77.16, 76.74, 71.16, 70.45, 70.28, 69.68, 64.42, 45.70, 30.11, 28.55, 27.32, 25.51, 22.78,
14.01, white solid, yield 2.3 g (32% over two steps of synthesis), MS (M+H)™ caled m/z 472.33,
found m/z 472.29. Compound $1.7-A3 dissolved in 5 mL of acetic acid and subsequently a spatula
tip of Zn powder was added. The next day. another spatula tip of Zn powder and 5 mL of acetic acid
were added. The day after 7 mL of acetic acid, 40 mL of water and 1 spatula of Zn powder. On the
fourth day another spatula of Zn powder was added. followed by 4 mL acetic acid and 2 spatula of
Zn powder on fifth day. Reaction was completed on fifth day, diluted with 100 mL water and
underlayered with 200 mL dichloromethane. Mixture was vigorously stirred, cooled with ice and
potassium hydroxide added until Zn formed a soluble complex. Product was extracted with liquid-
liquid extraction (three times with dichloromethane). Organic phases were combined, washed with
water and brine, dried with sodium sulphate and solvent was evaporated under vacuum to obtain 7 g
of crude product. To purify substance flash chromatography was performed with a gradient of
cyclohexane and isopropanol (with 0.25% triethylamine each) to obtain 2.3 g of compound $1.8-A3.

Compound A3 1-(2-(2-(2-aminoethoxy)ethoxy)ethyl)-2-butyl-1H-imidazo[4,5-c]quinolin-4-amine,
'H NMR (300 MHz, CDCLs) & 7.89 (d, J= 8.2 Hz, 1H), 7.79 (d, J = 7.7 Hz, 1H), 7.50 — 7.42 (m, 1H),
7.34-7.20 (m, 1H), 5.87 — 5.10 (m, 2H), 4.64 (t. J = 5.6 Hz, 2H), 3.94 (dd, J = 10.2, 4.6 Hz, 2H),
3.33 (t, J=5.2Hz, 2H), 2.94 (dd, J= 9.9, 5.9 Hz, 2H), 2.80 — 2.68 (m, 2H), 2.14 (s, 2H), 1.85 (dt, J =
15.5, 7.6 Hz, 3H), 1.48 (tq, J= 13.9, 6.9 Hz, 4H), 0.98 (t, J= 7.3 Hz, 4H), °C NMR (75 MHz,
CDCL:) & 154.53, 151.28, 144.76, 127.33, 126.97, 122.22, 119.52, 115.56, 73.60, 71.12, 70.35, 69.68,
64.27. 45.68. 41.78, 30.08. 27.27, 25.48, 22.76, 13.98, white solid, yield 1 g (98%). purity 97% via
HPLC-ELSD, MS (M+H)" caled m/z 372.24, found m/z 372.67. Compound $1.8-A3 (1.29 g, 2.75
mmol) was dissolved in a mixture of dichloromethane and trifluoroacetic acid (10:1, 10 mL) and
stirred at RT. After 30 min reaction was completed. Solution was poured into water and neutralized
with potassium hydroxide. Product was extracted with liquid-liquid extraction (three times with
dichloromethane). Organic phases were combined, washed with water and brine, dried with sodium
sulphate and solvent was evaporated under vacuum to obtain 1 g of A3.

Compound S$1.4-A4 2-(2-(2-((2-chloro-3-nitroquinolin-4-yl)amino)ethoxy)ethoxy)ethan-1-ol, white
solid, yield 2.5 g (57%), MS (M+H)" caled m/z 356.10, found m/z 356.33. Compound S1.3 (3 g, 12.4
mmol) was dissolved in 10 mL of anhydrous dichloromethane with triethylamine (2.57 mL, 1.5 eq).
To another 5§ mL of anhydrous dichloromethane 2.22 g of tert-butyl (2-(2-(2-
aminoethoxy)ethoxy)ethyl)carbamate (Synlnnova SI-551) was added. Both solutions were combined
and heated to 45 °C for 3 days. Solvents were removed under vacuum. Crude product was then
purified via column chromatography on silica gel (300 g) with a gradient of cyclohexane and acetone
(with 0.2% of triethylamine each) to obtain 2.5 g of S1.4-A4.

Compound 51.5-A4 2-(2-(2-((3-amino-2-chloroquinolin-4-yl)amino Jethoxy)ethoxy)ethan-1-ol,
white solid, yield 2.2 g (96%), MS (M+H)™ caled m/z 326.13, found m/z 326.40. Compound S1.4-A4
(2.5 g) was dissolved in ethyl acetate in a closed vessel. Vessel was flushed with Ar (evaporated and
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flushed three times three times). To solution a spatula of sodium sulphate and 500 mg of Pt/C (5% Pt,
Sigma-Aldrich 205931-1G). The vessel was again flushed three times with Ar. Subsequently the
vessel was flushed with H» (Air Liquide 130415). After five days reaction was completed, solution
filtered through celite and solvent removed under vacuum to yield 2.2 g of S1.5-A4 and used without
further purification.

Compound $1.6-A4 2-(2-(2-(2-butyl-4-chloro-1H-imidazo[4.5-c]quinolin- 1 -yl)ethoxy)ethoxy)ethyl
pentanoate, brown oil, yield 2.1 g (65%), MS (M+H)" caled m/z 476.23. found m/z 476.47.
Compound S1.5-Ad (2.2 g, 6.77 mmol) was dissolved in 5§ mL trimethyl orthovalerate (VWR
1.20377.22) and solution was heated to 135 °C. After two hours, the starting material was completely
depleted. The product and a methoxy by-product (m/z = 508) were formed. Methoxy group and
trimethyl orthovalerate residues were removed under vacuum (approx. 80 mbar) at 140 °C to yield
2.1 g of S1.6-A4.

Compound S1.7-A4 2-(2-(2-(2-butyl-4-hydrazineyl-1H-imidazo[4,5-c]quinolin-1-
yl)ethoxy)ethoxy)ethan-1-ol, MS (M+H)" caled m/z 388.23, found m/z 388.47. Compound $1.6-A4
(2.1 g, 4.42 mmol) was dissolved in 10 mL of ethanol, subsequently hydrazine (Sigma-Aldrich
225819-500ML, 2 mL. 63 mmol) was added. Solution was refluxed overnight. MS analysis showed
full conversion. Product S1.7-A4 was directly used for next reaction step.

Compound A4 2-(2-(2-(4-amino-2-butyl-1H-imidazo[4,5-c]quinolin-1-yl)ethoxy)ethoxy)ethan-1-ol,
'H NMR (300 MHz, CDCl3) & 7.83 (dd, J = 18.0, 8.3 Hz, 2H), 7.46 (t, J= 7.7 Hz, 1H), 7.26 (dd, J =
8.8, 6.4 Hz, 1H), 5.68 (s, 2H), 4.62 (t, J = 5.5 Hz, 2H), 3.91 (t, J= 5.5 Hz. 2H), 3.69 — 3.61 (m, 2H),
3.50 —3.39 (m, 6H), 2.97 — 2.88 (n, 2H), 1.83 (dt, J= 15.6, 7.6 Hz, 2H), 1.47 (dg, J= 14.6, 7.3 Hz,
2H), 0.97 (t, J=7.3 Hz, 3H), ’C NMR (75 MHz, CDCls) & 154.92, 151.31, 144.63, 133.24, 127.19,
127.03, 126.79, 122.25, 119.49, 115.46, 72.87, 71.25, 70.40, 69.59, 61.58, 45.70, 30.01, 27.29,
22.74, 13.98, white solid, yield 967 mg (59% over two steps of synthesis), purity >99% via HPLC-
ELSD, MS (M+H)" caled m/z 373.22, found m/z 373.53. Compound S1.7-A4 dissolved in 10 mL of
acetic acid and 10 mL of water and cooled with ice. Subsequently two spatula tips of Zn powder were
added. After 30 min another spatula tip of Zn powder was added. After 4 h 10 mL of acetic acid, 10
mL of water and one spatula tip of Zn were added. The next day, reaction was completed. Solution
was diluted with 100 mL water and underlayered with 200 mL dichloromethane. Mixture was
vigorously stirred, cooled with ice and potassium hydroxide added. Product was extracted with
liquid-liquid extraction (three times with dichloromethane). Organic phases were combined, washed
with water and brine, dried with sodivm sulphate and solvent was evaporated under vacuum to obtain
1.67 g of crude product. To purify substance flash chromatography was performed (Interchim
puriFlash 5,020 with Interchim PF-15SIHP-F0040 column) with a gradient of cyclohexane,
dichloromethane and ethanol to obtain 967 mg of compound A4.

Compound P1 (2R,35 4R.5R,8R,10R,11R.,12S,135,14R)-2-ethyl-3.4,10-trihydroxy-13-
({((2R,4R.58.68)-5-hydroxy-4-methoxy-4,6-dimethyltetrahydro-2H-pyran-2-yljoxy)-11-
(((28,3R.4S,6R)-3-hydroxy-6-methyl-4-(methylamino)tetrahydro-2H-pyran-2-yl)oxy)-
3,5.6,8.10,12.14-heptamethyl-1-oxa-6-azacyclopentadecan-15-one, 'HNMR (400 MHz, MeOD) &
5.07 (d, J= 4.8 Hz, 1H), 4.92 (dd, J= 10.3, 2.4 Hz, 1H). 4.55 (d. J= 7.6 Hz, 1H), 4.26 (ddd, J =

15.6, 8.2, 3.9 Hz, 2H), 3.88 — 3.78 (m, 1H), 3.70 (d, J= 7.1 Hz, 1H), 3.59 (d, J= 4.1 Hz, 1H), 3.40 (s,
3H), 3.34 (dt, J=3.3, 1.6 Hz, 1H), 3.14 — 3.04 (m, 2H), 2.89 — 2.77 (m, 2H), 2.60 (ddd, J=10.1, 9.4,
3.4 Hz, 2H), 2.45 (d, J=10.5 Hz, 1H), 2.41 (s, 3H), 2.34 (s, 3H), 2.19 (t, /= 11.7 Hz, 1H), 2.09 —
1.96 (m, 3H), 1.94 — 1.84 (m, 1H), 1.80 (d, J=14.7 Hz, 1H), 1.63 (dd, J=15.1, 5.0 Hz, 1H), 1.57 —
1.46 (m, 1H), 145 — 1.37 (m. 1H), 1.36 (s, 2H), 1.33 (d. J= 6.2 Hz, 3H), 1.29 (s, 3H), 1.25 (d. J =
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7.5 Hz, 3H), 1.21 (d, J = 6.0 Hz, 3H), 1.15 — 1.06 (m, 9H), 0.93 (dd, J = 13.0, 7.1 Hz, 5H), *C NMR
(101 MHz, MeOD) 5 180.08, 103.24, 96.28, 84.24, 79.48, 79.45, 78.15, 76.00, 75.57, 75.48, 75.12,
74.36, 70.88, 68.76, 66.49, 63.61, 61.28, 50.04, 46.82, 43.61, 43.39, 38.03, 36.80, 35.91, 33.18,
28.14, 27.76, 22.33, 22.18, 21.92, 21.68, 19.04, 17.36, 15.46, 11.49, 9.78, 7.65, colorless solid
crystals, yield 10 g (51%), MS (M+H)™ caled m/z 735.50, found m/z 735.80. P1 was described earlier
in WO 03/070173 A2 (Burnet et al.). Briefly, Azithromycin (Atomaxchemicals AM83905015, 20 g,
26.7 mmol) and sodium hydrogen carbonate (6 g, 71.5 mmol) were dissolved in 120 mL of Methanol
in a 500 mL Erlenmeyer flask. Potassium carbonate (12 g, 87 mmol) was dissolved in 80 mL of
water. The potassium carbonate solution and the iodine (6.3 g. 24.8 mmol) were added, and the
mixture was stirred vigorously at RT, until the dark color has disappeared. A second batch of iodine
(6.3 g, 24.8 mmol) and solid potassium carbonate (4.2 g, 30.4 mmol) were added. This procedure
was repeated once. until MS shows full conversion ([M+H]" = 735). Sodium bisulfite (Fisher
10474511, 1 g, 10 mmol) was added to remove excess oxidants, and all volatiles were evaporated.
The solid residue is finely ground and extensively extracted by Soxhlet extraction with acetonitrile.
The extract is concentrated to approx. 75ml and left standing at RT at least for 1 day, following
another day in the fridge. All solids were collected and recrystallized from methanol with addition of
ca. 1-2 mL of water. Crystallization proceeded for about 3 days in an open vessel to yield 10 g (51%)
of large crystals and used without further purification.

Compound P2 N-(2-(((28.3R4S,6R)-2-((2R.3S.4R.5R,8R, 10R,11R,128,135,14R)-2-cthyl-3.4,10-
trihydroxy-13-(((2R.4R.58,68)-5-hydroxy-4-methoxy-4.6-dimethyltetrahydro-2H-pyran-2-yl)oxy)-
3,5,6,8,10,12.14-heptamethyl-15-ox0-1-0xa-6-azacyclopentadecan-11-yl)oxy)-3-hydroxy-6-
methyltetrahydro-2H-pyran-4-yl)(methyl)amino)-2-oxoethyl)-N-methylglycine, 'H NMR (400 MHz,
DMSO) § 4.85 (s, 1H), 4.76 (d, J = 8.1 Hz, 1H), 4.45 (d, J= 6.9 Hz, 1H), 4.38 (s, 1H), 4.14 (s, 1H),
4.11 — 4.00 (m, 1H), 3.75 (d, /= 14.4 Hz, 1H), 3.63 (d. J = 14.7 Hz, 1H), 3.49 (dd, /= 16.0, 10.9 Hz,
3H), 3.38 (dd. J=14.0, 7.0 Hz, 1H), 3.31 — 3.21 (m, 5H), 3.22 — 3.07 (m, 1H), 2.98 — 2.88 (m, 1H),
2.85 (s, 1H), 2.75 (dd, /= 20.7, 13.9 Hz, 1H), 2.70 (s, 2H), 2.61 (s, 1H), 2.50 (s, 1H), 2.43 (d, J =
13.6 Hz, 3H), 2.26 (s, 4H), 1.90 (s, 2H), 1.78 (dd, J= 11.6, 7.4 Hz, 1H), 1.67 (d, J = 8.3 Hz, 1H),
1.51 (dd. J=22.3. 11.9 Hz, 2H). 1.36 (d, J= 8.0 Hz. 3H), 1.16 (dd, J = 18.5, 10.9 Hz, 9H). 1.09 (dd.
J=6.1,3.9 Hz, 7H), 1.01 (d, J= 7.2 Hz, 3H), 1.00 — 0.91 (m. 5H), 0.86 (d, J= 6.1 Hz, 3H), 0.79 (t, J
=7.3 Hz, 3H). C NMR (101 MHz, DMSO) § 177.03, 102.14, 94.46, 77.35, 76.27, 73.63, 72.78,
72.69, 69.65, 66.57, 64.83. 64.74, 58.22, 58.07, 48.92, 48.75, 44.78, 44.63, 42.00, 41.88, 41.66,
41.58, 40.14, 39.94, 39.73, 39.52, 39.31, 39.10, 38.90, 35.76, 34.56, 27.07, 26.40, 25.93, 22.01,
21.07,20.98, 20,94, 18.43, 18.33, 17.63, 15.07, 14.74, 14.65, 10.88, 9.03, 6.83, colorless solid, yield
1.89 g (80%), MS (M+H)" caled m/z 864.54, found m/z 864.73. Compound P1 (2.00 g, 2.72 mmol)
and 4-Methylmorpholine-2,6-dione (Sigma-Aldrich 734217-1G, 369 mg, 2.86 mmol) were solved in
DMF (25 mL). Reaction showed full conversion via MS and TLC (acetone with 7% triethylamine)
after 15 min. Polystyrene-NHa2 (Iris Biotech SR-1132, 78 mg) was added to remove the excess of 4-
Methylmorpholine-2,6-dione and stirred for 30 min. Polystyrene was then filtered off, solvents
removed under vacuum to yield 1.89 g of P2 and used without further purification.

Compound Al-Mac 2-((2-(4-(2-(4-amino-2-butyl-1H-imidazo[4,5-c]quinolin-1-yl)ethyl)piperidin-
1-y1)-2-oxoethyl)(methyl)amino)-N-((2S.3R.48.6R)-2-(((2R.35.4R 5R.8R.10R,11R,128,138,14R)-2-
ethyl-3.4,10-trihydroxy-13-(((2R.4R.58,65)-5-hydroxy-4-methoxy-4,6-dimethyltetrahydro-2H-
pyran-2-yl)oxy)-3,5.,6,8.10,12,14-heptamethyl-15-ox0-1-oxa-6-azacyclopentadecan-11-yl)oxy)-3-
hydroxy-6-methyltetrahydro-2H-pyran-4-yl)-N-methylacetamide, 'H NMR (400 MHz, CDCls) 3
7.82 (t, J="7.6 Hz, 2H), 7.48 (t, J= 7.7 Hz, 1H), 7.30 (t, J= 7.5 Hz, 1H), 5.84 (s, 1H), 5.29 — 5.00
(m, 2H), 4.74 — 4.55 (m, 3H), 4.48 (t, J= 7.7 Hz, 1H), 4.43 — 4.32 (m, 2H), 4.19 (t, J = 6.4 Hz, 1H),
4.14—3.97 (m, 2H), 3.64 (dd, J=18.2, 12.6 Hz. 4H), 3.55 (dd. J = 14.6, 7.2 Hz, 1H). 3.44 —3.36 (m,
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3H), 3.36 — 3.32 (m, 4H), 3.32 - 3.23 (m, 3H), 3.11 — 2.99 (mn, 3H), 2.94 (d, 7= 3.6 Hz, 2H), 2.86 -
2.80 (m, 3H), 2.67 (d, J= 7.1 Hz, 2H), 2.53 (d, /= 9.9 Hz, 1H), 2.42 (1, J= 7.9 Hz, 3H), 2.30 (s. 4H),
2.04 — 1.94 (m, 3H), 1.83 (dt, J= 17.8, 8.2 Hz. 7H), 1.69 (d, J = 14.4 Hz, 2H). 1.52 — 1.37 (m, 5H),
1.33 (s, 2H), 1.31 (d. J = 4.2 Hz, SH), 1.24 — 1.19 (m, 7H), 1.16 (ddd, J=11.9, 6.9, 3.6 Hz, 6H), 1.07
(d.J= 6.1 Hz, 6H), 1.02 — 0.94 (m, 7H), 0.89 (d, J= 6.6 Hz, 3H), 0.85 (d, J= 7.5 Hz, 3H), 13C NMR
(101 MHz, CDCls) 6 178.65, 171.03, 168.62, 153.41, 151.13, 133.38, 127.30, 126.74, 122.60,
119.34, 115.19, 78.23, 77.71, 77.48, 77.16, 76.84, 74.42, 73 81, 73.69, 73.25, 71.54, 71.27, 70.17,
68.47,65.93, 65.84, 62,55, 54.42, 53.21, 49.62, 49.55, 45.32, 43.60, 43.36, 42.55, 41.99, 36.97,
36.81, 36.44, 35.82, 34,99, 34.37, 31.90, 30.16, 29.25, 27.47, 27.21, 27.10, 26.86, 22.71, 22.07,
21.74,21.35,21.14, 21.08, 18.47, 18.33, 16.37, 15.03, 13.96, 11.29, 9.58, 8.19, 7.53, white solid,
yield 162 mg (35%). purity 96.1% via HPLC-ELSD, MS (M+H)" caled m/z 1197.77, found m/z
1197.67, HRMS (M+H)" caled m/z 1197.77448, found m/z 1197.77511, (M+Na)" caled m/z
1219.75642, found m/z 1219.75708. Starting from A1 (135 mg, 0.385 mmol) the coupling with P2
(350 mg, 1.05 eq) using (1-[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4.5-b]pyridinium 3-
oxide hexafluorophosphate (HATU, Fluorochem 50215, 161 mg, 1.1 eq) and triethylamine (80 uL,
1.5 eq) was carried out in dichloromethane. Reaction was complete after 3 h (reaction progress
checked via MS). Solvents were evaporated and crude product was purified via flash chromatography
with a gradient of cyclohexane, isopropanol and dichloromethane to yield 162 mg of A1-Mac.

Compound A2-Mac 2-((2-(4-(2-(4-amino-2-butyl-1H-imidazo[ 4, 5-c]quinolin-1-yl)ethyl)piperidin-
1-y1)-2-oxoethyl)(methyl)amino)-N-((28,3R.48.6R)-2-(((2R.38 4R 5R.8R.10R, 1 1R, 125,138, 14R)-2-
ethyl-3.4,10-trihydroxy-13-(((2R.4R,55,6S)-5-hydroxy-4-methoxy-4,6-dimethyltetrahydro-2H-
pyran-2-ylJoxy)-3.5.6.8.10,12,14-heptamethyl- 15-0x0-1-oxa-6-azacyclopentadecan-11-yl)oxy)-3-
hydroxy-6-methyltetrahydro-2H-pyran-4-yl)-N-methylacetamide, '"H NMR (400 MHz, CDCls) 3
7.82 (t, J= 6.2 Hz, 2H), 7.50 (t, J= 7.6 Hz, 1H), 7.31 (t, J= 7.6 Hz, 1H), 5.86 (s, 1H), 5.10 (s, 2H),
4.73 — 4.66 (m, 1H), 4.63 (d, /= 10.8 Hz, 2H), 4.51 — 4.42 (m, 1H), 4.29 (s, 2H), 4.20 (s, 1H), 4.06
(s, 2H), 3.66 (d, J = 18.9 Hz, 4H), 3.56 (dd, J= 14.6, 7.3 Hz, 2H), 3.37 — 3.30 (m, 7H), 3.03 (d, J =
6.9 Hz, 2H). 2.92 (s, 2H), 2.88 — 2.81 (m, 4H), 2.75 — 2.62 (m. 3H), 2.53 (d, J = 9.7 Hz, 2H), 2.44 —
2.37 (m. 4H), 2.31 (s, 4H), 1.85 (dt. J= 15.6, 7.7 Hz, 3H), 1.74 - 1.66 (m, 2H). 1.46 (dt. J=20.3, 7.3
Hz, 6H), 1.32 (d, J= 7.8 Hz, 9H), 1.25 — 1.19 (m, 10H), 1.07 (s, SH), 0.98 (t, J= 7.5 Hz, 7H), 0.90
(d, J= 5.6 Hz, 4H), 0.86 (t, J= 7.4 Hz, 6H), *C NMR (101 MHz, CDCl;) & 178.64, 171.01, 170.49,
168.66, 154.06, 151.34, 133.39, 127.23. 127.06, 122.49, 119.46, 115.45, 78.21. 77.73. 77.48, 77.16,
76.84, 74.42, 73.80, 73.69, 73.27, 71.57, 70.23, 68.52, 65.96, 65.82, 62.54, 59.35, 54.42, 53.19,
50.80, 49.54, 4531, 43.34, 42.56, 41.69, 37.40, 36.46, 35.81, 34.97, 30.15, 29.79, 29.75, 29.45,
29.24,27.61, 27.46, 27.09, 26.87, 22.70, 22.08, 21.73, 21.33, 21.09, 18.47, 18.33. 16.36, 15.06,
13.98, 11.30, 9.59, 8.20, 7.52, white solid, yield 143 mg (32%), purity >99% via HPLC-ELSD, MS
(M+H)" caled m/z 1183.76, found m/z 1184.07, HRMS (M+H)" caled m/z 1183.75883, found m/z
1183.75812, (M+Na)" caled m/z 1205.74077, found m/z 1205.74005. Starting from A2 (127 mg,
0.377 mmol) the coupling with P2 (376 mg. 1.1 eq) using HATU (Fluorochem 50215, 158 mg, 1.1
eq) and triethylamine (78 pL, 1.5 eq) was carried out in dichloromethane. Reaction was complete
after 5 h (reaction progress checked via MS). Solvents were evaporated and crude product was
purified via flash with a gradient of cyclohexane. isopropanol and dichloromethane to yield 143 mg
of A2-Mac.
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2. HPLC-MS/MS

Table 81. Specific detection parameters of substances in HPLC-MS/MS. Al-mac and A2-mac were
analyzed as their double charged ion (M+2H)*", Terbuthylazine was used as internal standard for
calibration of HPLC-MS/MS.

Substance Q1 mass Q3 mass DP (V) CE (V) CXP (V)
RSQ 315 197 106 43 36
IMQ 241 185 96 33 36
Al 352 241 56 35 14
Al-mac 600 521 91 31 34
A2-mac . 592 421 116 49 26
Terbuthylazine | 230 174 61 23 10

FIGURE S1 | Reagents and conditions: (1) HNO3, (2) PhP(=0)Clz, (3) HaN-R’, 45°C, (4) H2/Pd or
Naz$204, (5) C4HoC(OCH3)s, A, (6) N2Ha/H20, A, (7) Zn/TFA/EtOH, (7a) DCM/TFA; deprotection
of Boc group, if present. R can be 2-(4-piperidinyl)ethyl (for compound A1) and (4-
piperidinyl)methyl (for compound A2), 2-[2-(2-aminoethoxy)ethoxy]ethyl (for compound A3). For
compound A4 R is 2-[2-(2-hydroxyethoxy)ethoxy]ethyl (in steps S14 to S.7 as pentanoate).

FIGURE 82 | Reagents and conditions: (1) Iodine, K2COs, (2) 4-Methylmorpholine-2.6-dione, (3)
HATU, tricthylamine; R**” can be Al or A2.

FIGURE 83 | Dose response of compounds in HEK Blue hTLR7. Circles represent normalized
replicate measurements pooled from 3 experiments. Lines represent non-linear functions fit to the
data to calculate compound-specific EC50, values in grey have been excluded before fitting.

FIGURE S4 | Dose response of compounds in HEK Blue hTLRS. Circles represent normalized
replicate measurements pooled from 3 experiments. Lines represent non-linear functions fit to the
data to calculate compound-specific EC50, values in grey have been excluded before fitting.

FIGURE S5 | A Relationship between serum concentration, signal to noise ratio and compound
toxicity at high doses in the HEK Blue hTLR7/8 reporter assay B Variance in maximal cytokine
secretion between donors in the full blood stimulation assay. Each point represents the maximal
concentration of a given cytokine observed for a donor (for TNFa (right axis) generally samples
treated with 10 pM RSQ, for IFNa (left axis) samples treated with either 10 pM RSQ or Al-mac),
n=8
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FIGURE 56 | Cytokine profile in peripheral blood over time after 3, 6 and 12 pmolkg s.c.
compound administration in 8-week-old, female C57BL/6 mice (n=3 mice per group). IFNp, IFNy,
IL6, IL10 levels in tail plasma over time were determined via cytometric bead array. At each
sampling timepoint the plasma of mice in one treatment group (A) RSQ (B) Al (C) Al-mac was
pooled.

FIGURE 87 | Compound concentration after repeated applications of Al. Al-mac compared to RSQ
and IMQ. Samples were collected 4 h, 28 h and 52 h after s.c. treatment. Skin samples were sampled
at time points 4 h and 52 h. Compound concentrations were analyzed by HPLC-MS/MS, data
presented as mean + SD
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FIGURE 51 | Reagents and conditions: (1) HNO3, (2) PhP(=0)C12, (3) HIN-R", 45°C, (4) H2'Pd or Na23204, (5) C4HSC(OCH3)3, D, (6) NZH4H20,
D. (7) Zn/TFA/EtOH, (7a) deprotection of Boc group, if present. R can be 2-(4-piperidiayljethny] (for compound Al) and (4-piperidinylymethyl (for
compound A2), 2-[2-{2-aminoethoxy)ethoxy]ethyl (for compound A3). For compound A4 R 15 2-[2-{2-hydroxyethoxy)ethoxy]ethy] (in steps S14 10 5.7 as
pentanoate])

191



Anhang

Reaction Scheme lI
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FIGURE 52 | Reagents and conditions: (1) Iodine, (2) 4-Methylmorpholine-2 §-dione, (3) B™’ can be Al or A2,
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FIGURE 86 | Cytokme profile in peripheral blood over time after 3, 6 and 12 umol’kg s.c. compound administration in 8 old, female CSTBL/6 mice (n=3
mice per group). IFNB, TNy, IL6. IL10 levels in tail plasma over time were determined via cytometric bead array. At each sampling timepoint the plasma
of mice in cne treatment group (A) RSQ (B) Al (C) Al-mac was pooled.
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FIGURE 87 | compound concentration after repeated applications of A1, Al-mac compared to R3Q and IMQ. Samples were collected 4 h, 28 hand 52 h
after s.c. treatment. Skin samples were only sampled at time pomnts 4 h and 32 h. Compound concentrations were analyzed by HPLC-MS/MS, data
presented as mean = SD
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Table 81 | Specific detection parameters of substances in HPLC-MS/MS. Al-mac and A2-mac were analysed as their double charged ion (M=2H)2+.
Terbuthylazine was used as internal standard for calibration of HPLC-MS/MS.

Substance Q1 mass Q3 mass DP (V) CE (V) CXP (V)
R5Q 315 197 106 43 36
IMQ 241 185 96 33 36
Al 352 241 56 35 14
Al-mac 600 521 91 31 34
A2-mac 592 421 116 49 26
Terbuthylazine | 230 174 61 23 10
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