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1. ZUSAMMENFASSUNG DEUTSCH

In dieser Dissertation wurde im Rahmen der Publikation von Beielstein et al.®> der mogliche
Einfluss eines veranderten Metabolismus von Makrophagen auf deren Phagozytoseaktivitat
und daraus folgend der Therapieeffektivitdt im Kontext von Chemo-Immuntherapie bei

aggressiven B-Zell-Lymphomen und indolenten Lymphomen eruiert.

1.1  Makrophagen und ihr Verhalten im Tumormikromilieu

Das Tumormikromilieu ist ein entscheidender Einflussfaktor flir den Verlauf von malignen
Tumoren, Leukdmien und Lymphomen.* Im Mikromilieu gibt es neben den Tumorzellen
verschiedene benigne Zellen, welche den Progress und auch die Therapieantwort von
Tumoren beeinflussen. Durch Veranderungen des gemeinsamen Milieus mittels Sekretion von
unter anderem Zytokinen und Stoffwechselprodukten, werden vorhandene Immunzellen zu
Tumor-supportiver Funktion umprogrammiert.® Eine im Mikromilieu vorhandene Immunzelle
ist der Tumor-assoziierte Makrophage (TAM), welcher das Tumorwachstum, die
-vaskularisierung und -metastasierung férdert und andere Immunzellen inhibiert.®’

Entgegen dieser tumorforderlichen Eigenschaft der Makrophagen, wurde durch Pallasch et al.
jedoch auch gezeigt, dass TAMs die hauptverantwortlichen Zellen fir die Beseitigung von
Antikdrper-markierten Zellen durch Phagozytose im Rahmen von Chemo-Immuntherapien bei
Lymphomen sind.® Gleichzeitig wurde veranschaulicht, dass diese Makrophagen im
Lymphommilieu weniger phagozytieren als in anderen Kontexten.® So kann es zu Therapie-
refraktare Nischen und folgend zu Rezidiven kommen. Makrophagen sind also ein wichtiger
Faktor im Rahmen von Chemo-Immuntherapien, jedoch dabei in ihrer phagozytierenden

Funktion gehemmt.
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Abb. 1.1 Tumor-assoziierte Makrophagen und das Lymphommikromilieu
beeinflussen Tumorprogress und Therapieansprechen. Im Tumormikromilieu besteht
ein Wechselspiel zwischen Lymphomzellen und benignen umgebenden Zellen. Das Milieu
beeinflusst durch seine Charakteristika (gelb) und Metabolite (lila) die umgebenden Zellen.
Der Tumor-assoziierte Makrophage beeinflusst wiederum das Verhalten der
Lymphomzellen (blau) und ist gleichzeitig die entscheidende Zelle im Kontext von

Immuntherapien (griin). Abbildung modifiziert nach Pallasch et al.®

Die Funktion und phagozytierende Aktivitat von Makrophagen hangt von ihrer Polarisation ab.
Makrophagen haben ein weites Spektrum an moglichen Phanotypen, welches von pro-
inflammatorischen und Phagozytose-aktiven Makrophagen (M1-artige Makrophagen) bis zu
anti-inflammatorischen und Gewebe-regenerativen Makrophagen (M2-artige Makrophagen)
reicht. Der TAM tendiert im Bereich dieses Spektrums Richtung M2-artig, stellt aber eine
Mischung aus beiden Phanotypen dar.'®' Wie stark die Tendenzen ausgepragt sind, hangt
vom Tumor ab, welcher den TAM induziert.”> TAMs wirken (je nach Polarisation in
verschiedenem Ausmal) immuninhibitorisch auf umgebende Immunzellen und sind
phagozytisch wenig aktiv, sie koénnen die Vaskularisation von Tumoren und deren
Metastasierung fordern und Einfluss auf die Effizienz von Antitumor-Therapien haben.?

Die Polarisation in Richtung eines Phanotyps wird durch das umgebende Milieu und darin
enthaltene Aktivatoren wie Zytokine, Chemokine und Stoffwechselprodukte beeinflusst. Diese
Mediatoren kdnnen den Stoffwechsel von Makrophagen und daraus folgend ihre Polarisation
determinieren.™'* Es wurde gezeigt, dass auch bereits differenzierte Makrophagen durch
Veranderungen im Milieu in Richtung einer anderen Polarisation verandert werden kdnnen und

hierdurch Tumor-fordernde TAMs anti-tumortse Eigenschaften entwickeln kénnen.'s-"7

19



1.2 Notwendigkeit der Therapieoptimierung in B-Zell-Leukdmien und -
Lymphomen
In den vergangenen Jahrzehnten wurden verschiedene neue Therapieoptionen flir B-Zell-
Leukdmien und -Lymphome entwickelt. Hierdurch wurde eine Lebenszeitverlangerung
erreicht, die Heilungsraten konnten jedoch nicht durchgreifend verbessert werden.'®2° Die
fuhrende  Therapiemodalitdt fiur B-Zell-Leukdmien und -Lymphome ist eine
Kombinationstherapie aus Chemotherapie und einer Immuntherapie in Form von
Antikorpertherapien mit beispielsweise Rituximab oder Obinutuzumab.' Im Rahmen dieser
Therapien sind Makrophagen wie oben beschrieben eine wichtige Zellpopulation, welche die

therapeutische Wirksamkeit und damit potentiell auch die Heilungsraten beeinflussen kann.

Auf Grundlage der beschriebenen Interaktion von Makrophagen und Lymphomzellen und des
metabolischen Einflusses auf die Makrophagenpolarisation und -aktivitat wurde diese Studie
initiiert, um eine mdgliche Therapieoptimierung von Lymphomen durch Optimierung der

Makrophagenfunktion durch metabolische Modulation zu eruieren.

1.3 Metabolische Modulation verandert die Phagozytoseaktivitit von
Makrophagen

Zur Evaluation der Phagozytoseaktivitat im Kontext von AntikOrpertherapien wurde eine
Kokultur aus einer murinen Makrophagen- (J774A.1) und einer humanisierten aggressiven B-
Zell-Lymphom Zelllinie (hMB, MY C- und BCL2-mutiert) angelegt. Die Halfte der Proben wurde
mit dem therapeutischen Antikérper Alemtuzumab, welcher gegen CD52 gerichtet ist,
behandelt. Fir Folgeversuche wurde die therapeutische Antikérperauswahl um aktuell
angewandte Antikdrper, wie Obinutuzumab und Daratumumab (gegen CD20 bzw. CD38
gerichtet), erweitert. Nach Inkubation der Zellen konnte folgend via Durchflusszytometrie die
Anzahl an verbliebenen — und damit nicht phagozytierten — hMB Zellen bestimmt werden.
Durch den Vergleich von Proben, welche mit Antikorper behandelt wurden, und Proben,
welche nicht mit Antikdrper behandelt wurden, kann die Antikdrper-abhangige
Phagozytoserate (antibody-dependent cellular phagocytosis; ADCP) der Makrophagen
errechnet werden.

Zur Beurteilung des Einflusses der metabolischen Modulation auf das Phagozytoseverhalten
von Makrophagen wurden verschiedene metabolische Inhibitoren genutzt. Die nicht-toxische
Dosis gegenuber Makrophagen und hMB Zellen wurde zuvor bestimmt. Es wurde die
Glykolyse mittels 2-Deoxy-D-Glucose, die mitochondrielle Aktivitat mittels Oligomycin, die
Energieregulation der Zelle mittels BML257 (inhibiert die AMP-aktivierte Proteinkinase; AMPK)
und der Pentosephosphatweg (PPP) mittels 6-Aminonicotinamide (inhibiert das Enzym 6-
Phosphogluconatdehydrogenase (6pgd) im oxidativen Teil des PPP) und Oxythiamin (inhibiert

das Enzym Transketolase (Tkt) im nicht-oxidativen Teil des PPP) verwendet.
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Abb. 1.2 Schematische Darstellung des metabolischen Screenings mit Frage des
Einflusses auf die Antikorper-abhidngige Phagozytoseaktivitidt von Makrophagen in einer

Makrophagen-Lymphomzell-Kokultur. Abbildung modifiziert nach Beielstein et al.3

Im Screening zeigte sich, dass die meisten metabolischen Inhibitoren einen negativen Einfluss
auf die Phagozytoseaktivitat von Makrophagen haben. Lediglich die Hemmung des PPP fihrte
zu einer Steigerung der Phagozytoseaktivitat. Um die treibende Veranderung abhangig vom
Zelltypen festzustellen, wurden die Inhibitoren entweder zur Kokultur dazu gegeben oder es
erfolgte alternativ eine Vorbehandlung der Makrophagen oder der hMB Zellen vor Hinzugabe
zu der Zellkultur. Hierdurch konnte gesehen werden, dass die PPP Inhibition im Gegensatz zu
allen anderen Inhibitoren unter allen genannten Behandlungsarten eine Steigerung der
Phagozytose erreichte, die PPP Inhibition also sowohl einen Einfluss auf die
Phagozytoseaktivitat der Makrophagen hat als auch die hMB Zellen empfanglicher gegentber
Phagozytose macht. Die grofite Steigerung der Phagozytose wurde bei Vorbehandlung der
Makrophagen erreicht.

Zur Verifizierung der Phagozytoseaktivitat von Makrophagen unter PPP Inhibition wurden
weitere ADCP Versuche durchgefihrt. Unter Nutzung anderer Inhibitoren (Physcion fir 6pgd
und 6-Hydroxyphenylpyruat fur Tkt), einer anderen Makrophagenzelllinie (humane THP1
Zellen) und eines alternativen Antikérpers (Obinutuzumab; gegen CD20 gerichtet) sowie
Durchfiihrung des Assays in Hypoxie (haufig vorliegend in den Therapie-refraktaren Nischen
von Lymphomen) konnte ebenfalls eine Steigerung der Phagozytoserate erreicht werden.

Auch ohne die Hinzunahme von Antikérpern zeigte sich unter Inhibition des oxidativen Teils
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des PPP eine Zunahme der Antikdrper-unabhdngigen Phagozytoserate (antibody-
independent cellular phagocytosis; AICP). Zum Ausschluss von Ziel-ungerichteten Effekten
der Inhibitoren, wurden Makrophagen erzeugt, in welchen die Expression von 6pgd oder Tkt
mit Hilfe von Short-hairpin Ribonukleinsaure (shRNA) suffizient herunterreguliert wurde. Auch

diese Makrophagen zeigten eine deutliche Zunahme der Phagozytoseaktivitat.

Um zu eruieren, ob die Enzymaktivitat selber oder die Veranderung der dazugehorigen Edukte
oder Produkte Ursache flr die veranderte Phagozytoseaktivitat der Makrophagen ist, erfolgten
ADCP Assays unter Supplementierung von PPP Edukten und Produkten. Hier zeigte sich,
dass nur unter Supplementierung der Produkte von 6Pgd und Tkt eine Steigerung der
Phagozytoserate erfolgte, wahrend die Supplementierung des Tkt Edukts Erythrose-4-
Phosphat zu einer Verringerung der Phagozytoseaktivitat fihrte. Diese Beobachtung lasst
vermuten, dass die Inhibition des Enzyms und nicht die Verringerung des dazugehdrigen
Produkts zu einer Veranderung der Phagozytoseaktivitat fihrt. Enzyme unterliegen einem
sogenannten Feedback-Mechanismus. Das heif3t die Ansammlung von Edukten flhrt zu ihrer
Aktivierung wahrend die Ansammlung von Produkten zu ihrer Hemmung fuhrt. Dieser

Feedback-Mechanismus konnte in dieser Versuchsreihe beobachtet werden.

1.4  PPP Inhibition aktiviert Makrophagen auf vielfaltige Weise

Zur weiteren Charakterisierung der Makrophagen unter PPP Inhibition wurde die Polarisation
der Makrophagen via Durchflusszytometrie bestimmt. Hier zeigte sich eine Tendenz weg vom
M2-ahnlichen und TAM-ahnlichen Phanotyp hin zum M1-ahnlichen Phanotyp. In der
Immunfluoreszenzmikroskopie zeigten die Makrophagen unter PPP Inhibition einen aktivierten
Phanotyp mit vermehrter Ausbildung von Filopodien. Filopodien werden zur Initiierung der
Phagozytose genutzt. Die Stoffwechselaktivitat der Makrophagen wurde mit Hilfe von
Seahorse Cell Mito Stress Test und Seahorse XF Glycolytic Rate Assay charakterisiert.
Hierbei kdnnen Uber die Sauerstoffverbrauchsrate (Oxygen consumption rate; OCR) und die
extrazelluldre Ansauerung (extracellular acidification rate; ECAR) unter schrittweiser Inhibition
der mitochondriellen Aktivitat und der Glykolyse Rickschlisse auf die Aktivitat dieser beiden
Stoffwechselwege gezogen werden. Unter PPP Inhibition zeigte sich eine Zunahme der
Aktivitat beider Stoffwechselwege und eine vermehrte Adenosintriphosphat (ATP) Produktion.
Dies lasst auf eine allgemeine metabolische Aktivierung der Makrophagen unter PPP Inhibition
schliefen. Zusammenfassend konnte so gezeigt werden, dass Makrophagen auf multiplen
Wegen einen aktivierten Status unter PPP Inhibition annehmen, welche allesamt als méglicher

(Mit-)Ausgangspunkt fur eine gesteigerte Phagozytoseaktivitdt angesehen werden kénnen.
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1.5 PPP Inhibition moduliert die Immunantwort und Aktivitat von
Makrophagen liber die UDPG-P2y14-Stat1-Irf1-Irg1-ltaconat Signalachse
Zur tiefergehenden Analyse der Veranderungen in Makrophagen unter PPP Inhibition wurde
eine Proteom- und Phosphoproteom-Analyse der Zellen vorgenommen. Hier zeigte sich
sowohl unter Substanz-gesteuerter als auch unter shRNA-gesteuerter PPP Inhibition eine
signifikante Verringerung von anti-inflammatorischen Proteinen und eine Zunahme von pro-
inflammatorischen und fur die Phagozytose notwendigen Proteinen. Zur weiteren Analyse
wurde ein Clustering der Proteine zu zugehdrigen Signalwegen vorgenommen, in welchem
sich passende Veranderungen in Signalwegen fur die Immunregulation, Phagozytose und die
ebenfalls zuvor beobachteten Veranderungen in Glykolyse und mitochondrieller Aktivitat
zeigten. Um die spezifische Veranderungen der Aktivitat einzelner Kinasen zu evaluieren,
wurde eine modifizierte Integrierte abgeleitete Kinase-Aktivitats-Analyse (INKA-Analyse)?!
durchgefihrt. Hier zeigte sich eine kongruente starke Verminderung der Kinaseaktivitaten des
Kolonie-stimulierender-Faktor-1-Rezeptor - Protein Tyrosinkinase 2 beta - Mitogen-aktivierte
Proteinkinase (Csf1r-Ptk2b-Mapk1) -Signalweges. Dieser Signalweg fiihrt zur Expression von
Interferon-regulierender Faktor 1 (Irf1), Immunresponsives Gen 1 (Irg1) und Signaltransduktor

und Transkriptionsaktivator 1 (Stat1).

In 2020 beschrieben Ma et al.??> die Regulation von Stat1 durch Beeinflussung des PPP. Hier
hatte sich eine gleichgerichtete Aktivitdtsanderung des Glykogen-Metabolismus und des PPP
gezeigt, wodurch es zu einer Beeinflussung einer Signalkaskade Uber das Glykogen-Enzym
UDP-Glucose Pyrophosphorylase 2 (Ugp2), den Transmembranrezeptor P2y14 und folgend
von Stat1 kommt. Stat1 wiederum fihrt zur Expression von Irf1,2 welches der
Transkriptionsfaktor von Irg1 ist.?* Irg1 ist ein zentrales Immun-inhibitorisches Protein in
Makrophagen. Wir konnten zeigen, dass Makrophagen unter PPP Inhibition weniger Glykogen
produzieren und die Proteine der Ugp2-P2y14-Stat1-Irf1-Irg1-Achse allseits signifikant
reduziert sind.

Irg1 ist ein Enzym, welches seine Immun-inhibitorische Funktion Gber sein Produkt Itaconat
ausubt. Itaconat wird durch Irg1 aus Zitrat produziert. Zur naheren Evaluation der
metabolischen Veranderungen in Makrophagen fihrten wir eine Metabolom-Analyse durch.
Hier bestatigte sich zum einen eine signifikante Verminderung des 6pgd-Produkts Ribulose-5-
Phosphat und des Tkt-Produkt Sedoheptulose-7-Phosphat unter shRNA-gesteuerter PPP
Inhibition. Zum anderen konnten wir eine signifikante Reduktion von Itaconat unter PPP
Inhibition zeigen. In der Proteom-Analyse zeigte sich eine signifikant verminderte Expression
von Irg1. Itaconat hemmt die Aktivitdt der Succinat-Dehydrogenase (SDH). Passend zur
geringeren ltaconatmenge unter PPP Inhibition, zeigte sich eine vermehrte SDH-Aktivitat mit

Verminderung des zugehdrigen SDH-Edukts Succinat und Vermehrung des SDH-Produkts
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Malat. Da SDH ebenfalls ein Bestandteil der Atmungskette der Mitochondrien ist, ist ihre
gesteigerte Aktivitat eine mogliche Erklarung fir die gesteigerte mitochondrielle Aktivitat von
Makrophagen unter PPP Inhibition. Die Immun-inhibitorische Funktion von ltaconat wird
vornehmlich Uber die Beeinflussung von Zytokinen ausgefiihrt, wobei es die Expression von
Interleukin-10 (IL-10) steigert und die Expression von Interleukin-6 (IL-6) hemmt.?® Passend
hierzu konnten wir eine signifikante Reduktion der IL-10-Expression und eine signifikante
Zunahme der |IL-6-Expression unter PPP Inhibition (und damit folgend verminderter Produktion
von ltaconat) zeigen. Dies kann als zentraler Mechanismus fir die beobachtete Aktivierung

und pro-inflammatorische Polarisation der Makrophagen angesehen werden.

Zur Verifizierung von Irg1 als zentrales Element unserer beobachteten Veranderung der
Phagozytose-Aktivitat von Makrophagen, wurde ein Mausmodell genutzt, in welchem das Irg1-
Gen ausgeschaltet wurde (Irg1-knockout). Makrophagen der Irg1-knockout-Mause zeigten
eine signifikant erhohte Phagozytoseaktivitat im Vergleich zu Makrophagen aus Wildtyp-
Mausen. Dies bestatigt die Hypothese, dass eine PPP Inhibition in Makrophagen Gber Irg1-

Inhibition zu einer Immunaktivierung und gesteigerten Phagozytoseaktivitat fuhrt.

1.6  PPP Inhibition fluhrt auch in humanen Zellen zu einer gesteigerten

Phagozytoseaktivitat von Makrophagen
Um der klinische Anwendbarkeit naher zu kommen, wurde die Wirksamkeit der PPP Inhibition
in humanen Zellen getestet. Monozyten gesunder Spender*innen wurden in der Anwesenheit
von PPP Inhibitoren in Makrophagen differenziert. Diese Makrophagen zeigten eine signifikant
erhdhte Phagozytoseaktivitat und eine Zytokin-Verschiebung weg von IL-10 und hin zu IL-6 im
Vergleich zu unbehandelten humanen Makrophagen. Der ADCP-Assay wurde auch mit
primaren Chronische lymphatische Leukamie (CLL) Patientenzellen durchgefthrt. Hier flihrte
eine Zugabe von PPP Inhibitoren und die Kokultur mit 6pgd- oder Tkt-defizienten murinen
Makrophagen ebenfalls zu einer signifikant gesteigerten Phagozytose der CLL Zellen. In einer
komplett humanen Kokultur bestehend aus oben genannten humanen Makrophagen und CLL
Patientenzellen zeigte sich ebenfalls eine signifikant erhéhte Phagozytoserate. Diese
Ergebnisse bestatigen die Wirksamkeit der PPP Inhibition auf die Phagozytoseaktivitat von

Makrophagen auch in humanen Zellen.

1.7 PPP Inhibition mindert den Lymphom-supportiven Effekt von
Makrophagen auf primare CLL Patienten Zellen

Neben unserem bisher betrachteten Aspekt — die Forderung von Makrophagen zur Elimination

Antikdrper-markierter Lymphomzellen — sind Makrophagen im Kontext der CLL vor allem als

CLL-férdernde Umgebungszellen bekannt. Ohne die Anwesenheit von TAMs kénnen CLL

Zellen in Lymphknoten nicht Gberleben.?® Zudem férdern TAMs die Chemotherapie-Resistenz

24



von CLL Zellen. Wir analysierten daher das Verhalten von humanen CLL Zellen in Kokultur mit
Makrophagen unter PPP Inhibition. Es zeigte sich eine Verminderung des Uberlebens von CLL
Zellen in Mono-Kultur unter PPP Inhibition, was auf eine schadliche Wirkung auf CLL Zellen
hinweist, sowie in Kokultur unter Inhibition des nicht-oxidativen Teils des PPP. Behandelten
wir humane CLL Zellen nach Kokultur mit Makrophagen unter PPP Inhibition mit dem
Chemotherapeutikum Bendamustin, war eine niedrigere Dosis von Bendamustin notwendig,
um 50% der Zellen abzutoten (mittlere inhibitorische Konzentration, ICso). Es zeigte sich also
eine hohere Empfindlichkeit von humanen CLL Zellen gegeniber dem Chemotherapeutikum
Bendamustin nach Kokultur mit Makrophagen unter PPP Inhibition oder Kokultur mit
Makrophagen, welche zuvor mit PPP Inhibitoren behandelt worden waren. Dies zeigt, dass
PPP Inhibition neben der Foérderung der Phagozytoseaktivitdt auch die Tumor-supportiven

Eigenschaften von Makrophagen im Kontext von Lymphomen hemmt.

1.8  PPP Inhibition steigert die Makrophagenaktivitat und Myelopoese in vivo
Um den physiologischen Bedingungen im menschlichen Kérper ndher zu kommen, flhrten wir
final in vivo Versuche im Mausmodell durch. Immunkompetente C57BL/6 Mause wurden
hierfur mit dem 6pgd-Inhibitor 1-Hydroxy-8-Methoxy-Anthraquinon (S3) behandelt. Im
Anschluss analysierten wir Makrophagen verschiedener Kompartimente. Wir begutachteten
die Hamatopoese im Knochenmark und konnten hier eine allgemeine Steigerung der
Myelopoese sowie von Vorlaufer-Pools von Makrophagen und anderen Immunzellen zeigen.
In der Milz zeigte sich zudem eine erhdhte Zahl von myeloiden Vorlauferzellen und
Makrophagen unter S3 Behandlung. Aus dem Peritoneum gewonnene Makrophagen zeigten
passend zu den vorangegangenen Experimenten einen Polarisations-Drift weg von M2- und
TAM-artigen Makrophagen und hin zu M1-artigen Makrophagen mit signifikant veranderter
Expression von Oberflachenmarkern. Makrophagen, differenziert aus dem Knochenmark
behandelter Mause, zeigten eine signifikant erhdhte Phagozytoseaktivitat im Vergleich zu
Makrophagen unbehandelter Mause. Zusammengefasst konnte somit die Zunahme der
Phagozytoseaktivitdt und Immunaktivierung auch im Immun-kompetenten in vivo Kontext
bestatigt werden und zudem eine allgemeine Zunahme der Makrophagenanzahl gezeigt

werden.

1.9 PPP Inhibition in einem aggressiven Lymphom-Mausmodell fihrt zu
einem signifikanten Uberlebensvorteil

Zur Beurteilung der Therapieeffektivitdt von PPP Inhibition im Kontext von Antikérper-

Therapien, wurde NOD.Cg-Prkdcscid 112rgtm1Wijl/Szd (NSG) Mausen das humanisierte

Double-hit Lymphom (hMB) injiziert und die Mause anschlieRend mit dem Kklinischen

Antikdrper Alemtuzumab und / oder S3 behandelt. Durch Hinzunahme von S3 zur Antikérper-

Therapie konnte eine signifikante Verlangerung des Uberlebens der Mause im Vergleich zur
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alleinigen Antikérper-Therapie erreicht werden.

Hierbei konnten wir histopathologisch zeigen, dass es unter der Kombinationstherapie zu einer
signifikanten Reduktion der Lymphomlast und gleichzeitig zu einer gesteigerten
Makrophageninvasion in Lymphomareale in der Milz kommt, hinweisend auf die erhdéhte

Elimination der Lymphomzellen durch die eingewanderten Makrophagen.

1.10 PPP Inhibition ist eine potente metabolische Modulation zur Steigerung
der Phagozytoseaktivitat von Makrophagen und folgend potentiell effektiv
zur Steigerung der Effektivitat von B-Zell-Lymphomtherapien

Zusammengefasst konnte in dieser Dissertation gezeigt werden, dass metabolische

Modulation die Antikorper-vermittelte Phagozytoseaktivitat von Makrophagen verandern kann.

Hierbei fihrt die Inhibition des PPP zu einer Zunahme der Phagozytoseaktivitat von

Makrophagen. Die Makrophagen zeigen eine pro-inflammatorische Polarisation, einen

aktivierten Phanotyp und eine metabolische Aktivierung. Als zugrundeliegender Mechanismus

konnte der Ugp2-P2y14-Stat1-Irf1-Irg1-Signalweg identifiziert werden. Hierdurch konnte eine

Verbindung zwischen metabolischer Modulation und Immunaktivitat von Makrophagen gezeigt

werden. Anhand von Experimenten mit humanen Makrophagen und CLL Patientenzellen

konnte demonstriert werden, dass der Effekt auch in menschlichen Zellen erreicht werden und
die Tumor-supportiven Eigenschaften von TAMs auf CLL Zellen vermindert werden kdnnen.

In Mausmodellen konnte gezeigt werden, dass der Phagozytose-férdernde und aktivierende

Effekt auf Makrophagen auch in vivo erhalten bleibt und ein signifikanter Uberlebensvorteil

durch die Hinzunahme von einem PPP Inhibitor zur AntikGrper-Therapie in einem aggressiven

Lymphommodell erreicht werden kann. Somit zeigt die Inhibition des PPP ein neues

therapeutisches Prinzip, um die Effizienz von Immuntherapien wie Antikdrper-basierten

Lymphomtherapien in der Klinik weiter zu verbessern. Zur Evaluation der Wirksamkeit im

klinischen Kontext sind Folgestudien notwendig, welche in Folgeprojekten realisiert werden

sollen.
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2. ABSTRACT

Progression and therapeutic response in B cell lymphoma depend on the interaction with
macrophages in the tumor microenvironment (TME). A central aspect of the TME is its limited
supply of nutrients which implicates metabolic reprograming of immune cells such as changed
phagocytic effector capacity of macrophages.

In this project, we particularly aimed to elucidate the role of metabolic modulation of
macrophages on their phagocytic activity and to improve macrophage effector cell function in
the context of immunotherapies. We have shown that metabolic modulation is able to influence
the phagocytic activity of macrophages. Inhibition of the pentose phosphate pathway (PPP)
induced an increased chronic lymphocytic leukemia (CLL) cell and lymphoma cell
phagocytosis by macrophages. Supplementation of the PPP-intermediates ribulose-5-
phosphate and sedoheptulose-7-phosphate increased the phagocytosis while erythrose-4-
phosphate inhibited the macrophage-mediated target cell depletion, pointing toward inhibition
of the producing enzymes as origin of the observed increased phagocytosis rate. Under PPP
inhibition, the phenotype of macrophages was changed. The oxygen consumption and the
glycolysis of macrophages was increased and the cells developed a more activated
morphology with formation of filopodia, which are involved in the phagocytosis initiation by
engulfing target cells. Moreover, cytokine secretion was shifted away from anti-inflammatory
IL-10 and toward pro-inflammatory IL-6 secretion. PPP inhibition of macrophages significantly
reduced CLL cell support in vitro abrogating the “nurse-like” effect of macrophages. PPP
inhibition in CLL cells also diminished their viability, pointing toward a possible therapeutic
effect also on the site of lymphoma cells. The increased lymphoma cell clearance and
phenotypic alterations of macrophages were also observed under PPP enzyme knockdown of
transketolase (TKT) and 6-phosphogluconatedehydrogenase (6PGD) in macrophages and by
inhibiting the PPP in primary murine and human macrophages. In a multi-omics assessment
of PPP inhibition on proteome, phosphoproteome and metabolome level, we found protein
expression alterations regulating metabolism and immunity. A connection between PPP
inhibition and changed immune profile by influencing the glycogen metabolism and the
subsequent modulation of the UGPD-Stat1-Irg1-itaconate axis was identified. The importance
of this signaling axis was demonstrated with an Irg1-knockout mouse model. Macrophages of
Irg1-knockout mice also showed an increased phagocytic capacity in comparison to wild-type
mice macrophages. Macrophages of immune-competent wild-type mice treated with the PPP
inhibitor S3 also showed an activated phenotype, a pro-inflammatory polarization and an
increased phagocytic activity. The addition of the PPP inhibitor S3 to antibody therapy in an
aggressive lymphoma mouse model reached a significant prolongation of overall survival in
comparison to antibody treatment only and led to increased macrophage infiltration into

lymphoma bearing sides with concomitant reduction of lymphoma cell amount.
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In total, an increased activation and repolarization of macrophages toward a pro-inflammatory

and phagocytic active phenotype was observed by inhibiting the PPP. We were able to point

out the underlying signaling axis, which connects metabolic regulation and immune activity in

macrophages.

We hypothesize the PPP as a key regulator of macrophage activity determining support of

malignant B cell growth, their capacity of tumor-cell clearance and thereby therapy outcome in

immunotherapy of B cell lymphoma and CLL. With these new insights we have identified the

PPP as a targetable modulator of macrophage polarization and promising target to improve

the efficacy of immunotherapies in B cell lymphoma and CLL.

T Macrophage activation

l Lymphoma cell support

Antibody-dependent
lymphoma cell clearance

J

Fig. 2.1 Graphical abstract of the results of the thesis and the publication of
Beielstein et al.? shRNA- and drug-mediated PPP inhibition causes glycogen metabolism
changes, which lead to diminished activity of the STAT1-IRG1-itaconate axis. This leads to

macrophage activation, less lymphoma cell support and increased antibody-dependent

lymphoma cell clearance.
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3. INTRODUCTION

3.1 The tumor microenvironment

A malignant tumor is not only composed of transformed malignant cells, but also consists of
the tumor microenvironment (TME). The TME includes benign cells like stromal cells, the
vasculature, and also different immune cells. Depending on the type of tumor, the immune cell
infiltration differs. For example, in Hodgkin lymphoma the tumor consists only of one percent
of malignant cells, the great majority consists of surrounding immune cells.?” It has been
demonstrated that there is a close interplay and a strong dependence of several types of
leukemia and lymphoma on the TME.?32° The tumor cells build up a special milieu by cytokine
secretion, nutrient uptake, metabolic product secretion, and oxygen consumption. By that they
also differ the milieu occurrence for the bystanding cells and thereby the action of the infiltrating
immune cells can be changed from anti- to pro-tumoral activity.® Due to that significant
influence, the TME has been defined as one hallmark of cancer, whose transformed- and non-

transformed cell interactions determine cancer progression and therapeutic response.*

Emerging Hallmarks)ﬁ
Deregulating cellular Avoiding immune
energetics destruction

Genome instability N Tumor-promoting
and mutation Inflammation
Enabling Characteristics}—/

Fig. 3.1 Newly defined hallmarks of cancer. Due to the great influence on tumor

progression, the capability of tumor cells to modify immune cells to avoid immune
destruction and to change the inflammatory response toward tumor-supportive function has
been implemented as two central hallmarks of cancer. Figure modified from Hanahan et

al.4
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3.1.1. Tumor-associated macrophages

One type of immune cell in the TME, which has been identified as tumor-supportive, is the
tumor-associated macrophage (TAM).6 TAMs are immuno-suppressive toward other tumor-
infiltrating immune cells, e.g. by high expression of inhibitory immune checkpoint receptors like
programmed cell death 1 (PD-1), programmed cell death ligand 1 (PD-L1), programmed cell
death ligand 2 (PD-L2) and by cytokine secretion. And they are tumor-supportive by promoting
vascularization and metastasis.”* The high expression of PD-1 also reduces the anti-tumor
function of TAMs by suppression of their phagocytic activity.' Moreover, TAMs act as
supportive bystander cells for several tumor types by cell contact and cytokine secretion. An
impressive example is the CLL. CLL cells undergo spontaneous apoptosis if they do not have
contact with TAMs.?8 In the context of anti-tumor therapy, TAMs are also tumor-supportive by
facilitating tumor cell recovery through angiogenesis and stem cell maintenance.*

In contrast to these tumor-supportive functions, Pallasch et al. have shown that macrophages
are central for tumor cell clearance in the context of immunotherapy in aggressive B cell
lymphoma.® Macrophages are able to detect antibody-labeled tumor cells and phagocyte those
labeled cells causing therapy efficacy. A relevant type of aggressive B cell lymphoma is the
diffuse large B cell lymphoma (DLBCL), which accounts for 22% of all B cell non-Hodgkin

lymphoma.

3.2 Actual therapy of diffuse large B cell ymphoma and its limitations

Actually, the front-line strategy in therapy of DLBCL is chemo-immunotherapy. By adding
antibodies like rituximab or obinutuzumab to conventional chemotherapy, a highly increased
treatment response, event-free survival and overall survival was achieved.'® Unfortunately, by
using this treatment strategy, 30-40% of patients still do not response or relapse. If relapse
occurs, the treatment response to second line therapies remains poor.'® In the last years
several efforts were made to increase first-line therapy response and to improve second-line
therapy efficacy.' For relapse therapy, the use of chimeric antigen receptor T cells (CAR-T)
in third-line therapy greatly improved response rates and the use of CAR-Ts in second-line
therapy is currently under investigation. Nevertheless, still 50% of patients do not response to
CAR-T therapy and 35% occur relapse.?’ The use of bispecific antibodies, which bind to the
lymphoma cells and T cells and thereby should connect effector and target cell directly to
improve T cell anti-lymphoma activity, is actually under clinical investigation showing promising
therapeutic effects. However, the optimal application combination with other therapies to
achieve maximal efficacy with minimal side effects has to be found up to now.* For frail
patients, the use of antibody-drug conjugates (ADCs) has been approved in 2022 in first and
second/further line therapies. This conjugates enable the cell-specific application of

chemotherapy or immunomodulatory drugs to tumor cells carrying the appropriate epitope for
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the conjugated antibody. The treatment with ADCs is able to improve the cure rates and the
median progression free survival time in first line therapy®* and the response rate and the
median progression free survival in further therapy lines.3%-3" But there are difficulties with
severe side effects and following discontinuation of therapy, the overall response rates are still
beneath 60% and cure rates are not improved.

As the treatment of relapsed/refractory DLBCL remains challenging, an improvement of first-
line therapy is eligible, but up to now, no advancement was achieved.'® Pallasch et al. have
shown that DLBCL cells impair the ability for phagocytosis in TAMs and thereby diminish
chemo-immunotherapy efficacy and causing relapse.® Therefore, the improvement of
macrophage function in the context of chemo-immunotherapy could be a promising aim to
enhance therapy response in first-line therapy of DLBCL.

As antibodies are also used in other types of lymphoma — like obinutuzumab in CLL or
blinatumomab in acute lymphocytic leukemia —, the potential of increased macrophage

function may be expanded for improvement of therapy in other types of lymphoma too.

3.2.1. DLBCL cell model for experimental investigation

To investigate DLBCL and possible therapeutic options for clinical treatment, Leskov et al.
generated the hMB cell line.*® hMB cells represent a humanized mouse model of aggressive
“double-hit” lymphoma by overexpression of the genes c-MYC and b-cell lymphoma-2 (BCL2)
in human hematopoietic stem cell (HSC)-derived B-lineage cells. The cells express green
fluorescent protein (GFP) and can be targeted by antibodies used in clinics. Like most double-
hit lymphoma patient cells, hMB cells have a low expression of CD20. hMB cells show a high
chemotherapeutic resistance. By this humanized model, hMB cells can be used in cell culture

and in murine in vivo models with simultaneous investigation of human therapeutics.

3.3 Macrophage function and polarization

Macrophages are part of the innate immunity and found in all organs and tissues of the human
body.3*4° They fulfil a broad spectrum of different functions from endo- and phagocytosis over
cytokine, metabolite and enzyme secretion*' to antigen presentation to the adaptive immune
system.*? Thereby they play an important role in tissue repair and remodeling, wound healing,
immune defense, and inflammation.*344

The actual function of macrophages is determined by their differentiation and polarization. As
monocytes they leave the bone marrow*® and by microenvironmental stimuli they differentiate
into a certain macrophage subtype or dendritic cells.™

There is a continuum of macrophages subtypes with the two maximal states of polarization —
M1 and M2.4%0 M1 displays the status of classically activated, pro-inflammatory and
phagocytic active macrophages, which are able to induce T helper 1 cell activation, while M2

displays the status of alternative activated macrophages, which are acting anti-inflammatory
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and tissue regenerative causing T helper 2 cell activation. Due to the broad mixture of possible
stimuli leading to macrophage polarization, a status on the whole range in between these two
extremes is feasible.

TAMs carry characteristics of M1 and M2 macrophages with a gradient toward the anti-
inflammatory and phagocytic inactive M2 phenotype.'"-%" How distinct this gradient is, depends

on the tumor, which induces the TAM phenotype.'?

The resulting polarization and phenotype of macrophages is determined by the
microenvironment in which they are differentiated. Polarization factors are occurring cytokines,
chemokines, and metabolites. For example — beside others — interferon-y (IFN-y) or the
granulocyte-macrophage colony-stimulating factor (GM-CSF) are cytokines that lead to M1
induction and lipopolysaccharide (LPS) is a metabolite that does so. In contrast, M2
macrophages are induced beside others by the cytokines colony stimulation factor (CSF1, also
known as M-CSF) or interleukin-4 (IL-4) and -10 (IL-10), whereupon IL-4 is inducing a more
tissue repair-active subtype while IL-10 induces a more anti-inflammatory active one.*® The
occurrence of TAMs is — among others — driven by the acidification of the TME caused by
lactate and pyruvate secretion of cancer cells,%?>* an example for metabolites as polarization
factors and moreover for the above mentioned immune cell modification by tumor cells. These
polarization factors bind to macrophage receptors by which signaling cascades are activated,
which lead to changes in macrophage metabolism. These changes in metabolism are crucial
for the opportunity of polarization and the resulting macrophage function.'14

Whereas for several years, the polarization of macrophages was seen as a one-way road by
which the definitive phenotype of a macrophage is determined for its lifetime, the last years
have brought up the insight that macrophage polarization is recomposed by changing
microenvironment.'®55-57 This phenomenon is also taking place when macrophages enter
tumor sides.'®% Interestingly, it was shown that this repolarization can also be used to

repolarize TAMs so that they act less tumor-supportive and show more anti-tumor activity. "

3.4 Immunometabolism of macrophages

The polarization and activation of macrophages require changes in their metabolic activity. "4
Distinct metabolic patterns are typical for different macrophage subtypes. To highlight the
changes in metabolism, the two extremes of the macrophage polarization spectrum by
elucidating the metabolic activity of M1 macrophages in contrast to M2 macrophages as well

as the TAM subtype will be displayed in the upcoming chapters.
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Fig. 3.2 Changes in metabolism needed for M1 or M2 polarization in macrophages.
Macrophages undergo fundamental and distinct changes for polarization into different macrophage
subtypes. Changes in metabolite amount (round nodes) and enzyme activity (square nodes) are
displayed. Node size display the change in expression and node color the point in the macrophage
polarization spectrum (M2 red, M1 green) where this expression change takes place. Figure modified

from Jha et al.’3

3.4.1. Glycolysis
Glycolysis is an adenosine triphosphate (ATP) and metabolite producing pathway, whose
intermediates are used to fuel the pentose phosphate pathway and to provide precursors for
the glycogen and fatty acid synthesis and the amino acid metabolism. Enzymes of the
glycolysis moreover act as activators or inhibitors for several cytokines (e.g. tumor-necrosis
factor a; TNFa), transcription factors (e.g. hypoxia-inducible factor-1 a; HIF1a), or immune
modulatory ligands (e.g. PD-L1).
The general induction of glycolysis is crucial for macrophage activation and initiation of
phagocytic function despite their subtype.®%-62 |t was shown, that M1 macrophages are more
dependent on glycolysis and show higher increase of glycolytic activity, whereas M2
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macrophages display just slightly increases.®®®® The increased glycolytic activity leads to
increased production of pro-inflammatory cytokines® and the energy carriers ATP and
nicotinamide adenine dinucleotide (NADH) needed for increased phagocytic activity, a typical
characteristic of M1 macrophages.

In TAMs the glycolysis is upregulated.>* In contrast to the regulation of glycolysis in M2
macrophages, the degree of polarization toward the anti-inflammatory and tumor-promoting
M2 phenotype in TAMs as well as their anti-inflammatory cytokine secretion is increased with
increasing glycolytic activity.5>% The secreted lactate and pyruvate of tumor cells is fueled into
the glycolysis of TAMs and thereby favors their tumor-supportive and immunosuppressive

function.8566

3.4.2. Pentose phosphate pathway

The pentose phosphate pathway (PPP) has several interchanging points with the glycolysis
and offers an opportunity to degrade glucose without the need of ATP. It is the major source
of nicotinamide adenine dinucleotide phosphate (NADPH), which is needed for synthetic
reactions, the glutathione synthesis and thereby reactive oxygen species (ROS) clearance but
also for respiratory burst initiation. Moreover, NADPH is needed in fatty acid synthesis (FAS)
used for among others endoplasmic reticulum and Golgi complex expansion, whereby an
increased cytokine secretion can be achieved. Intermediates of the PPP are used to fuel other
metabolic pathway. Glyceraldehyde-3-phosphate and fructose-6-phosphate can be used
either for gluconeogenesis or glycolysis and ribose-5-phosphate is used for nucleotide
production including micro ribonucleic acid (miRNA) production. miRNA is able to regulate
gene expression.

As regulatory point of macrophage polarization in the context of PPP regulation, the
sedoheptulose kinase (carbohydrate kinase-fike protein, CARKL) is mentioned.’” In M1
macrophages CARKL is downregulated. Thereby the PPP is activated causing increased
NADPH production with subsequent increased ROS, cytokine, and miRNA production.
Moreover, the glycolysis is supported with observed tendency away from aerobic and toward
anaerobic glycolysis. By these changes, especially the changed cytokine production with
increase of interleukin-6 (IL-6), interleukin-18 (IL-1B8), and TNFa, the M1 phenotype in
macrophages is induced.®’

In contrast, in M2 macrophages CARKL is slightly upregulated, leading to sedoheptulose-7-
phosphate accumulation and PPP inhibition. This causes a decrease of pro-inflammatory
cytokines while IL-10 is increased. By less NADPH production, the ROS production and FAS
is diminished.®”

It has been shown that the PPP is also upregulated in TAMs®* but how this is regulated and

which implications this has is not investigated up to now.
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3.4.3. Tricarboxylic acid cycle

The Tricarboxylic acid cycle (TCA cycle) is fueled from several metabolic pathways like
glycolysis, amino acid degradation, fatty acid oxidation, and the glutamate metabolism. It
produces different energy carriers like NADH, flavin adenine dinucleotide (FADH:), guanosine-
5'-triphosphate (GTP), and ATP and provides substances for the electron transport chain
(ETC), which is the most efficient energy producing pathway in the cell. Intermediates of the
TCA cycle are used to fuel the fatty acid synthesis, prostaglandin and porphyrin synthesis, the
amino acid metabolism, and the gluconeogenesis.

In the context of macrophage polarization, the TCA cycle shows very distinct regulation.

In M1 macrophages the TCA cycle is interrupted at two sides.' The first interruption point is
the isocitrate-dehydrogenase, whereby citrate is accumulated. Citrate is used as educt for the
ATP citrate lyase (ACLY), which leads to educt production for pro-inflammatory cytokines, for
the fatty acid and phospholipid synthesis, and for prostaglandin synthesis. Moreover, ACLY
produces NADPH causing increased nitric oxide (NO) and ROS amounts,®® used for
respiratory burst in the context of phagocytosis and inflammatory response.®® Furthermore,
citrate is metabolized into itaconate, the most highly induced metabolite in M1
macrophages.'®’? Itaconate has antibacterial effects, but also inhibits the pro-inflammatory
cytokine production to prevent macrophages from over-activation.?® Iltaconate leads to
succinate-dehydrogenase (SDH) inhibition, the second breakpoint observed in M1
macrophages'’" with following decreased ETC activity. The increase of the SDH educt
succinate leads to stabilization of the transcription factor HIF1a, which causes increased
glycolytic activity and pro-inflammatory IL-1B production and secretion, promoting the M1
phenotype polarization.”

In M2 macrophages instead, the TCA cycle stays intact.’® By increased glutamine metabolism
the TCA cycle is fueled with increased amounts of a-ketoglutarate, which is causing epigenetic
changes crucial for M2 polarization.”™ M2 macrophages use the energy carriers of the TCA
cycle to fuel the ETC to fulfil their energetic needs as the glycolysis is not used to do so.

The regulation of the TCA cycle in TAMs is — up to now — not fully understood. As there is also
an increase of citrate and succinate observed in TAMs,”® an interruption of the TCA cycle like
in M1 macrophages is probable 7. Moreover, it was shown that the resulting metabolite
itaconate acts tumor-supportive by potentiating tumor growth.” On the other hand, it was also
mentioned that glutamate is fueled into the TCA cycle to maintain ETC activity,®® an attribute
of M2 macrophages. As TAMs show a mixed phenotype of M1 and M2 macrophages they

seem to also use a mix of metabolic adaption in the context of the TCA cycle.

3.4.4. Electron transport chain and oxidative phosphorylation
The ETC is fueled by NADH and FADH: produced by glycolysis and the TCA cycle. These

energy carriers and Oz are used to implement electron transfer whereby an electron gradient
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is generated. The energy of this gradient is then used to produce ATP by the ATP-synthase,
this reaction is called the oxidative phosphorylation (OXPHOS).

In M1 macrophages a reversed electron transport was observed. By that, the macrophages
use the ETC to produce ROS and not to produce ATP.”®

For M2 macrophages, in contrast, the intact ETC and OXPHOS is indispensable. Without its
activity no M2 polarization can take place.””"®

As discussed before, in TAMs the ETC and OXPHOS also seem to stay intact to fuel the cells
with ATP.5°

3.4.5. Fatty acid metabolism

Fatty acids are energy carrier and building blocks for cell compartments, the cell membrane,
steroids, and prostaglandins. Thereby fatty acids are used for a broad range of physiological
functions in the body. Fatty acids can be ingested by endocytosis or produced by FAS. As
precursors for FAS, metabolites of glycolysis, the TCA cycle, and the PPP can be used. To
generate branched-chain fatty acids, amino acids are needed. Fatty acids can be stored as
triacylglycerol in the cells as lipid droplets and can be degraded by demand for energy by fatty
acid oxidation (FAQO) even though the FAO is the slowest pathway for energy supply. By FAO,
high amounts of ATP and NADH, FADH, and acetyl coenzyme A (acetyl-CoA) can be
produced.”

In M1 macrophages the FAS is upregulated and necessary for the inflammatory function of
them.”#80-83 Fatty acids can act as signaling molecules inducing cytokine production and gene
transcription causing immune regulation.?*8” Moreover, induction of FAS is important for
phagocytosis.®

In contrast, M2 macrophages rely on FAO to fuel their energy need.”®® This is achieved by
upregulated uptake of triglycerides. The induction of the M2 phenotype rely on the binding of
fatty acids to the peroxisome proliferator-activated receptor /6 (PPAR B/8), whereby gene
regulation needed for M2 polarization is induced.8%-%'

There is just little evidence about fatty acid metabolism regulation in the context of TAM
polarization. There are striking studies showing a fatty acid regulation like it is seen in M1 and
in M2 macrophages.?%92-% |f both sides are true and if there is an interplay between these two

ways of activation, the underlying regulation has not been unveiled so far.

3.4.6. Amino acid metabolism

Amino acids are building blocks for proteins and branched-chain fatty acids. The amino acids
glutamine and aspartate are required for purine and pyrimidine synthesis and thereby for cell
proliferation, and glutamine can be fueled into the TCA cycle. In macrophages, these two

amino acids are important for NO and cytokine production.”"®
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M1 macrophages do not rely on glutamine metabolism.™ In M1 macrophages arginine is used
as source for NO synthesis and L-citrulline synthesis via inducible nitric oxide synthase
(INOS).%5% NO suppresses the OXPHOS und upregulates the glycolysis,*”* wherefore it is
seen as a key regulator of M1 polarization.

M2 macrophages instead increase their glutamine utilization to perform N-glycosylation of M2-
associated receptors. Glutamine is fluxed into the TCA cycle, which causes the increased TCA
cycle activity needed for M2 polarization.'> M2 macrophages degrade arginine via arginase 1
(ARG1) to ornithine and urea.®>% Ornithine is used as metabolite for wound healing and tissue
repair®®® and its degrading enzyme, the ornithine decarboxylase, functions as a macrophage
polarization enzyme suppressing M1 polarization.' Moreover, the activity of ARG1 causes
immunosuppression by suppressed T cell response.'®! Via the missing production of NO in M2
macrophages, the OXPHOS is able to act unhindered.%?

In TAMs there are hints for increased glutamine metabolism but no clear evidence.'® In the
context of arginine metabolism, TAMs show low NO production''% and increased ARG1
expression.5"5254106.107 The amount of ARG1 expression was shown to have a direct effect on
tumor progression'-11% by immunosuppression of macrophages due to M2 polarization and
tumor cell support by providing polyamines and protecting them from cytotoxic NO influence.
Via the metabolism of another amino acid, tryptophan, TAMs show a further
immunosuppressive characteristic. The increased expression of the tryptophan degrading

enzyme indoleamine-2,3-dioxygenase (IDO) causes T cell inhibition. """

3.5 Purpose of thesis

To improve the survival and clinical benefit of lymphoma patients, further investigation is
needed. Up to now, lot of trials failed to achieve substantial improvement. With the increasing
evidence of the importance of the TME on lymphoma cell survival, progression and especially
on therapy response, the modulation of the TME has become a new field of interest for
improving lymphoma therapy.

A central cell of the TME is the macrophage, the TAM. Its tumor-supportive functions have
been widely described, but it was also shown that TAMs are central for the therapeutic effect
of antibody-based therapy.® There is a wide range how macrophages are polarized and
subsequently fulfil different functions. A central aspect for the polarization of macrophages is
the metabolic status and metabolic modification of the cell. The activation or deactivation of
several metabolic pathways have the opportunity to greatly influence and change the action of
macrophages. It has been shown that these modulations also can be used to redirect tumor-
supporting TAMs toward anti-tumor function.'”:5°

The lymphoma cells themselves have the ability for influencing macrophage metabolism and

function to improve their pro-tumoral actions for their support.
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Regarding the interplay of lymphoma cells and macrophages and the great influence of TAMs
on therapy efficacy on the one hand and the metabolic sensitivity and plasticity of macrophages
with great impact on their pro- or anti-tumoral function on the other hand, the metabolic
modulation of macrophages opens up a new field of investigation to improve lymphoma
therapy for increasing therapy efficacy and patients’ survival.

In this study we aimed to investigate the influence of metabolic pathway modulation on the
anti-lymphoma function and especially phagocytic capacity of macrophages in the context of
antibody-based immunotherapy in DLBCL and other lymphoma entities.

Detected pathways, which have a positive effect on macrophages” anti-lymphoma function,
were explored in detail, the macrophage phenotype was determined and the treatment was
transferred into primary human cells and in vivo settings to investigate the potential for clinical

implementation.
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SUMMARY

Macrophages in the B cell ymphoma microenvironment represent a functional node in progression and thera-
peutic response. We assessed metabolic regulation of macrophages in the context of therapeutic antibody-
mediated phagocytosis. Pentose phosphate pathway (PPP) inhibition induces increased phagocytic lymphoma
cell clearance by macrophages in vitro, in primary human chronic lymphocytic leukemia (CLL) patient co-cul-
tures, and in mouse models. Addition of the PPP inhibitor S3 to antibody therapy achieves significantly pro-
longed overall survival in an aggressive B cell ymphoma mouse model. PPP inhibition induces metabolic acti-
vation and pro-inflammatory polarization of macrophages while it decreases macrophages’ support for survival
of lymphoma cells empowering anti-lymphoma function. As amechanism of macrophage repolarization, the link
between PPP and immune regulation was identified. PPP inhibition causes decreased glycogen level and sub-
sequent modulation of the immune modulatory uridine diphosphate glucose (UDPG)-Stat1-Irg1-itaconate axis.
Thus, we hypothesize the PPP as a key regulator and targetable modulator of macrophage activity in lymphoma
to improve efficacy of immunotherapies and prolong survival.

INTRODUCTION However, we have shown that macrophages are central for

tumor cell clearance in aggressive B cell lymphoma during

The tumor microenvironment (TME) represents a hallmark of
cancer, and interactions between its transformed and non-
transformed immune bystander cells determine disease pro-
gression and therapeutic response.’ Tumor cells generate a
tumor-supportive environment by cytokine and metabolite
secretion. These mediators alter occurrence of bystander cells
and shift the activity of the infiltrating immune cells from an
anti- to a pro-tumoral response.” Tumor-associated macro-
phages (TAMs) play a critical role in promoting tumor growth,
facilitating vascularization and metastasis and suppressing
other immune cells.®*

immunotherapy, although their phagocytic capacity becomes
impaired by lymphoma cells.®

Recent decades have seen the development of numerous
new treatment strategies for B cell malignancies, which have
extended patient survival but struggled to substantially increase
cure rates. The front-line strategy is chemo-immunotherapy,
combining therapeutic antibodies like rituximab or obinutuzu-
mab with chemotherapy. We demonstrated that leukemia cells
in therapy-refractory niches reduce the engulfment of anti-
body-targeted tumor cells by macrophages, diminishing therapy
efficacy and leading to relapse.®
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Macrophage function depends on their local environment,
which impacts their differentiation and polarization. Macro-
phages are a heterogeneous population with different subtypes
exerting pro-inflammatory and phagocytic (M1-like macro-
phages) and anti-inflammatory and tissue-regenerative (M2-
like macrophages) activities. TAMs represent a blend of these
characteristics tending toward the anti-inflammatory and phago-
cytic inactive phenotype.®” The TME includes activation media-
tors such as cytokines, chemokines, and metabolites, which
control the polarization of contained macrophages. Changes in
the microenvironment can alter macrophage metabolism, which
is crucial for polarization and the closely linked macrophage
function.®® Changes in the cellular metabolism have the ability
to repolarize the macrophage phenotype by which pro-tumoral
TAMs could acquire anti-tumoral activity.'%~'2

The interaction between macrophages and lymphoma cells,
as well as macrophages metabolic sensitivity, opens up a prom-
ising strategy to optimize anti-cancer therapy. Modulating
macrophage metabolism may improve their anti-tumor efficacy
and diminish their tumor-supportive function.

In the present study, we demonstrate that pentose phosphate
pathway (PPP) inhibition in macrophages increases their activity
and phagocytic capacity whereby pro-tumoral bystander func-
tion is diminished. As a driving mechanism, we discovered a
connection between metabolism and immune regulation by
modulation of the UDPG-Stat1-Irg1-itaconate axis. The effects
of PPP inhibition were transmitted into human patient samples
and also reproduced in vivo, where significantly increased sur-
vival in an aggressive lymphoma mouse model was achieved.
These results open up a promising field of treatment strategy
against B cell malignancies in clinical use.

RESULTS

Metabolic inhibition of the PPP leads to increased
phagocytic capacity of macrophages

To investigate how metabolic modulation of TAMs in the context
of immunotherapy affects phagocytic capacity, we performed a
metabolism-focused screening approach for antibody-depen-
dent cellular phagocytosis (ADCP). Key metabolic pathways
were blocked using representative inhibitors in a macrophage
and humanized aggressive B cell ymphoma (hMB; cell line infor-
mation see STAR Methods) co-culture-assay system, and
phagocytosis was assessed through specific antibody targeting
(alemtuzumab; anti-CD52) (Figure 1A). The antibody alemtuzu-
mab was used as a tool compound for the first screening
approach as several types of lymphoma downregulate CD20
expression but not CD52 expression, also seen in hMB cells.
Several other antibodies, currently in clinical use, were investi-
gated in further analysis.
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Inhibition of glycolysis (via 2-deoxy-D-glucose), AMP-acti-
vated protein kinase (AMPK)-mediated cell energy regulation
(via BML-275), mitochondrial ATP production (via oligomycin),
and the PPP (via 6-aminonicotinamide and oxythiamine) was
screened using non-toxic inhibitor concentrations (Figure S1).
The inhibition was conducted in co-culture and by pre-treatment
of each cell type (macrophage or hMB cell), to infer specific
macrophage vs. lymphoma cell phagocytic interactions. As the
basal phagocytosis rate of macrophages is variable, the change
in phagocytosis under treatment was calculated in comparison
to the basal phagocytosis rate (=ADCP change, Figures 1A
and S2).

Glycolysis inhibition significantly increased ADCP rates in co-
culture (+40%, p < 0.01) and by pre-treatment of ymphoma cells
(+95%, p < 0.0001), while macrophage pre-treatment signifi-
cantly diminished ADCP rate (—71%, p < 0.001) (Figures 1B-
1D). Similarly, AMPK inhibition increased ADCP rate significantly
by lymphoma cell pre-treatment (+39%, p < 0.0001) and signifi-
cantly diminished ADCP rate by pre-treatment of macrophages
(—42%, p < 0.001) (Figures 1C and 1D). Inhibition of mitochon-
drial ATP production also diminished ADCP rate significantly
by macrophage pre-treatment (—21%, p < 0.0001) (Figure 1D).

Sole inhibition of the PPP induced significantly increased
ADCP rates by co-culture treatment and macrophage pre-treat-
ment. The increase was induced by both inhibition of the oxida-
tive part of the PPP via 6-phosphogluconate dehydrogenase in-
hibition (6Pgd; inhibitor 6-aminonicotinamide) (co-culture +40%
p < 0.01; macrophage pre-treatment +15%, p < 0.05) and inhibi-
tion of the non-oxidative part via transketolase inhibition (Tkt; in-
hibitor oxythiamine) (co-culture +51% p < 0.001; macrophage
pre-treatment +28%, p < 0.01) (Figures 1B and 1D). Moreover,
lymphoma cell pre-treatment with oxythiamine increased
phagocytic rate significantly (+19%, p < 0.0001) (Figure 1C).

Of note, Tkt inhibition induced the highest increase in phago-
cytic capacity in the co-culture and by pre-treatment of macro-
phages in the screening approach.

Thus, inhibition of glycolysis, AMPK, and mitochondrial ATP
production negatively affected macrophages’ phagocytic ca-
pacity, while blocking PPP favored lymphoma cell clearance
by macrophages.

Cross validation of PPP inhibition in macrophages
confirms increased ADCP rates

To further investigate the PPP in the context of macrophages’
function and as a target for improving immunotherapy, we
applied alternative inhibitors (6Pgd: physcion, Tkt: p-hydroxy-
phenylpyruvate)'®'* and confirmed significant increases in
ADCP rates (physcion +26%, p < 0.0001; p-hydroxyphenylpyru-
vate +25%, p < 0.001) (Figure 2A). Additionally, we recapitulated
the phagocytosis assays with the human monocyte cell line
THP1 using an alternative antibody (obinutuzumab; anti-CD20

Figure 1. Metabolic inhibition of the pentose phosphate pathway leads to increased phagocytic rate of macrophages

(A) Scheme of ADCP-based metabolic screening approach.

(B-D) Summary of ADCP change compared to basal phagocytosis rate of J774A.1 macrophages under inhibition of respective metabolic pathways. (B) Inhibition
of only macrophages. (C) Inhibition of only hMB cells. (D) Inhibition of all co-culture components. Technical replicates (B) n = 15-22, (C) n = 15-58, (D) n = 15-28;
biological replicates (B) n = 3-5, (C) n = 3-12, (D) n = 3-6. Data are shown as mean + SEM. p values were calculated using unpaired t test. *p < 0.05; **p < 0.01;

***p < 0.001; ***p < 0.0001. See also Figures S1 and S2.
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type ll), also identifying significant induction of ADCP (6-amino-
nicotinamide p < 0.05; oxythiamine p < 0.01) (Figure 2B).

Since hypoxia is a functional aspect of the TME in vivo, we
also conducted ADCP assays under hypoxic conditions (O,
1.5%) and observed significantly increased ADCP rates (phys-
cion +12%, p < 0.01; oxythiamine +20%, p < 0.01) (Figure 2C).

To evaluate if PPP inhibition also increases phagocytic capac-
ity of macrophages without the targeting function of antibodies,
we assessed antibody-independent cellular phagocytosis (AICP)
(Figure 2D) and observed significantly increased AICP rates only
by inhibition of the oxidative part of the PPP (6-aminonicotina-
mide p < 0.01, physcion p < 0.01) (Figure S3D).

To abrogate off-target effects of the PPP inhibitors, we gener-
ated short hairpin RNA (shRNA) knockdown for the respective
enzymes in macrophages (Figures S3P-S3S). Silencing of
6Pgd and Tkt significantly increased macrophages’ ADCP rates
(6Pgd +87%, p < 0.0001; Tkt +45%, p < 0.001) (Figure 2E).

Altogether, we demonstrate that PPP enzyme inhibition by
metabolic inhibitors as well as 6Pgd and Tkt knockdown in mac-
rophages promotes phagocytosis of lymphoma cells and war-
rants further investigation of the molecular function.

Increased phagocytosis is driven by PPP enzyme
inhibition and not by PPP metabolite shifting

To identify which specific components and metabolites of the PPP
directly affect phagocytic function, we performed ADCP assays
with supplementation of single educts and products of the
PPP (Figure 2F). We observed unaltered ADCP rates using the
non-exclusive PPP metabolites glucose-6-phosphate (GIc6P),
ribose-5-phosphate (R5P), xylulose-5-phosphate (X5P), glyceral-
dehyde-3-phosphate (G3P), and fructose-6-phosphate (F6P). In
contrast, supplementation of the PPP-exclusive glucose-6-phos-
phate dehydrogenase (G6pd) product 6-phosphogluconolac-
tone significantly increased ADCP rate (+13%, p < 0.05), as
well as the products of 6pgd (ribulose-5-phosphate [Ru5P];
+17%, p < 0.0001) and of Tkt (sedoheptulose-7-phosphate
[S7P]; +20%, p < 0.05) (Figure 2F; right panel). In contrast, supple-
menting the Tkt educt erythrose-4-phosphate (E4P) significantly
reduced ADCP rate (—12%, p < 0.01) (Figure 2F; right panel).

In conclusion, products of Tkt and 6Pgd promote macro-
phages’ phagocytic activity while enzyme educts diminish it,
indicating that inhibition of the enzymes itself and not a decrease
in their products causes increased phagocytic capacity.
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PPP inhibition induces pro-inflammatory polarization
and activation in macrophages

To test whether PPP inhibition alters macrophage differentiation
and activation, we assessed expression of markers delineating
polarization by flow cytometry (Figures 3A and 3B; Table S1).
We observed a trend of increased M1-like marker expression
and decreased M2-like and TAM marker expression under
PPP inhibition and knockdown.

To evaluate macrophage morphology, we performed fluores-
cent microscopy (Figure 3C). Under PPP inhibition the macro-
phages underwent a profound change in morphology from a
round, centered appearance to a spread and outlaying pheno-
type with filopodia surrounding the cell body.

As macrophages’ metabolic status greatly influences their ac-
tivity and polarization, we assessed glycolytic and mitochondrial
activity with the Seahorse XF Mito Stress test (Figures 3D-3G,
Figure S4). We observed a significant increase of the oxygen
consumption rate (OCR) (p < 0.0001) and extracellular acidifica-
tion rate (ECAR) (p < 0.0001) (Figure 3D) indicating an increased
mitochondrial respiration and glycolytic activity and thus an
increased metabolic activity of macrophages. Further analysis
identified significant increase of mitochondrial basal activity
(physcion p < 0.01; oxythiamine p < 0.001), mitochondrial
maximal capacity (physcion p < 0.05; oxythiamine p < 0.01),
glycolytic maximal capacity (physcion p < 0.05; oxythiamine
p < 0.001), and ATP production (physcion p < 0.05; oxythiamine
p < 0.0001) of macrophages (Figures 3E-3G).

Taken together, these data show an activation of macro-
phages by shifted polarization, cytoskeletal reorganization, and
increased metabolic activity under PPP inhibition as possible
functional basis of increased phagocytosis.

PPP inhibition changes the proteomic profile of
macrophages toward pro-inflammatory activity

To investigate the mediators of increased phagocytic capacity in
macrophages, we performed a multi-omics (proteomics, phos-
phoproteomics, and metabolomics) screening under chemical
or shRNA-mediated PPP inhibition.

A uniform regulation pattern of proteins involved in macro-
phage polarization and activation was observed by the use of in-
dependent inhibitors and PPP enzyme knockdowns (Figures 4A
and 4B, Table S2). Under compound-mediated PPP inhibition,
the anti-inflammatory proteins Ptgs1, Sgstm1, and Ybx3'>"”

Figure 2. Cross validation of PPP inhibition in macrophages confirms increased ADCP rates

(A-C) ADCP change compared to basal phagocytosis rate of J774A.1 macrophages under inhibition of PPP. (A) Alternative inhibitor physcion of
6-phosphogluconate dehydrogenase (6Pgd) in oxidative part of PPP (red) and p-hydroxyphenylpyruvate for inhibition of transketolase (Tkt) in non-oxidative part
of PPP (blue). (B) Using human monocyte cell line THP1 and CD20 antibody obinutuzumab under inhibition of 6Pgd by 6-aminonicotinamide (red) and inhibition of
Tkt by oxythiamine (blue). (C) ADCP assay performed under hypoxic conditions and inhibition of 6Pgd by physcion (red) or inhibition of Tkt by oxythiamine (blue).
(D) Antibody-independent cellular phagocytosis of hMB cells by J774A.1 macrophages compared to control under inhibition of 6Pgd by 6-aminonicotinamide
(left) and physcion (right).

(E) ADCP change compared to basal phagocytosis rate of empty vector control J774A.1 macrophages under shRNA-mediated knockdown of 6Pgd (red) and Tkt
(blue).

(F) ADCP change compared to basal phagocytosis rate of J774A.1 macrophages under supplementation of metabolites of the PPP. Enzyme reactions in focus
colored in violet (6Pgd) and blue (Tkt). E4P, erythrose-4-phosphate; F6P, fructose-6-phosphate; G3P, glyceraldehyde-3-phosphate; GIc6P, glucose-6-phos-
phate; R5P, ribose-5-phosphate; Ru5P, ribulose-5-phosphate; S7P, sedoheptulose-7-phosphate; X5P, xylulose-5-phosphate. Data are shown as mean + SEM.
Technical replicates (A) n = 30, (B) n = 17-25, (C) n = 25-28, (D) n = 30, (E) n = 20-23, (F) n = 13-20; biological replicates (A) n =6, (B) n = 4-5, (C)n=5-6, (D)n =6, (E)
n =4-5, (F) n = 3-4. p values were calculated using one-way ANOVA. *p < 0.05; *p < 0.01; ***p < 0.001; ***p < 0.0001. See also Figures S1 and S3.
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Figure 3. PPP inhibition induces pro-inflammatory polarization and activation in macrophages

(A and B) Radar plot of surface marker expression of J774A.1 macrophages. Expression of characteristic surface marker for different macrophage subtypes
measured by immunofluorescent staining. Mean fluorescence intensity (MFI) is depicted. To improve readability, high MFI has been downscaled (factor named in
brackets next to marker). (A) Compound mediated PPP inhibition. (B) shRNA-mediated PPP knockdown.

(legend continued on next page)
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and the TAM- and M2-typical proteins Hagh and Ezr
were significantly downregulated, while the pro-inflammatory
proteins Pam16 and Gosr1 were significantly upregulated (Fig-
ure 4A). By using shRNA, an even more pronounced regulation
was seen. Negative regulators of cytokine expression and
pro-inflammatory signaling were significantly downregulated
while promoters of pro-inflammatory activation were signifi-
cantly upregulated (Atg16l1, Cast, Csf1r, Cybb, Inppl1, Oas3,
Parp14, Fkbp5, IIf2, TIr7).2%?" Moreover, there was a significant
increase in protein expression needed for phagocytosis (Actn1,
Actria, Iqgap3, Itgav, Lrp1, Myl12a, Necapl1, Sh3bp1) (Fig-
ure 4B; for phosphoproteomic analysis see Table S3).

We performed pathway enrichment analysis for functional
annotation (Figures 4C and 4D), showing similar enrichment
clusters for both compound-mediated and shRNA-mediated in-
hibition of the oxidative and the non-oxidative part of the PPP. A
strong enrichment was seen for immune activity (Figure 4C)
including cytokine signaling, antigen processing, and antigen
presentation with up to 124 involved proteins and significantly
changed phosphorylation patterns (Figure 4D). Moreover,
enrichment in proteins relevant to phagocytosis and cytoskeletal
organization was observed. In line with our metabolic flux anal-
ysis (Figures 3D-3G), we observed great enrichment for proteins
influencing mitochondrial and glycolytic activity (Figure 4C).
Particularly analysis of phosphoproteomics uncovered a signifi-
cant enrichment in signaling pathways important for immune
signaling (mitogen-activated protein kinase [Mapk]-Erk, Egf/
Egfr, p53, Pi3k-Akt) and metabolic regulation (Pi3k-Akt, Hif1a)
(Figure 4D).

To further analyze the impact of altered protein phosphoryla-
tion, we performed an adapted upstream kinase analysis on
the basis of integrative inferred kinase activity (INKA) analysis
(Table S4).?? The five most inactivated kinases are displayed
(Figure 4E), highlighting the decrease of Hck in the normalized
upstream kinase score (NUKS). Hck supports M2-like macro-
phage polarization, TAM activity, tumor growth, and tumor cell
evasion®® and activates the Csfl receptor (Csfir).”* Csfir
signaling likewise induces M2-like macrophage polarization.”®
Csf1r and its downstream kinase Mapk1 were also one of the
five most inactivated kinases (Figure 4E). In combined analysis
of PPP inhibitors, the Csfir downstream kinase Ptk2b (Pyk2)
was the most negatively regulated kinase (Figure 4F). Accord-
ingly, a significant downregulation of Ptk2b in PPP knockdown
macrophages was observed (Figures 4G and S5A). Furthermore,
the most downregulated protein in both knockdown macro-
phages was Sema4d (Figure 4B), which is an activator of the
Ptk2b pathway.>®

Following the Csf1r pathway further downstream (Figure 4H),
decreased immune-regulatory gene 1 (Irg1 = Acod1) expression,
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a major node in immunosuppressive regulation of macrophages,
was seen in proteomic analysis (Table S2). Changed Irg1 expres-
sion is one possible mechanism leading to altered macrophage
activity and phagocytosis.?” With the exception of Hmox-1, all
included signal molecules of the regarded Csf1r pathway were
significantly downregulated in proteomic analysis (Figure 4H)
(Table S2).

PPP inhibition modulates glycogen metabolism and the
immune response signaling axis UDPG-Stat1-Irg1-
itaconate of macrophages

Regarding the critical role of Irg1 on macrophage polarization,
we aimed to explore the connection between metabolic modula-
tion, Irg1 regulation, and the resulting macrophage phenotype.

PPP and glycogenolysis activity are coupled causing suppres-
sion of both pathways if one is inhibited.”® We quantified
glycogen levels identifying significant decreased glycogen
amount under all conditions (p < 0.0001, Figure 5A). Glycogen
metabolism influences signaling regulating Stat1 activity.®
Thus, we hypothesized that inhibition of PPP would lead to sup-
pression of glycogenolysis with subsequent decreased uridine
diphosphate glucose (UDPG) production and thereby to an inhi-
bition of P2y14 expression with following decreased Stat1 activ-
ity. Decreased Stat1 activity leads to less Irf1 and thereby to a
decreased Irg1 expression, which possibly leads to functional
increasing macrophage activity and phagocytosis.?®-*°

To validate this hypothesis, we performed western blot anal-
ysis of the hypothesized pathway-associated proteins and iden-
tified significant reductions in expression (p < 0.0001, Figure 5B)
with the highest decline of Irg1 amount (>80%, p < 0.0001, Fig-
ure S5). The hypothesized pathway linking PPP activity and Irg1
expression is displayed in Figure 5C.

As Irg1 acts as a metabolic enzyme and changes in immune
activity are driven by its product itaconate, we investigated the
connection between metabolism and enzyme expression by me-
tabolomic assessment (Tables S5 and S6) and compared it to
changes in enzyme expression of interest detected in prote-
omics (Table S2) (Figures 5D and S4C).

The metabolomic screening®' confirmed a significantly
decreased amount of exclusive 6Pgd and Tkt products ribulose-
5-phosphate and sedoheptulose-7-phosphate (p < 0.0001, Fig-
ure 5D) in 6pgd and Tkt knockdown macrophages, while drug-
mediated inhibition did not show a significantly decreased amount
(Figure S4C).

In line with the hypothesized pathway, a significant downre-
gulation of Irg1 was observed under PPP inhibition (p < 0.01)
with subsequent significantly decreased amount of itaconate
(p < 0.0001) (Figure 5E). ltaconate is an inhibitor of succinate
dehydrogenase (Sdh). Accordingly, there was a significant

(C) Immunofluorescent microscopy of J774A.1 macrophages under compound-mediated PPP inhibition and shRNA-mediated PPP knockdown. Blue, phalloidin

staining of nucleus; green, actin staining of cytoskeleton.

(D-G) Measurement of metabolic activity of J774A.1 macrophages under compound-mediated PPP inhibition by Seahorse analysis. Inhibition of non-oxidative
part of PPP by oxythiamine, inhibition of oxidative part of PPP by physcion. (D) One representative example of XF Mito Stress test measurement of ECAR und
OCR. (E) Respiratory basal rate and capacity. (F) Glycolytic basal rate and capacity. (G) ATP production. Data are shown in (A and B) as mean of four replicates, in
(D) as mean of six replicates in one experiment +SD, and in (E-G) as mean + 5-95 percentile. Technical replicates (A and B) n = 4, (D) n = 6, (E-G) n = 18-27;
biological replicates (A and B) n = 4, (D) n = 1, (E-G) n = 6-9. p values were calculated using one-way ANOVA, (D) using two-way ANOVA. *p < 0.05; **p < 0.01;

***p < 0.001; ***p < 0.0001. See also Figure S4 and Table S1.

Cell Reports Medicine 5, 101830, December 17, 202447 7




Please cite this article in press as: Beielstein et al., Macrophages are activated toward phagocytic lymphoma cell clearance by pentose phosphate
pathway inhibition, Cell Reports Medicine (2024), https://doi.org/10.1016/j.xcrm.2024.101830

¢? CellPress

OPEN ACCESS

Number of Significant Groups 0

L
1

2

‘®Mean Non-sign.

PPP inhibitors
2.5
Q-Iagh
2 b °
1

. @r@ g
B e ® tm1 S
3 Y,
£15 @ l {Gosr1
3 "D %016
= am
s
o
= 1
53
g
=

0.5

0

2 -1 1 2

2

0
mean -log10 p value

00@
| S
33 66

4

4 1
log2 Gene count

m

0
Log, Fold Change (mean)

Proteomic analysis

shRNA
6PGD

6-amino-  shRNA
nicotinamide  TKT

Oxy-
thiamine
|

Mean Log,FC >0.5/<-0.5 or Q Value <0.05

Cell Reports Medicine

Mean Log,FC >0.5 and Q Value <0.05

© Mean Log,FC <-0.5 and Q Value <0.05

PPP knockdowns

@’tgsZ

@emadd

Acly
H Uit2bp (Cugs

1

Log, Fold Change (mean)

0 125 25
mean -log10 p value

Y T ]
15 25

2 5
log2 Gene count

Immune system,
Cytokine signaling —
in“immune system

Class | MCH mediated
antigen processing —|
and presentation

©
O

Fc gamma receptor
mediated phagocytosis

Regulation of
actin dynamics for
phagocytic cup
formation

Endocytosis —

Phagosome —

o O COF

ATP synthesis,
Respiratory electron —
transport

Glucose metabolism —

© O

Erk signaling —|

p53 signaling —

_ Regulation of
actin cytoskeleton,
Cytoskeletal signaling, ]

Focal adhesion

@0 @@ ¢ o 0 @O

0.00

£

3005

Se

o

3 -0.10

s 3

ES

2 b4

015 T
& \} g 3
o &
PR
Kinases (NUKS p<0.05)
ShRNA 6PGD
0.00

5§39

g <005

S8

53

£ 010

5 8

Eg

2% 015
F 2N D¢
&F & &
Ve &

Kinases (NUKS p<0.05)
shRNA TKT

8

Oxythiamine

"@ @ OeOo 00

PTK2B / total protein
compared to control

25
2
=
§
3
E 15
°
=2
s
o
o 1
=)
2
=
05
0
El
3
g
5
@
@
2
24
o
3
)
ks
i
Q
o
8
<
o
2.
@
=
o
i)
o
S
g
3
Q
5
o
@
i r2=094
i p<0.0001
Hok
J

45 40 05 00 05
Physcion
= ke
0.8
0.4 -
1
0.0
emp shRNA shRNA
vector 6PGD TKT

Cell Reports Medicine 5, 101830, December 17, 2024

Phosphoproteomic analysis

shRNA  6-amino-

shRN,

A
6PGD nicotinamide TKT
|

Immune system,
Cytokine signaling —
in“immune system

Class | MCH mediated
antigen processing —|
and presentation

Fc gamma receptor _|
mediated phagocytosis

_ Regulation of
actin dynamics for
phagocytic cup
formation

Endocytosis

e @ @ Of

Mapk-Erk signaling

Egf/Egfr signaling

p53 signaling

Pi3k-Akt signaling —

Hif1a signaling,

Hif1a transcription —|
factor network

e @

Regulation of
actin cytoskeleton,

Cytoskeletal signaling, —|
Focal adhesion

Q00000 @®-e o0 O

©

Aif1
1
STir7
1fi30
2
Oxy-
thiamine
|
3
3
£
H
@
@
2
o
T
3
T
>
D
Q
o
5]
=
8
o
[
O e
@
>
[
H
@
©
51
Ed
=
S
<
o -
]
=
I}
@

CSF1R

(legend on next page)

48



Please cite this article in press as: Beielstein et al., Macrophages are activated toward phagocytic lymphoma cell clearance by pentose phosphate
pathway inhibition, Cell Reports Medicine (2024), https://doi.org/10.1016/j.xcrm.2024.101830

Cell Reports Medicine

decrease of the Sdh educt succinate (p < 0.001) and a signifi-
cant increase of the Sdh product malate (p < 0.0001) (Fig-
ure 5E). This indicates less suppression of Sdh due to
decreased itaconate production by which mitochondrial oxida-
tive activity is increased as observed in the metabolic flux anal-
ysis (Figures 3F and 3G). Besides the use of citrate for itaco-
nate production, citrate is also an educt of the ATP citrate
lyase (Acly) for acetyl-coenzyme A production. It has been
shown that Acly activity is an inducer of macrophage activation
and supports pro-inflammatory cytokine production—for
example interleukin (IL)-6—in macrophages.®> In proteomic
analysis a significant increase of Acly expression under PPP in-
hibition was observed (p < 0.01, Figure 5E).

ltaconate is widely known as a regulatory immunosuppressive
metabolite in macrophages, which promotes anti-inflammatory
IL-10 secretion and inhibits pro-inflammatory IL-6 secretion.”’
Moreover, we observed significantly increased nuclear factor
kB1 expression under PPP inhibition and knockdown (Table S2),
an activator of IL-6 and inhibitor of IL-10 production. In line with
these findings, we observed significantly increased IL-6 secretion
(p < 0.05, Figure 5F) and significantly decreased IL-10 secretion
(p < 0.0001, Figure 5G) by PPP inhibition.

To further prove the functional role of the Irg1-itaconate
pathway, we evaluated the phagocytic activity of macrophages
of Irg1~'~ knockout mice. A significantly increased phagocytic
activity of bone marrow-derived macrophages in ADCP assay
ex vivo was observed in comparison to Irg1*’* wild-type mice
(+34%, p < 0.05, Figure 5H).

In conclusion, we connected metabolic activity and immune
regulation in macrophages via the UDPG-Stat1-Irg1-itaconate
signaling axis provoked by PPP activity. Irg1 downregulation in-
creases macrophage activation via itaconate reduction with sub-
sequent metabolic activation and a pro-inflammatory shift in
cytokine secretion. This also leads in vivo to an increased phago-
cytic capacity of macrophages.

PPP inhibition in primary human cells increases
phagocytic capacity of macrophages and decreases
their bystander function

To translate our findings into human context, we isolated primary
human monocytes from healthy donors and differentiated them
into macrophages by macrophage colony stimulating factor
(M-CSF) under PPP inhibition. After testing cytotoxicity of the
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PPP inhibitors to primary human macrophages, ADCP assays
with non-toxic concentrations of inhibitors were performed. Inhi-
bition of both parts of the PPP significantly increased ADCP rates
(physcion +64%; oxythiamine +92%, p < 0.0001, Figures 6A
and 6B). The human macrophages showed a similar switch to-
ward pro-inflammatory cytokine secretion with significantly
increased IL-6 (p < 0.05) and significantly decreased IL-10 secre-
tion (p < 0.0001) (Figures 6C and 6D).

To address effector function of macrophages in the context of
primary human leukemia cells, primary chronic lymphocytic leu-
kemia (CLL) cells of five individual patients were used for ADCP
assays. A significant increase of phagocytosis was observed un-
der PPP inhibition (+22%, p < 0.001, Figure 6E) and by using
knockdown macrophages (Tkt +60%; 6Pgd +92%, p < 0.0001,
Figure 6F) (Figures S6C and S6D).

To evaluate phagocytosis in a fully human setting, we per-
formed ADCP assay with primary human monocyte-derived
macrophages differentiated in the presence of PPP inhibitors
and primary CLL patient cells (12 individual patients). A signifi-
cantly increased phagocytic capacity was observed (+24%,
p < 0.0001, Figures 6G and S6E). Thereby, we have demon-
strated that primary indolent lymphoma and primary human
macrophages are also affected by PPP modulation.

Beyond the inefficient phagocytic function, TAMs exert
direct supportive effects on tumor cells. CLL cells depend on
macrophages as “nurse-like” bystander cells to survive.*®
Macrophages in the microenvironment of CLL are polarized
toward tumor-promoting TAMs and support CLL cells by che-
mokine secretion and immunosuppressive signaling. We there-
fore evaluated the effect of PPP-inhibited macrophages on
primary CLL cells. Interestingly, PPP inhibition in mono-cul-
tured primary CLL cells decreased their viability significantly
(p < 0.0001, Figure 6H, left), as well as inhibition of the non-
oxidative part of the PPP in co-culture (p < 0.01, Figure 6H,
right).

As TAMs are also important mediators in chemotherapy
resistance, we evaluated if the co-cultivation under PPP inhibi-
tion affects the susceptibility of primary CLL cells toward
apoptosis by chemotherapy. We observed significantly
increased bendamustine-induced apoptosis among primary
CLL cells under inhibition of both parts of the PPP
(p < 0.001, Figures 61-6L) (for individual patient data see
Figures S6F-S6J). This boost in apoptosis was achieved by

Figure 4. PPP inhibition changes the proteomic profile of macrophages towards pro-inflammatory activity

(A and B) Volcano plots showing mean change of proteomic transcription under (A) compound-mediated PPP inhibition by 6-aminonicotinamide and oxythiamine
compared to untreated J774A.1 macrophages and (B) shRNA-mediated PPP knockdown of 6Pgd and Tkt compared to empty vector control J774A.1 mac-
rophages. Circle size represents number of significantly changed conditions. Red circles: significantly downregulated abundance; green circles: significantly
upregulated abundance. Proteins known to participate in immune system are annotated in significant groups.

(C and D) Pathway enrichment analysis of (C) proteomics and (D) phosphoproteomics of J774A.1 macrophages under compound-mediated PPP inhibition and
shRNA-mediated PPP knockdown. Protein count in listed pathways represented in circle size, mean —log10 p value represented in heatmap analysis.

(E and F) Analysis of significantly negative changed protein activity in normalized upstream kinase score (NUKS). (E) Top five most downregulated enzymes in
NUKS analysis under shRNA-mediated PPP knockdown of 6Pgd and Tkt and (F) integrative analysis of compound-mediated PPP inhibition by physcion and
oxythiamine.

(G) Western blot analysis of Ptk2b expression in J774A.1 macrophages under shRNA-mediated PPP knockdown of 6Pgd and Tkt compared to empty vector
control.

(H) Scheme of hypothesized mechanism leading to pro-inflammatory phenotype of macrophages. In (G) data are shown as mean + SEM. Technical replicates (A-
F)n=1,(G)n=5; biological replicates (A—F) n = 3, (G) n = 5. p values in (G) were calculated using one-way ANOVA. *p < 0.05; **p < 0.01; ***p < 0.001; ***p < 0.0001.
See also Tables S2-S5.
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PPP inhibition in co-culture (p < 0.001, Figures 61 and 6K) and
by macrophages pre-treatment before exposing them to pri-
mary CLL cells (p < 0.01, Figures 6J and 6L).

These observations underline the role of altered macrophage
support under PPP inhibition in the TME such as direct leukemia
cell support or resistance to chemotherapy.

PPP inhibition increases macrophages’ maturation and
pro-inflammatory polarization in vivo

To evaluate if PPP inhibition preserves its effect on macrophages
in vivo, we treated C57BL/6J mice with the PPP inhibitor S3
(1-hydroxy-8-methoxy-anthraquinone). S3 is a more stable deri-
vate of the 6Pgd inhibitor physcion.'®

Investigating the myelopoiesis under PPP inhibition, a signifi-
cant increase of cells in the LSK compartment (Lin~, Sca-1*,
c-Kit*) was seen (p < 0.0001, Figure 7A). PPP inhibition signifi-
cantly increased the amount of hematopoietic stem cells
(HSCs; p < 0.05, Figure 7B) and multipotent progenitor (MPP)
cells (Figure 7B), including MPP pools known to fuel the myeloid
compartment (MPP2 p < 0.001; MPP3 p < 0.01; MPP5 p < 0.01,
Figure 7B).%**° This coincided with a significantly increased fre-
quency of myeloid progenitor cells (o < 0.01, Figure 7C) and
macrophages (p < 0.001, Figure 7C) in the bone marrow, indi-
cating propelled myelopoiesis.

We further investigated the polarization of in vivo macro-
phages (Table S8) and detected a shift away from M2-like sub-
type with significantly decreased Argl expression (p < 0.05)
and toward pro-phagocytic M1-like subtype with significantly
increased CD38 expression (p < 0.05) in unstimulated perito-
neal macrophages (Figure 7D) (for other compartments see
Figure S7A). These findings are in line with our in vitro
observations.

Moreover, in vivo PPP inhibition significantly increased phago-
cytic activity of bone marrow-derived macrophages in ADCP
assay ex vivo (+74%, p < 0.001, Figure 7E).

Altogether, we have shown that PPP inhibition in vivo activates
macrophages’ inflammatory polarization and maturation as well
as their phagocytic capacity, which increases their anti-tumor
function in vivo.

¢? CellPress
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PPP inhibition boosts anti-leukemic treatment and
thereby prolongs survival in an aggressive lymphoma
mouse model

To focus on the therapeutic effect of PPP inhibition in vivo, we
evaluated treatment effects in an aggressive lymphoma mouse
model.

We used the humanized double-hit lymphoma mouse model
(hMB),%® which is amenable for modeling human-specific anti-
body therapy. We treated the mice with the therapeutic antibody
alemtuzumab and the PPP inhibitor S3. As the lymphoma re-
flects aggressive disease, untreated mice died rapidly after tu-
mor cell injection (median overall survival [mOS] 22 days, Fig-
ure 7F). By treatment with S3 only, this rapid tumor
progression persisted. As shown in our previous work, treatment
with alemtuzumab increases survival significantly in this aggres-
sive lymphoma mouse model® (mOS 25 days, p = 1.4e—05,
Figures 7F and S7B). By adding the PPP inhibitor S3 to alemtu-
zumab, an additional significant prolongation of mouse survival
was achieved in comparison to antibody treatment only (mOS
27 days, p = 0.0059, Figures 7F and S7B) with a stable increased
number at risk up to day 25 (survival of 88%, Figure 7F). Immu-
nohistochemical analysis of spleens showed a marked reduction
of CD19" lymphoma cell infiltration with concomitant increase of
CD68" macrophage infiltration after treatment with alemtuzu-
mab and S3 in comparison to vehicle control (Figures 7G
and S7C).

We finally demonstrated in vivo that PPP inhibition in the
context of a highly aggressive lymphoma model increases the
efficacy of antibody therapy to prolong overall survival
significantly.

DISCUSSION

TAMs are key drivers in various cancers associated with poor
outcome and diminished efficacy of immunotherapies.’*° The
influence of glucose and mitochondrial metabolism on macro-
phages’ polarization and activity has been established.®>’
Activation of the PPP in macrophages has been implicated inim-
mune tolerance and granuloma formation.*®*° However, no

Figure 5. PPP inhibition modulates glycogen metabolism and the immune response signaling axis UDPG-Stat1-Irg1-itaconate of macro-

phages

(A) Total glycogen amount in J774A.1 macrophages under compound-mediated PPP inhibition and shRNA-mediated knockdown of 6Pgd and Tkt.

(B) Western blot analysis of protein expression of hypothesized connecting pathway in J774A.1 macrophages under shRNA-mediated knockdown of 6Pgd and
Tkt compared to empty vector control. Mean expression displayed in bar graph analysis and one representative western blot example.

(C) Scheme of working hypothesis of PPP metabolism modulating immune response.

(D) Amount of 6pgd product ribulose-5-phosphate and Tkt product sedoheptulose-7-phosphate under shRNA-mediated inhibition of 6pgd and Tkt in J774A1
macrophages.

(E) Metabolomic analysis of tricarboxylic acid cycle and citrate metabolism with display of enzyme expression of key enzymes under shRNA-mediated PPP
knockdown of 6Pgd and Tkt compared to empty vector control J774A.1 macrophages. Amount of metabolites displayed in box and whiskers. Change in enzyme
expression displayed in bar graphs. Genes: succinate dehydrogenase (Sdh), ATP citrate lyase (Acly), immunoregulatory gene 1 (Irg1 = Acod1).

(F and G) Cytokine expression under 6Pgd inhibition by 6-aminonicotinamide or physcion and Tkt inhibition by oxythiamine in J774A.1 macrophages. (F) IL-6
expression compared to untreated control. (G) IL-10 expression compared to untreated control.

(H) ADCP assay of bone marrow-derived macrophages of Irg1*'* wild-type mice and Irg1~'~ knockout mice. Macrophages differentiated out of femoral bone
marrow with M-CSF. In (A), (B), and (F-H), bar plots are shown as mean + SEM; in (D and E) metabolite amount is shown as minimum to maximum and protein
expression is shown as calculated —Log2 fold change of control and knockdown macrophages. Technical replicates (A)n =15, (B)n=3-6,(D)n=3, (E)yn=3,
(F and G) n =9-18, (H) n = 35; biological replicates (A)n =3, (B)n=3-6, (D)n =3, (E)yn =3, (Fand G) n =3-6, (H) n = 7. p values were calculated in (A, B, D, and E)
using one-way ANOVA, protein expression in (E) using student’s t test, and in (F-H) using unpaired t test. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. See also
Figures S4 and S5 and Tables S6 and S7.
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Figure 6. PPP inhibition in primary human cells increases phagocytic capacity of macrophages and decreases their tumor-supportive
bystander function

(A and B) ADCP change compared to basal phagocytosis rate of human monocyte-derived macrophages. (A) ADCP change of monocyte-derived macrophages
differentiated in the presence of physcion and M-CSF, (B) ADCP change of monocyte-derived macrophages differentiated in the presence of oxythiamine and
M-CSF.

(C and D) Cytokine expression of monocyte-derived macrophages differentiated in the presence of oxythiamine and M-CSF. (C) IL-6 expression, (D) IL-10
expression.

(E and F) ADCP change of J774A.1 macrophages phagocyting primary CLL patient cells compared to basal phagocytosis rate. (E) ADCP change under com-
pound-mediated PPP inhibition. (F) ADCP change under shRNA-mediated PPP knockdown.

(G) ADCP change of monocyte-derived macrophages differentiated in the presence of oxythiamine and M-CSF phagocyting primary CLL patient cells compared
to basal phagocytosis rate.

(H) Viability of primary CLL patient cells after incubation with PPP inhibitors physcion or oxythiamine in mono-culture and in co-culture with J774A.1 macro-
phages. In co-culture setting, cells were treated in parallel or macrophages were pre-treated before onset of co-culture.

(I-L) Half maximal inhibitory concentration (ICso) for individual primary CLL patient cell samples to bendamustine treatment compared to control. Cells were
incubated with bendamustine after protective macrophage co-culture with untreated J774A.1 macrophages vs. PPP inhibition. (I and J) Inhibition of 6Pgd in
oxidative part of PPP by physcion, (I) co-culture treatment, (J) macrophage pre-treatment. (K and L) Inhibition of Tkt in non-oxidative part of PPP by oxythiamine,

(legend continued on next page)
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functional implications of the PPP in TAM regulation have been
established nor the effects of PPP inhibition on immune regula-
tion have been identified. Here, we show that modulation of
the PPP in TAMs serves as a robust regulator of phagocytic func-
tion and macrophage activity and prolongs survival in aggressive
B cell ymphoma therapy.

Metabolic inhibition screening in lymphoma-macrophage co-
cultures emphasized detrimental effects on macrophage func-
tion for the majority of investigated pathways. Only inhibition of
the PPP showed a significant increase of phagocytosis with a
synergistic effect on effector and target cells. This was true
across various in vitro and in vivo macrophage model systems
of both murine and human descent by compound and genetic
targeting. Even though the time-dependent effects of PPP inhibi-
tion differ between chemical compounds and genetic targeting,
we observed similar phenotype under compound-mediated
as well as shRNA-mediated PPP inhibition. The increased
phagocytosis rate appeared also under hypoxic conditions
as an approximation of physiological status of therapy-refractory
niches of lymphoma—the lymph nodes and bone marrow***' —
indicating therapeutic efficacy by metabolic inhibition in contrast
to other therapy modalities in these niches.

Previous reports demonstrated reduced cancer and leukemia
cell growth in mice upon PPP inhibition."**? Especially in CLL,
macrophages play a pivotal role as supportive bystander cells
in the TME, without which CLL cells would undergo spontaneous
apoptosis.®® We have shown that PPP inhibition diminishes this
pro-survival bystander function of macrophages and acts as a
sensitizer to genotoxic regimens.

Alterations of the PPP enzymes 6PGD and TKT have been pre-
viously described in many cancer types.*>™’ Overexpression of
TKT was closely associated with aggressive hepatocellular carci-
noma features,*® and 6PGD was shown to promote metastasis,*®
while suppression of 6Pgd attenuates cell proliferation and tumor
growth*? and overcomes cisplatin resistance®® and Tkt inhibition
sensitizes cancer cells to targeted therapy and reduces growth of
metastatic lesions.*® PPP inhibition by physcion, S3, or 6-amino-
nicotinamide has demonstrated anti-tumorigenic effects in
several solid tumor types and chemotherapeutic-resistant acute
myeloid leukemia cells,*”:>"*? without affecting non-malignant
cells.*’> Moreover, 6Pgd inhibition in CD8" T cells led to an
increased effector function with higher tumoricidal activity.**

We have previously shown that macrophage effector polariza-
tion is crucial in therapeutic antibody-based regimens of B cell
lymphoma and can be modulated.®*® We now identified
macrophage metabolism as an essential switch of macrophage
effector function in lymphoma.

We demonstrated that increase of phagocytosis is driven by
PPP enzyme inhibition, rather than metabolite accumulation.
Non-exclusive PPP metabolites did not influence phagocytosis,
possibly due to degradation via glycolysis (G3P, F6P) or nucleo-
tide synthesis (R5P) before entering PPP flux. In contrast, exclu-
sive PPP metabolites altered phagocytosis activity: supplemen-
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tation of the G6pd product 6-phosphogluconate, the 6Pgd
product ribulose-5-phosphate, and the Tkt product sedoheptu-
lose-7-phosphate increased phagocytosis, while supplementa-
tion of the Tkt educt erythrose-4-phosphate decreased pha-
gocytic activity in macrophages. This points to a feedback
inhibition of the respective PPP enzymes and emphasizes the
enzyme inhibition as driving force for increased phagocytosis.

PPP is a central linker between glucose metabolism, amino
acid biosynthesis, fatty acid metabolism, and redox homeosta-
sis.*® A gain in metabolic activity was observed under PPP inhi-
bition with increased glycolytic and mitochondrial capacity
causing enhanced ATP production, fueling macrophages’ acti-
vation. An increase of glycolysis is well described within the
phenotypical switch to pro-inflammatory macrophages.®’ We
observed profound alteration of morphology and macrophage
polarity, demonstrated by a decrease of markers associated
with M2-like macrophages and TAMs, which represent immuno-
suppressive and tumor-promoting macrophage subtypes,®-°¢:5°
while exclusive M1 marker, expressed on pro-inflammatory
macrophages, was increased.®*%°

In total, the restriction of one metabolic pathway —the PPP—
gives rise to numerous paths of activation, which renders a pro-
found alteration of phenotype and particular phagocytic activity
in macrophages. Thereby the anti-tumor function could be
improved from independent directions.

Our detailed multi-omics and functional analysis provides ev-
idence that these effects are directly related to 6Pgd and Tkt
enzyme activity loss, which polarizes macrophages to a pro-in-
flammatory phenotype through downregulation of Stat1 and
Irg1. The functional switch between PPP enzyme activity and
subsequent polarization program is Csf1r expression and activ-
ity of glycogen metabolism.

Csf1r activation induces Hmox-1 expression, which in-
duces Irg1 expression,®® a central inhibitory regulator of
macrophage activation.?” We demonstrated significant down-
regulation of Csfir pathway proteins. Via Csfir signaling,
macrophages are polarized toward an M2-like or TAM pheno-
type by directly activating Erk1/2 (Mapk1/2) and Hck
signaling.?*#>67-%9 Both, Mapk1 and Hck activity was shown
to be decreased under PPP inhibition in upstream kinase
analysis.

Considering the relevant role of Csfir in macrophage
ontogeny, activation, and polarization, reduced Csf1r expression
might be responsible for macrophage activation under PPP inhi-
bition. Therefore, Csf1r blockade might be a promising strategy
to increase macrophage activity in the context of tumor therapy.
Several CSF1R inhibitors are currently under clinical investiga-
tion.”® Nevertheless, as CSF1R is a macrophage-exclusive re-
ceptor, only a macrophage-exclusive effect could be achieved
by using CSF1R inhibition, in contrast to the previously
described multi-cellular effects of 6PGD and TKT inhibition.

PPP inhibition has been functionally linked to inhibition of
glycogenolysis causing decreased UDPG production.?® UDPG

64,65

(K) co-culture treatment, (L) macrophage pre-treatment. In (A-H) data are shown as mean + SEM, in (I-L) as minimum to maximum. Technical replicates (A) n =28,
(B)n=20,(CandD)n=18, (Eand F)n =20, (G)n =65, (H)n =30, (I-L) n = 30; biological replicates (A)n =6, (B)n=4,(CandD)n=6,(Eand F)n=5,(G)n=12,(H)n =
10, (I-L) n = 10. p values were calculated in (A-G) using one-way ANOVA, in (H) using repeated measures (RM) one-way ANOVA, and in (I-L) using paired t test.

*p < 0.05; **p < 0.01; **p < 0.001; ***p < 0.0001. See also Figure S6.
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as a signaling molecule activates the P2y14 receptor (P2y14r).
P2y14r activation in turn increases Stat1 expression and
Mapk1 phosphorylation.”" Considering that Stat1 is a major
regulator of Irf1 expression,”® which is the transcription factor
of Irg1,”? the signaling cascade induced by PPP inhibition in
macrophages is causing an altered Irg1 expression. Irg1 is
almost exclusively expressed in activated immune cells and a
key driver of immune inhibition via itaconate production.?”
Itaconate inhibits glycolysis and mitochondrial activity by Sdh
inhibition”> and promotes anti-inflammatory macrophage
phenotype’* and tumor growth by increased reactive oxygen
species secretion by TAMs.”® In contrast to the publication of
Ma et al.,”® we observed a decreased amount of glycogen under
PPP inhibition, but simultaneously increased glycolysis as a
possible indicator for a shift of glucose processing causing
decreased glycogen synthesis and glycogenolysis. Subse-
quently, we observed decreased expression of all UDPG-
Stat1-Irg1-itaconate pathway proteins under PPP inhibition,
particularly lower amounts of itaconate and an increased Sdh
and Acly activity. Acly activity is known to induce macrophage
activation and pro-inflammatory cytokine production.>” These
changes subsequently resulted in a pro-inflammatory cytokine
switch, phenotypic shift toward M1-like macrophages, and
diminished primary leukemia cell support. The metabolic alter-
ations observed here support the hypothesis of the connection
between PPP inhibition, itaconate abundance, and immune
regulation.

Furthermore, the transcription factor Irf1 induces inducible ni-
tric oxide synthase (iNos) expression,’” consistent with the
observed decreased iNos expression under PPP inhibition.
High iNos expression and activity have been correlated with ma-
lignancy and poor survival in several solid tumors and leukemia.”®

Despite the pro-inflammatory transcriptional function of Stat1
in LPS-stimulated macrophages, we show an alternative mech-
anism of macrophage activation by metabolic depression of the
anti-inflammatory properties of Stat1 via itaconate regulation
leading to a pro-phagocytic phenotype of macrophages. In
TAMs, Stat1 has been shown to be the generator of the blended
M1/M2 phenotype and supporter of the anti-inflammatory and
pro-tumorigenic properties.”’"®
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As reduced expression of Irf1 also influences Stat1 and Csfir
expression,’® Irf1 appears as the junction between all recapitu-
lated pathways, which are leading to the changed macrophage
activity and polarization.

Taken together, these signaling connections show a narrow
network, which links PPP inhibition and immune regulation in
macrophages and cancer cells.

We demonstrated a highly significant increase of phagocy-
tosis in primary human cells, indicating efficacy for potential clin-
ical use.

To model lymphoma in patients, we performed in vivo experi-
ments with the PPP inhibitor S3, whose low toxicity and high
effectiveness in treatment of other tumor entities were demon-
strated before.'®“? In the aggressive lymphoma mouse model,*®
PPP inhibition has an amplification effect on antibody therapy
leading to significant prolonged overall survival in comparison
to antibody treatment only with associated increased macro-
phage lymphoma infiltration. PPP inhibition in vivo increased
myelopoiesis and gave rise to progenitor cell expansion, indi-
cating increased provision of a variety of immune cells. Macro-
phages displayed pro-inflammatory polarization and signifi-
cantly increased phagocytic capacity after PPP inhibition in vivo.

We have proven in vivo the efficacy of PPP inhibition leading to
macrophage activation and improving therapy response by anti-
body-mediated phagocytic clearance of lymphoma with prolon-
gation of overall survival.

In conclusion, PPP inhibition may serve as immune-modula-
tory therapy repolarizing macrophages. We demonstrated meta-
bolic modulation as a key mechanism of macrophage regulation.
PPP inhibition causes diminished Irg1 expression leading to
reduced anti-inflammatory itaconate production. Our work indi-
cates PPP inhibition as a dual-principle therapy targeting cancer
cells and their immune-microenvironment simultaneously, with
implications for cancer treatment, especially in the context of
antibody-based regimens.

Limitations of the study

This study has several important limitations to consider. The
screening process was conducted primarily from the perspec-
tive of ADCP and emphasized a therapeutic angle, which may

Figure 7. PPP inhibition increases myelopoiesis, macrophages’ maturation, and pro-inflammatory polarization in vivo and boosts anti-
leukemic treatment response in an aggressive humanized lymphoma mouse model

(A) Progenitor cell compartment LSK (Lin~, Sca-1", c-Kit*) in bone marrow of C57BL/6J mice treated with vehicle (control) or PPP inhibitor S3 i.p. for 7 days.
(B) Multipotent progenitor (MPP) subsets in bone marrow of C57BL/6J mice treated with vehicle (control) or PPP inhibitor S3 intraperitoneally (i.p.) for 7 days. HSC
(CD34,CD48,CD150", CD1357), MPP1 (CD34*, CD48~, CD150", CD1357), MPP2 (CD34*, CD48", CD150", CD1357), MPP3 (CD34", CD48", CD1507, CD135"),
MPP4 (CD34*, CD48*, CD150°, CD135%), MPP5 (CD34*, CD48~, CD1507, CD135").

(C) Percentage of myeloid lineage cells of whole cell amount in bone marrow of NSG mice transfected with hMB cells, treated with vehicle or PPP inhibitor S3 i.p.
for 12 days, and euthanized on day 15. Common myeloid progenitor cells (CD41*, CD34*), monocytes (Ly6c*, CX3CR1*), macrophages (F4/80*, CD64").

(D) Expression of characteristic surface marker for different macrophage subtypes on peritoneal macrophages measured by immunofluorescent staining. Mean
fluorescence intensity (MFI) is depicted. To improve readability, high MFI has been downscaled (factor named in brackets next to marker). C57BL/6J mice treated
with vehicle (control) or PPP inhibitor S3 i.p. for 7 days.

(E) ADCP assay of bone marrow-derived macrophages. C57BL/6J mice treated with vehicle (control) or PPP inhibitor S3 i.p. for 7 days, macrophages differ-
entiated out of femoral bone marrow with M-CSF.

(F) Survival curve of aggressive lymphoma (hMB) bearing mice treated with PPP inhibitor S3 +/— therapeutic antibody alemtuzumab.

(G) One representative example of immunohistochemical staining of hMB cells (CD19*) and macrophages (CD68") in spleen of aggressive lymphoma (hMB)
bearing mice treated with vehicle or alemtuzumab + S3. In (A-C and E) data are shown as mean + SEM, in (D) data are shown as mean of ten replicates. Technical
replicates (Aand B)n=12, (C)n=3, (D) n=9-10, (E) n =70-75, (F) n = 21-25, (G) n = 4; biological replicates (Aand B)yn =12, (C)n =3, (D) n=9-10, (E) n = 14-15, (F)
n = 21-25, (G) n = 4. p values were calculated in (A-E) using unpaired t test and in (F) using Benjamini-Hochberg test. *p < 0.05; **p < 0.01; **p < 0.001;
****p < 0.0001. See also Figure S7 and Table S8.
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have limited the scope of the findings. While the PPP was a
focus, its role in modulating lymphoma progression requires
further investigation to fully understand its impact on the
TME. The study concentrated on macrophages as targets for
PPP inhibition. The effects of this inhibition on other immuno-
therapeutic approaches, such as bispecific antibodies and
CAR-T cells, remain to be demonstrated. Crucially, the role of
PPP inhibition in human patients has yet to be established
through clinical trials. These limitations highlight areas for future
research to build upon this study’s results and provide a more
comprehensive understanding of PPP inhibition in lymphoma
treatment.
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staticDownloads
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Experimental models: Organisms/strains

Mouse: C57BL/6J

Mouse: Wild-type NOD.Cg-Prkdcs*®
l12rg™™"il/SzJ (NSG)

Mouse: C57BL/6NJ-Acod1emMPON/

Jackson laboratory
Jackson laboratory

Jackson laboratory

Cat#000664; RRID:IMSR_JAX:000664

Cat#005557/NSG;
RRID:IMSR_JAX:005557

Cat#029340; RRID: IMSR_JAX:02 9340

Oligonucleotides

6PGD_1
6PGD_2
TKT_1
TKT_2

SIGMA-ALDRICH
SIGMA-ALDRICH
SIGMA-ALDRICH
SIGMA-ALDRICH

Oligo#8810932277-000060
Oligo#8810932277-000070
Oligo#8810932277-000040
Oligo#8810932277-000050

Software and algorithms

Enhanced Volcanoplot software (Figure 4)

FlowJo 10.7.1
GeneAnalytics
GraphPad Prism6
Image Studio Lite
ImageJ

INKA (original and own mouse modification)
MACSQuantify
MaxQuant

NDP.view2 Plus Image viewing software
U12388-02

Perseus
PRIDE database
StringAnalysis

Bioconductor

FlowJo

LifeMap Sciences
GraphPad Software
LI-COR Biotechnology

U.S. Department of Health & Human
Services

Molecular System Biology; this paper
Miltenyi Biotec

Max-Planck-Institute of Biochemistry
Hamamatsu Photonics Deutschland GmbH

Max-Planck-Institute of Biochemistry
EMBL-EBI
STRING Consortium 2021

https://bioconductor.org/packages/
release/bioc/html/EnhancedVolcano.htmi

https://www.flowjo.com/solutions/flowjo
https://geneanalytics.genecards.org/
https://www.graphpad.com/
https://www.licor.com
https://imagej.nih.gov/ij/download.html

Beekhof et al.””
https://www.miltenyibiotec.com
https://maxquant.net/maxquant/

https://www.hamamatsu.com/eu/en/
product/life-science-and-medical-
systems/digital-slide-scanner/U12388-01.
html

https://maxquant.net/perseus/
https://www.ebi.ac.uk/pride/
https://string-db.org

EXPERIMENTAL MODEL AND STUDY PARTICIPATION DETAILS

Mouse strains

Wild type NOD.Cg-Prkdcscid 112rgtm1Wijl/SzJ (NSG) and C57BL/6 mice were from Jackson laboratory (ME, USA), Acod1eml(IMPC)
J/1J mice were kindly provided by Paul Diefenhardt from AG Braehler (Uniklinik Kéin, CECAD Research Center, AG Braehler, Joseph-
Stelzmann-Str. 26, 50931 Cologne, Germany). NSG is an immune-deficient strain with compromised generation of lymphocytes, nat-
ural killer cells, macrophages, and immunoglobulins caused by lacking expression of PRKDC and the y-chain of interleukin-2 recep-
tor. Acod1eml(IMPC)J/1J is a mouse strain with global guide RNA mediated knockout of Acod1 (=Irg1) on background of C57BL/6
mice. C57BL/6 is a commonly used immune competent inbreeding strain. To generate the humanized double-hit ymphoma mouse
model, 8-18 week old NSG mice got intravenous injection of 1 x 10® hMB cells in 100uL PBS.

Animals (female and male; 0-40 weeks) were maintained under specific pathogen free conditions in line with European Union reg-
ulations. Experiments were approved by local ethical review (LANUV (Landesamt fur Natur, Umwelt und Verbraucherschutz
Nordrhein-Westfalen)) and were carried out under the authority of Michael Michalik M. Sc., (Uniklinik KéIn, Translational Research
for Infectious Diseases and Oncology (TRIO), Robert-Koch-StraBe 21, 50931 Cologne, Germany) project license.

Mice were kept under cage conditions at 20°C-22°C. Littermates of the same sex were randomly assigned to experimental groups.
Adult mouse weight is around 23,4 g.

Cell lines
HEK293T-CAF40-null cells were from DSMZ, hMB cells were generated by Leskov et al.,*® J774A.1 macrophages were from ATCC,
THP1 monocytes were from DSMZ.

hMB cells represent a humanized mouse model of “double-hit” lymphoma by overexpression of c-MYC and BCL2 in human HSC-
derived B-lineage cells. hMB cells express GFP and can be targeted by antibodies used in clinics. Like most double-hit lymphoma
patient cells, hMB cells have a low expression of CD20.
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All cell lines were cultured on 6 well plates or 10cm dishes from Corning and incubated with 5% CO, at 37,0°C. J774A.1 cells, hMB
cells, and HEK293T cells were cultured in DMEM containing 10% fetal bovine serum and 1% penicillin/streptomycin. THP1 cells were
cultured in RPMI 1640 medium containing 10% FBS and 1% penicillin/streptomycin.

Primary cells
Primary CLL patient cells and primary monocytes from healthy donors were collected from buffy coats donated by blood bank of
University Hospital of Cologne. Cells were cultured on 6 well plates or 10cm dishes from Corning and incubated with 5% CO, at
37,0°C. The cells were cultured in RPMI 1640 medium containing 10% FBS and 1% penicillin/streptomycin.

Monocytes of buffy coats were separated by CD14 anti-human magnetically labeled MicroBeads from Miltenyi Biotec.

The study was approved by the ethical commission of the medical faculty of the University of Cologne (reference no. 13-091) and
performed under the authority of Prof. Michael Hallek (Department | of Internal Medicine, Center for Integrated Oncology (CIO)
Aachen-Bonn-Cologne-Duesseldorf, University of Cologne, Kerpener Str. 62, 50937 Cologne, Germany) project license.

Microbe strains
5-alpha competent E. coli from New England Biolabs Inc. were used for plasmid generation.

METHOD DETAILS

Antibody-dependent cellular phagocytosis assay (ADCP)

1 x 10% J774A.1 cells were plated out in 100uL media per well in a 96 well plate. After 24hrs of attachment, hMB cells were added in a
macrophage:hMB ratio 1:15. Compounds were added in increasing concentration up to maximal non-toxic concentration. Alemtu-
zumab was added to every second well in a concentration of 10ug/mL. Wells were filled up with macrophage medium up to volume of
250uL. Each ADCP was performed with 5 technical replicates. After 18hrs of incubation, remaining hMB cells per well (GFP positive)
were measured using Miltenyi MacsQuant VYB flow cytometer. Out of the absolute GFP positive cell count the antibody-dependent
cellular phagocytosis rate was calculated with the formula

100-(100*(total GFP* antibody-treated well/total GFP* antibody-untreated well)).

The calculated ADCP rate was compared to basal ADCP rate of untreated control cells (set as 100%) by division of the calculated
ADCP rates (= ADCP change). For ADCP assays performed with THP1 cells the amounts were subtracted to avoid bias as basal
phagocytosis rate of THP1 cells is low (= ADCP difference).

For pre-treatment assays, macrophages respectively hMB cells were treated with increasing concentration of the compounds up
to maximal non-toxic concentration. After 24hrs of incubation, the cells were washed three times and the assay was performed as
described above without addition of the compounds to co-culture.

Performing the assay with THP1 cells, the antibody obinutuzumab was used in a concentration of 1 ng/mL.

Compounds and antibodies were diluted in media of used macrophage type respectively in hMB medium in case of hMB pre-treat-
ment ADCP assays.

For ADCPs in hypoxia, cells were incubated under hypoxic conditions with 1.5% O, and 5% CO..

For ADCPs with CLL patient cells, CLL patient cells were used instead of hMB cells.

For ADCPs with primary human macrophages, 2 X 10% primary human macrophages and 3 x 10° hMB cells were used per well. As
antibody daratumumab in a concentration of 10pug/mL was used.

For ADCPs with primary murine macrophages, 5 x 10 primary murine macrophages and 1,5 x 10% hMB cells were used per well.
As antibody daratumumab in a concentration of 10pg/mL was used.

Antibody-independent cellular phagocytosis assay (AICP)
Experiment was performed like ADCP without the addition of antibody. Remaining hMB cells were compared to hMB mono-culture
cell count under inhibitor treatment. After 18hrs of incubation, remaining hMB cells per well were measured using Miltenyi MacsQuant
VYB flow cytometer. Out of the absolute GFP positive cell count the antibody-independent cellular phagocytosis rate was calculated
with the formula

100-(100%(total GFP* macrophage co-culture well/total GFP* hMB mono-culture well)).

Bone marrow derived macrophage generation

Femur were flushed with DMEM media. Erythrocytes were lysed by addition of 2mL ACK lysis buffer to cells. Reaction was stopped
by addition of 50mL cold PBS. Cells were re-suspended in media and plated out on 10cm cell culture plates for 24hrs. Non adherent
cells were collected and plated out in a concentration of 6 x 10° cells/mL on 10cm cell culture plates in media and 15% feeder media
1 and 2. Feeder media was collected from L-929 cells after incubation with RPMI media for one week (feeder media 1) and three
weeks (feeder media 2). On day three additional 4mL media with 15% feeder media 1 and 2 and 50ng murine recombinant
M-CSF were added. On day seven media was replaced by 10mL media. On day eight the plates were washed two times and adherent
macrophages were detached by scraping. Macrophages were plated out for further experiments and were incubated for 24hrs for
recovering before further experiments were performed.
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CLL patient cell co-culture

5 x 10* J774A.1 cells were plated out in TmL media on a 24 well plate and were incubated for 5hrs. Three samples per condition were
treated with the PPP inhibitors for macrophages pre-treatment. Cells were incubated for 24hrs. Pre-treated cells were washed three
times. Viability of CLL patient cells was measured by 7AAD plus AnnexinV staining. Therefor, 2uL 7AAD stain, 2uL. AnnexinV stain and
46uL 1% ABB were added to washed cells, cells were incubated for 20 min at 4°C and additionally 50uL 1% ABB was added.
Readout was performed immediately using Miltenyi MacsQuant X flow cytometer. 7,5 x 10° viable CLL patient cells in 1mL media
were added to the macrophages and CLL mono-culture wells were plated out under addition of 1mL DMEM. Three samples per con-
dition were treated with PPP inhibitors for co-culture treatment. The co-culture was incubated for three days. CLL cells were re-sus-
pended by pipetting and supernatant was transferred into eppies. On U-bottom plates 7AAD plus AnnexinV staining (see above) was
performed and cell count was measured using Miltenyi MacsQuant X flow cytometer.

CLL patient cell chemotoxicity stain
CLL patient cells after CLL co-culture performance were transferred into 96 U-bottom plates. 25uL of each bendamustine concen-
tration was added to one well of each condition. Cells were incubated for 48hrs. Cells were washed and 7AAD plus AnnexinV staining
was performed (see above).

Chemotoxicity assay was also performed by adding the cells to 1 x 10* J774A.1 cells per well plated out the day before. After co-
incubation for 48hrs, wells were mixed up and supernatant was transferred to a 96 U-bottom plate to perform 7AAD plus AnnexinV
staining of the CLL patient cells (see above).

ELISA

7 x 10° J774A.1 cells in 2mL media per well were plated out on a 12 well plate and incubated for 24hrs. Each inhibitor was added to
two wells and cells were incubated for 24hrs. 100ng/mL LPS was added to one well of each condition. After incubation of 16hrs, su-
pernatant was transferred into Eppendorf tubes. The supernatant was centrifuged at 300g for 5min and transferred to new Eppendorf
tubes. BioLegend ELISA kit for IL-10, and IL-6 was used and protocol performed as from BioLegend mentioned. Readout was per-
formed by fluorescence intensity measurement using FLUOStar OPTIMA.

Immunofluorescent microscopy

Microscopy coverslips were washed three times in ethanol and autoclaved. Two microscopy coverslips per well were placed on a 6
well plate. 1 x 108 J774A.1 cells in 1mL media per well were plated out, treated with the PPP inhibitors and incubated for 24hrs. Cells
were washed with 5mL DPBS for 5min. 2mL PFA was put on the cells and incubated for 10min. Cells were washed three times with
5mL DPBS for 5min. Cells were incubated with 2mL of DPBS with 0.25% Triton X- for 3min. Cells were incubated with 2mL of DPBS
with 0.125% Triton X- plus 5% BSA for 1h. Coverslips were taken off the 12 well plate and dried on a paper towel. Mitochondrial
antibody TOM20 F-10 was diluted 1:500 in DPBS plus 0.125% Triton X- plus 2.5% BSA, 100uL was pipetted on the coverslips
and they were incubated for 2hrs. Coverslips were washed three times with 100uL DPBS with 0.125% Triton X-. 2"¢ mitochondrial
antibody (Alexa Fluor 647 o mouse) was diluted 1:1000 in DPBS plus 0.125% Triton X- plus 2.5% BSA, 100uL was pipetted on the
coverslips and they were incubated for 1h. Coverslips were washed three times with 100uL. DPBS with 0.125% Triton X-. Actin anti-
body (Phalloidin Alexa Fluor 568) was diluted 1:1000 in DPBS with 0.125% Triton X- plus 2.5% BSA, 100uL was pipetted on the cov-
erslips and they were incubated for 1h. Coverslips were washed nine times with 100uL DPBS with 0.125% Triton X-. Nuclear antibody
(DAPI) was diluted 1:10000 in DPBS and 100uL was pipetted on the coverslips. Coverslips were washed one time with 100uL H,O.
Coverslips were dried on a paper towel, one drop of mounting media was put on and the coverslips were placed on object plates. The
probes were dried overnight at room temperature and then stored at 4°C until microscopy. Pictures were recorded using SP8
confocal microscope (Leica) and analyzed with ImageJ.

Immune phenotyping
1 x 108 J774A.1 cells in 1mL media were plated out on a 6 well plate and treated with PPP inhibitors. After 24hrs of incubation, cells
were scraped off. Cells were washed with 1TmL DPBS. Cells were re-suspended in 90uL DPBS and 10uL murine FcR-blocking agent.
Cells were incubated for 10min at 4°C. 900uL DPBS were added and probes were split into 100uL portions. Master mixes of different
stains were prepared and added to the cells. Cells were incubated for 20min at 4°C and washed with 1mL DPBS afterward. For
washing, cells were incubated with DPBS for 5min and centrifuged at 300g for 5min afterward. Cells were re-suspended in 200uL
DPBS and measured using Miltenyi MacsQuant X flow cytometer immediately after an initial multi-color compensation procedure.
For intracellular marker, Fix & Perm Cell Permeabilization kit was used following manufacturés protocol.
Primary murine macrophages were processed equally.

Immunohistochemical staining of murine spleen

After preparation of survival cohort of hMB transfected NSG mice after treatment with alemtuzumab and/or S3, a 2 x 2mm piece of
spleen was fixated in formaldehyde. Histological sections were produced and immunohistochemical staining of CD19 and CD68 was
performed. Whole slide scans were saved and analyzed with NDP.view2 Plus Image viewing software.
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In vivo experiments
Survival analysis of hMB transfected NSG mice under treatment with alemtuzumab and/or S3
8-18 week old NSG mice got intravenous injection of 1 x 108 hMB cells in 100uL PBS.

Four cohorts were built:

(1) vehicle + vehicle

(2) vehicle + alemtuzumab
(3) vehicle + S3

(4) alemtuzumab + S3

Three days after tumor cell injection, cohort 3 and 4 were treated for ten days with 20mg/kg S3 in 200uL 30% PEG 400/0.5% Tween
80/5% propylene glycol (vehicle 200uL 30% PEG 400/0.5% Tween 80/5% propylene glycol) intraperitoneally. On day 8 after tumor
cell injection alemtuzumab was applicated for three days intraperitoneally. On day 8 the mice were injected with alemtuzumab 1mg/
kg, on day 9 and 10 with 5mg/kg, in a total volume of 50uL PBS (vehicle 50uL PBS). Mice were scored daily with a score sheet devel-
oped for hMB-transfected NSG mice.

Macrophage function analysis of primary murine macrophages of C57BL/6 after treatment with S3

8-18 week old C75BL/6 mice were treated for seven days with 20mg/kg S3 in 200uL 30% PEG 400/0.5% Tween 80/5% propylene
glycol (vehicle 200pL 30% PEG 400/0.5% Tween 80/5% propylene glycol) intraperitoneally. Mice were scored daily and were sacri-
ficed on day eight. Peritoneal macrophages were collected by peritoneal lavage with DMEM medium. Spleen and femurs were
dissected. Spleen were mashed through a 30uM filter with DMEM medium and cell suspension was used for further analysis. Femurs
got flushed with DMEM medium to collect bone marrow.

Knockdown cell production
Plasmid production
Target sequence oligonucleotides were produced by SIGMA-ALDRICH. For oligonucleotide cloning, 1uL of 1uM oligonucleotide,
2,5ul thermopol polymerase buffer, 2,5uL of 5uM primer EcoR1, 2,5uL of 5uM primer Xho1, 0,5uL dNTPs mix, 0,5uL vent polymerase
and 14,5uL H,O were mixed and polymerase chain reaction was performed. Oligonucleotides were selected by electrophoretic sep-
aration using FAE gel with 1.5% agarose and 5uL. GELRed Nucleic Acid Gel stain 10000x. After cutting out oligonucleotide bands
under UV-light, oligonucleotides were purified with QIAquick PCR purification kit (kit protocol followed). For oligonucleotide digest,
30uL oligonucleotide solution, 1uL primer EcoR1, 1puL primer Xho1 and 8uL NEBuffer 2 were incubated for 2hrs at 37°C. Oligonucle-
otides were purified again as described above, oligonucleotide concentration was determined with Quick-load 100bp DNA ladder on
gel and oligonucleotides were solved in 30uL elution buffer. For ligation 2.92ng oligonucleotide and 97,08ng vector [MLP plasmid,
7893bp] with 1uL 10x T4 DNA Ligase Reaction Buffer and 1uL T4 DNA ligase were used and filled up with H,O to 10uL. Probes
were incubated for 1h at room temperature.
Transformation into competent bacteria
Competent E. coli were thawed on ice. 5pL plasmid per 50uL competent cells was added and incubated for 30min on ice. Heat shock
for 110s at 42°C and recovery for 2min on ice was done. Cells were centrifuged at 6000rpm for 1min, supernatant was removed and
450uL fresh LB media (1% tryptone, 0.5% yeast extract, 1% NaCl, filled up with water) was added. Cells were recovered in shaker for
30min at 37°C and 100uL were plated out on LB media layer (1% tryptone, 0.5% yeast extract, 1% NaCl, 1.5% agar filled up with
water) with 100png/mL ampicillin in a 10cm dish.
Plasmid enrichment and purification
When colonies on bacteria plate were visible by eye, 4-5 colonies per plasmid were picked and expanded overnight in 50mL LB me-
dia with 100ug/mL ampicillin in shaker at 37°C. For later use, a probe of each colony was saved on a new bacteria plate. Plasmids
were purified by using I-Blue Midi Plasmid Kit (following kit protocol).

For sequence verification, 10uL of 100ng plasmid with 4uL. MSV-5 primer was sent to LGC Genomics GmbH.

Plasmids with correct sequence were picked from back up bacteria plate and expanded and purified again as described
above.
Transfection with phoenix retroviral producer line
8 x 10° HEK293T cells were plated out on a 10cm dish and incubated overnight. Cells were washed and 10mL DMEM media
without any supplements was put on the cells. 25uM cholorquine was added and cells were incubated for 10min at 37°C.
18,5ug plasmid, 3ug pMD2.G, 5ug psPax2 and 99uL 2M CaCl, were mixed and filled up with H,O to 790uL. Under mixing
with bubble formation, 790uL 2x HEPES buffered saline (280mM NaCl, 50mM HEPES, 1.5mM Na,HPO,, adjusted pH to 7,05)
was added and mixture was added immediately dropwise to the HEK293T cells. Cells were incubated for 4hrs, then media
was soaked off, cells were washed with 10mL DPBS and 10mL HEK293T cell media was added. 100uM sodium butyrate was
added and cells were incubated. After 24hrs and 48hrs supernatant was collected and centrifuged at 1500rpm for 10min. Super-
natant was filtered through a 45um filter and flow through was used for further steps. New media and sodium butyrate was put on
the HEK293T cells.

Virus production was verified with fluorescent microscopy and Lenti-X GoStix Plus.
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Infection of J774A.1 macrophages

1 x 10° J774A.1 cells in 1mL media per well were plated out on a 12 well plate and incubated for 24hrs. 1mL of viral media per well
was added and cells were spin at 800CF for 2hrs at 32°C. Cells were incubated for 48hrs. Cell media was changed and cell selection
with 2ug/mL puromycin was started. Selection efficacy was verified using Miltenyi MacsQuant X flow cytometer. > 95% GFP-pos-
itive macrophages were accepted as pure shRNA-transfected cells.

Metabolomics

Sample preparation

1 x 107 J774A.1 (wild-type, empty vector control, shRNA 6PGD knockdown or shRNA TKT knockdown) in 10mL media were plated
out on 10cm dishes and incubated for 24hrs. Dishes were treated with PPP inhibitors (oxythiamine 520uM, physcion 9uM or
6-aminonicotinamide 11uM) and incubated for 24hrs. Cells were scraped, washed with DPBS and re-suspended in 1mL DPBS.
The cells were counted using CASY cell counter and analyzer. Cells were centrifuged at 300g for 5min and supernatant was dis-
carded. Cell pellet was crash frozen using liquid nitrogen.

The cell pellets were sent to the Center of Metabolomics and Bioanalysis (CEMBIO) at San Pablo CEU University in Madrid (Spain).
The analysis of metabolites was performed in the laboratory of Dr. Coral Barbas following previous work.>'

Macrophage pellet was resuspended in 50uL of cold MeOH, vortex-mixed for 2min and incubated on ice for 5min in order to pre-
cipitate the protein content. Samples were sonicated for 4min to break the cell membranes, and 50uL of water was added to extract
and solubilize metabolites. Samples were vortex-mixed for 2min and centrifuged for 20min at 4°C at 12.000g. 60pL of the supernatant
was transferred to a liquid chromatography (LC) vial for the analysis. 20uL of the remaining supernatant of each sample were taken to
make a pool solution (named quality control, QC). The QC sample was used to estimate the concentration of the metabolites and
these concentrations were selected as the intermediate point of external calibration curve (100%). The selected range for the external
calibration curve was from 25 to 800%. The external calibration curve was prepared using equal volumes 1:1 (v/v) of the QC sample
and level each of the standard levels leading to the final levels of 25%, 50%, 100%, 200%, 400%, and 800% (calibration curve levels
L1-L6, respectively).

LC MS/MS analysis

Sample analysis was performed in an Agilent 1290 Infinity high-pressure liquid chromatography system (HPLC), consisting of a
degasser and an autosampler, and using an Infinity Binary Pump (1200bar) and a 400bar 1260 Infinity Quaternary Pump (both
from Agilent Technologies, Waldbronn, Germany). The HPLC system was coupled to an Agilent 6460 triple quadrupole mass
spectrometer using an electrospray (ESI) source working in dynamic multiple reaction monitoring (dMRM) mode (Agilent Tech-
nologies, 465 Waldbronn, Germany). 6uL of sample supernatant was injected into a reverse-phase column (Zorbax Extend-C18
(1.8um, 2.1 mm X 15 cm, Agilent Technologies, CA, USA) with a guard column (Zorbax Extend-C18 guard (1.8um, 2.1 mm X
5 mm, Agilent Technologies, CA, USA), maintained at 50°C. LC-QgQ/MS mobile phases consisted of mobile phase A prepared
by mixing 97 % Milli-Q water (v/v) with 3% (v/v) MeOH, 10mM tributylamine (>99.5%), and 15mM glacial acetic acid and mobile
phase B, prepared by adding 10mM tributylamine and 15mM glacial acetic acid to MeOH. The LC-QgQ/MS mobile phase for
the quaternary bump consisted of mobile phase C, identical to mobile phase A, and mobile phase D made of ACN. The chro-
matographic separation was based on gradient elution using a binary pump at a flow rate of 0.25mL/min with a composition of
0% B from time 0—2.5min, and then % B was progressively increased until 20% B at 7.5min, up to 45% B at 13.0min, and up to
99% B at 20.0min, which was held until 24.0min. Then, the equilibration step started and the flow of the binary pump was
stopped at 24.05min while allowing a subsequent quaternary pump washing step. It started with 99% C at 24.0min with a
flow rate of 0.2mL/min until 27.0min, and then the flow rate was gradually increased until 0.3mL/min at 27.5min and until
43.5min. Subsequently, % C was progressively decreased up to 0% C while returning the flow rate to 0.2mL/min at
52.25min. These conditions were held until 59.0min and returned to 99% C at 59.9min. Finally, the binary pump was activated
at 0% B at 59.0min, with a flow rate of 0.2mL/min, and increased up to 0.25mL/min at 60.0min. The total method run time was
60min.

Metabolites were ionized in an ESI source operating in negative ionization mode. The drying gas flow rate was 13L/min at 225°C,
and the nebulizer was set to 60psi. The sheath gas flow rate was set to 12L/min at 250°C; capillary and nozzle voltages were set to
3500V and 2000V, respectively. Data were acquired in dynamic MRM mode, using a cycle time of 1000ms. Transitions showing the
highest signal-to-noise ratios were used for the quantification of the metabolites in samples. For those metabolites with two transi-
tions with a good signal-to-noise ratio, the less intense transitions were used for identification and confirmation of the metabolite (see
Table S6).

Sample quantitation and statistical analysis

Samples were analyzed in a randomized order, injecting the calibration curve from the lower to the higher concentrated ones in
regular intervals. Output raw data files were reprocessed with Agilent MassHunter Workstation Software Quantitative Analysis
for QQQ, from which a metabolite matrix containing the integrated area and retention time (RT) for specific transitions was ob-
tained. The concentration of the metabolites in the samples were calculated by interpolation in calibration curves and normal-
ized by the number of cells. Statistical analysis and graph representation was carried out using GraphPad Prism (v.9.5.0)
software.
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Maturation staining of primary murine macrophages

For LSK compartment analysis, ACK lysis buffer was added to bone marrow cells for 2min to lysate erythrocytes. Bone marrow cells
were processed as described in section Immune phenotyping and stained with maturation antibody panel. Common myeloid pro-
genitor cells: CD41, CD34. Monocytes: CD11b, CX3CR1, Ly6C. Macrophages: CD11b, F4/80, CD64. LSK compartment analysis
was performed by Felix Picard (AG Holger Winkels, University of Cologne) with 5 x 106 cells per mice.

Phosphoproteomics

Sample preparation and lysis

Three dense 25cm dishes with J774A.1 cells were treated with PPP inhibitors. After 24hrs incubation, plates were washed with20mL 4°C
DPBS per plate. Cell dishes were placed on ice, 1mL RIPA buffer with 1% phosphatase and 1% protease inhibitor was added, cells were
scraped off and transferred into 2mL Eppendorf tubes on ice. Cells were centrifuged at full speed for 30min at 4°C. DNA was sheared by
sonication with Bioruptor for 10min at 4°C. Samples were centrifuged at full speed for 10min at 4°C and supernatant was transferred into
new Eppendorf tubes. Protein concentration was determined by BCA assay. 3mg protein was used for further steps.

Acetone precipitation

Four times volume of cold 100% acetone was added and samples were incubated overnight at —20°C. Samples were centrifuged at
150009 for 10min at 4°C. Supernatant was discarded and pellet washed twice with 250uL 80-90% acetone under centrifugation at
15000g for 10min at 4°C. Uncapped tubes were left at room temperature for 5-10min to let remaining acetone evaporate without
overdrying. Pellet was dissolved in 300uL 6M Urea/2M Thiourea.

In solution digest

1mM 1,4-Dithiothreit (DTT) was added and samples were incubated for 1h at room temperature. 5.5mM iodoacetic acid (IAA)
was added and samples were incubated for 20-45min at room temperature in the dark. 60uL 0.5ug/uL endoprotease Lys-C was
added and samples were incubated for 3hrs at room temperature. 900uL 50mM ammonium bicarbonate and 60uL 0.5ug/ulL
trypsin were added and samples were incubated overnight at room temperature. Samples were acidified with 1% trifluoroacetic
acid and centrifuged for 10min at full speed. Supernatant was transferred to a new Eppendorf tube for further steps.
Sample purification by stage tips

C18 columns (200mg Sep Pak of capacity up to 10mg protein) were prepared. Columns were activated with 1mL 100% acetonitrile
and washed twice with 1mL 0.1% trifluoroacetic acid. Flow through was discarded and samples were loaded on column. Flow
through was discarded and column was washed twice with 1TmL 0.1% trifluoroacetic acid. Peptides were eluted into Eppendorf tubes
by adding two times 0.2mL elution buffer (60% acetonitrile, 0.1% formic acid).

Sample enrichment

Phosphopeptide samples were enriched using High select TiO, Phosphopeptide Enrichment Kit by following kit protocol.
Sample measurement

Label-free quantification of peptides was performed on mass spectrometer (Q Exactive Plus Hybrid Quadrupole-Orbitatrap Mass
Spectrometer + EASY-nLC 1200 System) by cooperating CECAD proteomics facility, University of Cologne.

Analysis

Raw data acquired from CECAD proteomics facility were filtered and processed on MaxQuant software (v.1.5.3.8) and Perseus soft-
ware (v.1.5.5.3).

Primary human macrophages

Isolation of CD14"* cells

Peripheral blood mononuclear cells (PBMCs) were isolated from buffy coats of healthy donors provided by blood bank of University
Hospital of Cologne. 15mL Lymphoprep was added to a 50mL SepMateTM tube, buffy coats were diluted 1:1 in sterile room tem-
perature DPBS and 20-25mL of it was layered on the top of the Lymphoprep through pipetting it to the walls of the SepMateTM tube.
Tubes were centrifuged at 1200g for 15min at room temperature. PBMCs ring was harvested by pouring entire top layer in new 50mL
falcon tube. Cells were washed three times with 50mL DPBS and centrifuged at 1300rpm for 8min. Cell pellet was re-suspended in
12mL 4°C MACS buffer (2mM EDTA +5% Bovine serum albumin (BSA) (PAA Laboratories)), transferred to 15mL tube, centrifuged at
1300rpm for 8min at 4°C and discarded. 200uL of CD14 anti-human magnetically labeled MicroBeads and 800uL of 4°C MACS buffer
was added. Magnetic separation was performed by Miltenyi Biotec CD14 human microbead isolation protocol using Miltenyi
MacsQuant X flow cytometer. CD14" cells were then re-suspended in RPMI 1640 media. Differentiation was started immediately.

Differentiation of human monocytes under PPP inhibition

1 x 10° CD14* cells in 2mL RPMI 1640 media per well were plated out on a 12 well plate. 10ng/mL M-CSF and oxythiamine
were added at day 1, 3 and 5 without changing the medium. On day 7 the cells were scraped off and used for further
experiments.

Proteomics

Sample preparation and lysis

1 x 107 J774A.1 cells ins 10mL media per 10cm dish were plated out and after 24hrs treated with PPP inhibitors. After another 24hrs,
plates were washed with 10mL 4°C DPBS per plate. Cell dishes were placed onice, 500uL RIPA buffer with 1% phosphatase and 1%
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protease inhibitor was added, cells were scraped off and transferred into 2mL Eppendorf tubes on ice. Cells were centrifuged at full
speed for 30min at 4°C. DNA was sheared by sonication with Bioruptor for 10min at 4°C. Samples were centrifuged at full speed for
10min at 4°C and supernatant was transferred into new Eppendorf tubes. Protein concentration was determined by BCA assay. 30ug
protein was used for further steps.

Acetone precipitation

Four times volume of cold 100% acetone was added and samples were incubated overnight at —20°C. Samples were centrifuged at
150009 for 10min at 4°C. Supernatant was discarded and pellet washed twice with 250uL 80-90% acetone under centrifugation at
15000g for 10min at 4°C. Uncapped tubes were left at room temperature for 5-10min to let remaining acetone evaporate without
overdrying. Pellet was dissolved in 60uL 6M urea/2M thiourea.

In solution digest

3uL 1M DTT was added and samples were incubated for 1h at room temperature. 3uL 550mM IAA was added and samples were
incubated for 20-45min at room temperature in the dark. 0,6puL 0.5ug/ulL endoprotease Lys-C was added and samples were incu-
bated for 3hrs at room temperature. 180uL 50mM ammonium bicarbonate and 0,6uL 0.5ug/ul trypsin were added and samples
were incubated overnight at room temperature. Samples were acidified with 1% trifluoroacetic acid and centrifuged for 10min at
full speed. Supernatant was transferred to a new Eppendorf tube for further steps.

Sample purification by stage tips

Stage tips were prepared by stacking 2 layers of SDB-RPS material in a 200uL pipette tip. Stage tips were equilibrated with 20uL
100% methanol and centrifuged at 2600rpm for 2min. 20puL elution buffer (80% acetonitrile +0.1% trifluoroacetic acid) was added
and tips were centrifuged at 2600rpm for 2min. 20uL washing buffer (0.1% trifluoroacetic acid) was added and tips were centrifuged
at 2600rpm for 1min. 100uL of the sample was added and tips were centrifuged at 2600 rpm for 5min. Tips were washed with 100uL
washing buffer and centrifuged at 2600rpm for 3min once and two times with elution buffer. Stage tips were dried with a syringe and
stored at —4°C.

Sample measurement

Peptides were eluted with 30uL 1% ammonia in 60% acetonitrile into 96 well plate and dried using SpeedVac concentrator. Label-
free quantification of peptides was performed on a mass spectrometer (Q Exactive Plus Hybrid Quadrupole-Orbitatrap Mass Spec-
trometer + EASY-nLC 1200 System) by cooperating CECAD proteomics facility, University of Cologne.

Analysis

Raw data acquired from CECAD proteomics facility were filtered and processed on MaxQuant software (v.1.5.3.8) and Perseus soft-
ware (v.1.5.5.3).

SeaHorse analysis

1 x 10° J774A.1 cells in 100pL media per well were plated out in the XFe96 cell culture microplate. PPP inhibitors were added and
cells were incubated for 24hrs. Agilent Seahorse XFe96 Sensor Cartridge was prepared (following Agilent user guide) and cell culture
microplate and sensor cartridge preparation for measurement were done (following Agilent protocol). Sensor cartridge injection ports
were filled with 20uL of 1uM oligomycin (port A), 22uL of 0.5uM Carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone (FCCP) (port
B), and 25uL of 1uM antimycin A plus 100pM rotenone (port C). Four measurement cycles of basal activity of the cells and three cycles
of measurement after each injection were performed by Agilent Seahorse XF Analyzer.

Viability stain
7AAD staining was performed for hMB cells and Zombie-NIR staining was performed for J774A.1 cells.

For 7AAD staining, 1,5 x 10° hMB cells were plated out in 100uL media per well on a 96 well plate. At least duplicates were treated
with one concentration of the tested inhibitor. As positive control 10% dimethylsulphoxide (DMSO) was used. After 24hrs of incuba-
tion, cells were transferred into a 96 well U-bottom plate, washed and 7AAD staining was performed. Therefore, 2uL 7AAD stain and
48uL 1x ABB were added per well, cells were incubated for 20min at 4°C and additionally 50puL 1% ABB was added. Readout was
performed immediately using Miltenyi MacsQuant X flow cytometer. Inhibitor concentrations with an amount of viable cells >90%
compared to untreated control were accepted as non-toxic concentration.

For Zombie-NIR staining, 1,2 x 10° J774A.1 cells were plated out in 1mL media on a 12 well plate. Duplicates were treated with one
concentration of the tested inhibitor. As positive control 10% DMSO was used. After 24hrs of incubation, cells were scraped off,
transferred into FACS tubes and Zombie-NIR staining was performed. A dilution of Zombie-NIR staining solution 1:100 in DPBS
was used. Readout was performed using Miltenyi MacsQuant X flow cytometer. Inhibitor concentrations with an amount of viable
cells >90% compared to untreated control were accepted as non-toxic concentration.

Additionally, Cell titer glo assay was used to measure viability of J774A.1, THP1 and hMB cells. 1 x 10* J774A.1 cells or THP1 cells
respectively 1,5 x 10° hMB cells were plated out in 100uL media per well on a 96 well plate. Triplets were treated with one concen-
tration of the tested inhibitor. As positive control 10% DMSO was used. After 18hrs, cells were washed two times, were transferred to
white 96 well plate and Cell titer glo staining was performed. Readout was performed by fluorescence intensity measurement with
FLUOStar OPTIMA. Inhibitor concentrations with an ATP amount of the cells >90% compared to untreated control were accepted as
non-toxic concentration.
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Western Blot analysis

3 x 108 J774A.1 respectively 4,5 x 10° hMB cells were plated out on a six well plate. The cells were treated and incubated for 18hrs.
The cells were washed with 1mL DPBS, discarded and stored on ice. 30uL of RIPA buffer (50mM Tris-HCI pH8, 150mM NaCl, 0.1%
SDS, 0.5% DOC, 1% NP-40, filled up with ddH20) with 1x Phosphatase Inhibitor Cocktail 2 and 1x Protease Inhibitor Cocktail were
added and probes centrifuged for 30min at full speed at 4°C. Supernatant was used for the experiments. BCA-Assay was performed to
evaluate protein concentration, measured with FLUOStar OPTIMA. 60pg protein per condition was used, volume filled up with RIPA to
5uL and 5uL Urea added. Probes were incubated at 37°C for 10min. A 10% separating gel (1.85mL Buffer (1.5mM Tris HCL pH8.8,
0.4% SDS, ddH,0), 1.66mL 30% Rotiphorese, 1.5mL ddH,0, 40.6uL APS and 4.06puL Temed) and a 5% stacking gel (0.31mL Buffer
(0.5M Tris HCI pH6.8, 0.4% SDS, ddH,»0), 0.42mL 30% Rotiphorese, 1.75mL ddH,0, 12.5uL APS and 1.25uL Temed) were produced.
3.5uL Page Ruler Prestained NIR Protein Ladder was used. Western Blot run was performed in Running Buffer (25mM Tris, 192mM
glycine, 3.5mM SDS in ddH,0) at constant 80V until stacking gel was passed and at constant 150V in separating gel. Gel was blotted
on nitrocellulose membrane Hybind-C at constant 400mA for 1h in transfer Buffer (25mM Tris, 192mM glycine, ddH,0). Total Protein
stain was performed with REVERT Total protein stain and membrane was blocked with 10mL TBS-T (10mM Tris, 250mM NaCl, HCI
pH7.6, 0.05% Tween 20, ddH,0) + 5% BSA for 1h. First antibody was diluted in 5mL TBS-T + 5% BSA and membrane was incubated
overnight at 4°C in the dark. Membrane was washed to times with 2mL TBS-T for 10min and one time with 2mL TBS (10mM Tris,
250mM NaCl, HCI pH7.6, ddH,0) for 10min. Second antibody was diluted in 2.5mL TBS + 2.5mL Odyssey Blocking Buffer. Membrane
was incubated with second antibody for 1h at room temperature. Membrane was washed three times with TBS for 10min. Membrane
fluorescence was measured with ODYSSEY CLx. Fluorescence intensity was calculated with Image Studio Lite Vers. 5.2.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis

Statistical analysis was performed using GraphPad Prism software. Significance was calculated using unpaired t-test (Figures 1B-1D
and 5F-5H), multiple comparison one-way ANOVA (Figures 2, 3A, 3B, 3E-3G, 4, 5A, 5B, 5D-5E, and 6A-6G), two-way ANOVA (Fig-
ure 3D), RM one-way ANOVA (Figure 6H), paired t-test (Figures 61-6L), student’s t-test (Figure 5E), unpaired t-test (Figures 7A-7E),
Benjamini-Hochberg test (Figure 7F).

InFigures 1, 2, 4G, 5A, 5B, 5F-5H, 6A-6H, 7A-7C, and 7E data are shown as mean + SEM. In Figure 3 surface marker stain is shown
as mean of four replicates, SeaHorse analysis over time is shown as one representative example mean + SD, calculated parameters
of SeaHorse analysis are shown as mean + 5-95 percentile. In Figures 5D-5E metabolite amount is shown as minimum to maximum
and protein expression is shown as calculated -Log2 fold change of control and knockdown macrophages. In Figures 61-6L data are
shown as minimum to maximum. In Figure 7D surface marker stain is shown as mean of ten replicates.

Statistical values, including technical and biological number of replicates (n), are named in the figure legends. *p < 0.05; **p < 0.01;
***p < 0.001; ***p < 0.0001.

Proteomic and phosphoproteomic analysis
Raw data acquired from CECAD proteomics facility were filtered and processed on MaxQuant software (v.1.5.3.8) and Perseus soft-
ware (v.1.5.5.3). Data are generated out of one experiment with three replicates per condition.

Volcano plots of proteomics were generated with software of Bioconductor. The mean of the different inhibitor treatments respec-
tively PPP enzyme knockdowns was calculated and compared to the untreated control. Significance was defined as mean Log, fold
change >0.5 or < —0.5 and q value <0.05. Circle size represents the number of significant occurrence in the different treatment
conditions.

For circle plot analysis, significant genes were extracted from proteomic- and phosphoproteomic analysis. Significance was
defined as mean Logs fold change >0.5 or < —0.5 and g value <0.05 for proteomic analysis and as mean Log, fold change >0.5
or < —0.5 and p value >1.3 for phosphoproteomic analysis. Significant genes were clustered with String analysis. The ten biggest
clusters were used for further analysis. Clusters were named by using GeneAnalytics and similar clusters were merged in one head-
ing. Mean of -log4¢ p value of the clusters was calculated and is represented in heat color, count of genes per cluster is represented in
circle size.

Normalized upstream kinase score out of phosphoproteomic analysis was calculated by adapted code of INKA analysis. On basis
of the work of Beekhof et al.,* we calculated a simplified upstream kinase score analysis, using the murine data available from the
PhosphoSitePlus (PSP) database:

Upstream Kinase Score = \/ZKin x ZPSP

With 3 i representing the sum of all phosphopeptides observed in the experiment per kinase found in the murine PSP database,
whilst }_psp representing the sum of all substrate phosphopeptides observed in the experiment associated with each kinase found in
the murine PSP database. These scores were calculated for each replicate per condition, with the normalized upstream kinase score
(NUKS) representing the mean difference in upstream kinase scores between untreated control and treatment with PPP inhibitors
and macrophage wild-type and PPP knockdown macrophages respectively.
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Figure S1. Evaluation of cytotoxicity of used compounds in J774A.1 macrophages and hMB cells.

Related to Figures 1-2.

(A-P) Measurement of viable cells under treatment with different inhibitors. Treatment with 10% DMSO used as
positive control. Viability of J774A.1 cells (upper plots) was determined by Zombie staining, viability of hMB
cells was determined by 7AAD staining. Viability under inhibition was compared to viability of untreated control
cells. Used Inhibitors A 2-deoxy-D-glucose, B BML275, C oligomycin, D 6-aminonicotinamide, E oxythiamine,
F physcion, G p-hydroxyphenylpyruvate, H glucose-6-phosphate, 1 6-phosphogluconolactone, J ribulose-6-
phosphate, K xylulose-5-phosphate, L ribose-5-phosphate, M glyceraldehyde-3-phosphate, N sedoheptulose-7-
phosphate, O fructose-6-phosphate, P erythrose-4-phosphate.

Technical replicates n=4-12; biological replicates n=2-6. Data are shown as mean + SEM. P values were calculated

using one-way ANOVA. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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Figure S2. Metabolic modulation changes antibody-dependent cellular phagocytosis (ADCP) of hMB cells
by macrophages.

Related to Figure 1.

(A-O) ADCP rate and ADCP rate compared to basal phagocytosis rate (=ADCP change) under treatment with
metabolic inhibitors in a co-culture of J774A.1 macrophages and hMB cells under antibody treatment with
alemtuzumab. A, D, G, J, M J774A.1 macrophages pre-treated with metabolic inhibitor, B, E, H, K, N inhibitor
treatment of the co-culture, C, F, I, L, O hMB cells pre-treated with metabolic inhibitor. Used inhibitors A-C 2-
deoxy-D-glucose, D-F BML275, G-1 oligomycin, J-L oxythiamine, M-O 6-aminonicotinamide.

Technical replicates n=15-58, biological replicates n=3-12. Data are shown as mean + SEM. P values were

calculated using one-way ANOVA. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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Figure S3. PPP modulation changes ADCP of hMB cells by macrophages.

Related to Figure 2.

(A, C) ADCP rate and ADCP rate compared to basal phagocytosis rate (=ADCP change) under treatment with
metabolic inhibitors in a co-culture of J774A.1 macrophages and hMB cells under antibody treatment with
alemtuzumab. A ADCP performed under PPP inhibition with physcion or p-hydroxyphenylpyruvate, B ADCP
performed with THP1 monocytes and hMB cells under antibody treatment with obinutuzumab and PPP inhibition
with 6-aminonicotinamide or oxythiamine. C ADCP assay performed in hypoxia under PPP inhibition with
physcion or oxythiamine. D antibody-independent cellular phagocytosis (AiCP) rate of hMB cells by J744A.1
macrophages under treatment with oxythiamine. (E-M) ADCP rate under supplementation of PPP intermediates.
E glucose-6-phosphate, F 6-phosphogluconolactone, G ribulose-5-phosphate, H xylulose-5-phosphate, | ribose-
5-phosphate, J glyceraldehyde-3-phosphate, K sedoheptulose-7-phosphate, L fructose-6-phosphate, M erythrose-
4-phosphate. (N-O) ADCP rate and ADCP rate compared to basal phagocytosis rate (=ADCP change) of hMB
cells by shRNA mediates PPP knockdown macrophages. N shRNA mediated knockdown of 6-phosphogluconate
dehydrogenase, O shRNA mediated knockdown of transketolase. (P) One representative example of western blot
analysis of J744A.1 macrophages transfected with empty vector control and shRNA targeting 6-phosphogluconate
dehydrogenase. Total protein stain and staining of 6-phosphogluconate dehydrogenase. (Q) One representative
example of western blot analysis of J744A.1 macrophages transfected with empty vector control and shRNA
targeting transketolase. Total protein stain and staining of transketolase. (R) Western blot analysis of 6pgd
expression in J774A.1 macrophages under shRNA mediated PPP knockdown of 6Pgd compared to empty vector
control. (S) Western blot analysis of Tkt expression in J774A.1 macrophages under shRNA mediated PPP
knockdown of 6Pgd compared to empty vector control.

Technical replicates n=13-30; biological replicates n=3-6. In A-O, R-S data are shown as mean + SEM. P values
were calculated in A-O using one-way ANOVA, in R-S using Unpaired t-test. *p < 0.05; **p < 0.01; ***p <

0.001; ****p < 0.0001.
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Figure S4. PPP modulation changes metabolic activity in macrophages.

Related to Figures 3 and 5.

(A-B) Measurement of metabolic activity of J774A.1 macrophages under drug mediated PPP inhibition with
oxythiamine by SeaHorse analysis. A one representative example of MitoStress test measurement of ECAR, B
one representative example of MitoStress test measurement of OCR. C Metabolomic analysis of central metabolic
pathways with overlay of proteomics data under compound mediated PPP inhibition compared to untreated
J774A.1 macrophages and shRNA mediated PPP knockdown of 6Pgd and Tkt compared to empty vector control
J774A.1 macrophages. Relative metabolite abundance compared to respective control represented in circle size.
Absolute amount of metabolites of interest displayed in bar graphs. Change in enzyme expression assessed by
proteomics displayed in arrow direction. Arrow upwards: increased enzyme expression compared to respective
control; arrow downwards: decreased enzyme expression compared to respective control. Inhibited enzyme
reactions by compounds or shRNA mediated knockdown coloured in violet (6Pgd) and blue (Tkt). Metabolites:
E4P erythrose-4-phosphate, F1,6BP fructose-1,6-bisphosphate, F6P fructose-6-phosphate, G3P glyceraldehyde-
3-phosphate, Glc glucose, Glc1P glucose-1-phosphate, GIc6P glucose-6-phosphate, R5P ribose-5-phosphate,
Ru5P ribulose-5-phosphate, S7P sedoheptulose-7-phosphate, UDP-Glc UDP-glucose, X5P xylulose-5-phosphate.
Enzymes: Irgl immune-regulatory gene 1, Sdh succinate dehydrogenase, Ugp2 UDP-glucose pyrophosphorylase
2, 1) hexokinase, 2) glucose-6-phosphate isomerase, 3) phosphofructokinase, 4) aldolase, 5) sum up of
glycerinaldehyde-3-phosphate dehydrogenase, phosphoglycerate kinase, enolase, pyruvate kinase, 6) citrate
synthase, 7) sum up of aconitase, isocitrate dehydrogenase, 8) sum up of a-ketoglutarate dehydrogenase, succinyl-
CoA synthetase, 9) malate dehydrogenase, 10) lactate dehydrogenase, 11) phosphoglucomutase 1, 12) UTP-
glucose-1-phosphate uridyltransferase, 13) glycogen phosphorylase.

Technical replicates A-B n=6-27, C n=3; biological replicates A-B n=1-9, C n=3. In A-B data are shown as mean
of six replicates in one experiment £ SD, n=6, in C data are shown as Min. to Max, n=3. P values were calculated

using one-way ANOVA. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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Figure S5. PPP inhibition changes the protein expression of hypothesized metabolic-immune response axis
in macrophages.

Related to Figures 4 and 5.

(A-F) One representative example of western blot analysis of J744A.1 macrophages after drug mediated inhibition
of the PPP or shRNA mediated knockdown of the PPP. Total protein stain and staining of protein of interest are
shown. In A and F also hMB cells under PPP inhibition has been tested. A PYK2 staining, B UGP2 staining, C

P2Y 14 staining, D STATL1 staining, E IRF1 staining, F IRG1 staining.
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Figure S6. PPP inhibition in primary human environment increases phagocytic capacity of macrophages
and favours primary CLL cells chemotherapy sensitivity.

Related to Figure 6.

(A-B) ADCP rate of primary human monocyte derived macrophages differentiated in the presence of PPP
inhibitors. A ADCP change by primary monocyte derived macrophages differentiated in the presence of physcion
and M-CSF B ADCP change by primary monocyte derived macrophages differentiated in the presence of
oxythiamine and M-CSF. (C-D) ADCP rate of primary CLL patient cells by J774A.1 macrophages. C ADCP rate
under drug mediated PPP inhibition, D ADCP rate under shRNA mediated PPP knockdown. (E) ADCP rate of
primary CLL patient cells by primary human monocyte derived macrophages differentiated in the presence of
oxythiamine and M-CSF. (F) One representative example of dose response curve of individual orimary CLL
patient cell samples towards bendamustine treatment. Cells were incubated with bendamustine after protective
macrophage co-culture with untreated J774A.1 macrophages vs. PPP inhibition. (G-J) Dose-response curve (I1Cso)
for individual primary CLL patient cell samples to bendamustine treatment. Cells were incubated with
bendamustine after protective macrophage co-culture with untreated J774A.1 macrophages vs. PPP inhibition. G-
H Inhibition of 6Pgd in oxidative part of PPP by physcion, G co-culture treatment, H macrophage pre-treatment.
1-J Inhibition of Tkt in non-oxidative part of PPP by oxythiamine, | co-culture treatment, J macrophage pre-
treatment.

Technical replicates A n=28, B n=20, C-D n=20, E n=65, F n=30, G-J n=30; biological replicates A n=6, B n=4,
C-D n=5, E n=12, F n=10, G-J n=10. Data are shown as mean £ SEM. P values were calculated in A-E by using

one-way ANOVA, in G-J using paired t-test. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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Figure S7. PPP inhibition increases myelopoiesis and macrophages” activity in vivo and improves treatment
response in an aggressive humanized lymphoma mouse model.

Related to Figure 7.

(A) Expression of characteristic surface marker for different macrophage subtypes on macrophages in bone
marrow and spleen. C57BL/6 mice treated with vehicle (control) or S3 i.p. for 7 days. (B) Significance testing by
using Benjamini-Hochberg-analysis of survival curves of NSG mice transfected with hMB and treated after three
days of engraftment with vehicle, alemtuzumab and/or PPP inhibitor S3 for 12 days. (C) Immunohistochemical
staining of hMB cells (CD19*) and macrophages (CD68") in spleen of NSG mice transfected with hMB and treated
after three days of engraftment with vehicle or alemtuzumab + S3 for 12 days.

Technical replicates A n=9-10, B n=21-25, C n=4; biological replicates A n=9-10, B n=21-25, C n=4. In A data
are shown as mean of ten replicates. In A P values were calculated by using one-way ANOVA. *p < 0.05; **p <

0.01; ***p < 0.001; ****p < 0.0001.
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Table S6. Qualifier and quantifier transition of metabolites measured by targeted LC-QqQ/MS analysis.

Related to Figure 5.

Compound Transition Transition | Fragmentor Collision Cell RT
name (m/z) type V) Energy (eV) | accelerator (V) (min)
Succinic acid -
D6 (ISTD) 121> 77 quantifier 77 10 4 11.9
Glutathione - | 309 > 146 | quantifier 119 14 4 12.3
glycine-13C,,**N —
trifluor (ISTD) 309 > 128 qualifier 119 14 4 12.3
Adenosine 5- 426 > 328 quantifier 56 16 4 17.9
diphosphate 426 > 159 qualifier 56 28 4 17.9
Adenosine 5- 506 > 408 quantifier 122 22 4 20.5
triphosphate 506 > 159 qualifier 122 38 4 20.5
L 89 > 45 qualifier 48 9 4 3.0
Lactic acid —
89 2> 43 quantifier 48 10 4 3.0
Pyruvic Acid 87 > 43 quantifier 48 4 2.2
alpha - 145 > 101 quantifier 70 4 10.6
ketoglutaric -
acid 145 > 57 qualifier 70 9 4 10.6
NAD 662 = 540 quantifier 70 12 4 14.4
662 > 328 qualifier 70 36 4 14.4
D-Fructose 6- 259 > 97 quantifier 102 14 4 16.3
phosphate 259 > 79 qualifier 102 48 4 16.3
D-Glucose-6- 259> 79 quantifier 102 48 4 18.5
phosphate 259 > 97 qualifier 102 14 4 185
Ribose 5- 229 > 97 qualifier 96 10 4 14.3
phosphate /
Ribulose 5- 229 >79 quantifier 96 48 4 14.3
phosphate
D-Xylulose 5- | 229 - 139 qualifier 86 8 4 15.3
phosphate /
Ribose 5-
phosphate / 229 > 79 quantifier 96 48 4 15.3
Ribulose 5-
phosphate
D- 289 - 97 quantifier 104 18 4 17.0
Sedoheptulose ”
7-phosphate 289 > 79 qualifier 104 48 4 17.0
Glutathione 306 > 143 quantifier 109 14 4 12.3
Reduced 306 > 128 qualifier 109 14 4 12.3
742 > 620 quantifier 79 10 4 24.9
NADP —
742 > 408 qualifier 79 38 4 24.9
o . 117 > 99 qualifier 62 8 4 11.9
Succinic acid —
117 > 73 quantifier 62 10 11.9
. . 129 > 85 quantifier 68 6 4 8.4
Itaconic acid —
129 > 41 qualifier 68 12 4 8.4
. 133 > 115 quantifier 76 8 4 12.8
L-Malic acid —
133> 711 qualifier 76 14 4 12.8
o . 191 > 111 quantifier 78 10 4 175
Citric acid —
191 > 87 qualifier 78 16 4 17.5
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NADH 664 > 408 qualifier 190 29 4 11.7
664 > 79 quantifier 190 49 4 11.7
DL- 169 > 97 quantifier 130 4 4 14.7
Glyceraldehyde o
3-phosphate 169 > 79 qualifier 130 28 4 14.7
D-Fructose 1,6- | 339 = 241 qualifier 90 12 4 25.9
biphosphate 339 > 97 quantifier 90 22 4 25.9
6-
phosphogluconi 275> 79 quantifier 109 49 4 21.7
¢ acid
D_erytrose 4- 199 - 97 quantifier 151 6 13.9
phosphate 199 > 79 qualifier 151 30 13.9
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5. DISCUSSION

The ability of metabolism to determine macrophage polarization and activity has been recently
established and is a central principle of immune regulation.' The influence of glucose and
mitochondrial metabolism on this polarization is widely explored and reviewed, also in the
context of TAMs.'314637% \While it has been shown that PPP has impact on the successful
clearance of apoptotic cells, immune tolerance, and granuloma formation in the context of the
diseases systemic lupus erythematosus and sarcoidosis,''?'"3 the influence of the PPP on
TAMs and on immune regulation got rarely attention up to now. The observation that TAMs
are not that phagocytic active in the lymphoma microenvironment — a microenvironment with
special nutrient supply and metabolic influence — in the context of chemo-immunotherapy while
they are the most important cells for clearance of antibody-labeled lymphoma cells® and the
poor prognosis of relapsed or refractory DLBCL,' constitutes the need to investigate
possibilities to increase treatment efficacy.

In this study, we have demonstrated that inhibition of the PPP in TAMs can be used to increase
macrophages” anti-tumor function by increasing their phagocytic activity and decreasing their
pro-tumoral bystander function. By that also a significant increase in overall survival in an
aggressive B cell lymphoma mouse model was achieved by adding the PPP inhibitor S3 to

antibody therapy.

5.1 Metabolic screening assays unveil the ability to influence macrophages’

phagocytic activity

5.1.1. Benefits and limitations of the phagocytosis assay design

To investigate the changes in macrophage activity in the context of antibody-based lymphoma
therapy, we utilized a macrophage lymphoma co-culture system, with which we elucidated
other cellular and microenvironmental interactions for first analyses. As a therapeutic antibody,
alemtuzumab, an anti-CD52 antibody, was used. Alemtuzumab was originally used in B cell
non-Hodgkin lymphoma and CLL,"* but has been replaced by more efficient and less toxic
newer antibodies targeting other epitopes like rituximab (anti-CD20) or obinutuzumab (anti-
CD20). Nowadays, alemtuzumab is used for the treatment of refractory cutaneous T cell
lymphoma (Sézary syndrome) and relapsed multiple sclerosis.'"® We, however, decided to use
it for initial screening approach as several types of lymphoma downregulate the epitope of the
newer antibodies CD20 but not the CD52 epitope including our humanized double-hit
lymphoma cell model hMB. To dissolve possible limitations of the results by using
alemtuzumab, we recapitulated our findings of interest with several other antibodies currently
used in clinics (e.g. daratumumab, obinutuzumab). Nevertheless, in our aggressive lymphoma

mouse model, where mice receive injection of hMB cells, we had to use alemtuzumab again,
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which has to be seen as a possible point of uncertainty for efficacy in clinical settings.
Therefore, the replication of the in vivo experiments with PPP inhibition added to antibody
therapy is actually in preparation with other lymphoma mouse models and antibodies currently
used in clinics. Nevertheless, expansion of the cell line experiments to primary human cells
and to immune-competent mice, gave us the opportunity to study the effects of PPP inhibition
in a human context and an immune-competent whole in vivo setting, which could have a great
influence on the results as there is a brought spectrum of possible interferences by e.g. the
body metabolism, the TME, other immune cells, and further aspects. Still achieving effective
activation and increased phagocytosis of macrophages in these contexts, underlines the
robustness and possible clinical relevance of PPP inhibition.

With the compound-mediated metabolism profiling, distinct regulation of the phagocytosis by
inhibition of different metabolic pathways was explored. Complex effects toward target cells or
effector cells and their respective interaction were dissected by comparing the effects of
metabolic inhibition in the co-culture assay in comparison to pre-treatment of the effector cells
(macrophages) or of the target cells (hMB cells). The screening was performed using non-toxic
concentrations (Toxicity screening see Suppl. Figure 1) of the different inhibitors to prevent
influence on phagocytic activity by macrophages through cell death programs or others in the

target cells or the effector cells.

5.1.2. Metabolic modulation in macrophages and in lymphoma cells has
influence on macrophages” phagocytic activity

In the metabolism profiling, inhibition of glycolysis was identified to increase the susceptibility
of lymphoma cells to be phagocytosed, even though an inhibitory effect on macrophage
phagocytic function itself was seen. This finding is consistent with the ‘Warburg effect
prevalent in tumor and lymphoma cells — affecting the overall viability of malignant cells once
glycolysis is inhibited — causing higher susceptibility of these impaired lymphoma cells to
phagocytic removal.'"® However, the inhibition of glycolysis solely in macrophages rendered
antagonistic effects, being in line with the need of glycolysis for pro-inflammatory macrophage
polarization.®® In total, seen in co-culture treatment, the negative effect on target cells seems
to predominate the negative effects on macrophages so that an increase of the phagocytic
activity of macrophages was achieved in co-culture treatment. This points toward a higher
dependency of lymphoma cells on glycolysis than of macrophages. Besides that, also the
inhibition of mitochondrial ATP production by oligomycin and the inhibition of energy-regulating
AMPK by BML-275 in macrophages significantly decreased their phagocytic capacity pointing
toward important metabolic pathways to ensure phagocytic activity.

Only the inhibition of the PPP in macrophages showed a significant increase in phagocytosis.
This increase was achieved in all treatment conditions. Both, the inhibition of the oxidative or

the non-oxidative part of the PPP showed a synergistic effect on effector and target cells, which
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causes the highest increase in phagocytosis of lymphoma cells in this screening approach.
The inhibition of TKT via oxythiamine led to the highest increase of phagocytosis in all
treatment conditions. Moreover, the phagocytosis of lymphoma cells was increased by
inhibition of the non-oxidative part of the PPP in lymphoma cells, pointing to a higher
susceptibility of ymphoma cells toward phagocytosis under PPP inhibition. As this project was
conducted to study phagocytic modulation of macrophages to improve chemo-immunotherapy,
we went on to focus on that cell type. Further investigations should focus on the effect of PPP
inhibition on lymphoma cells to elucidate the mechanism behind the increased susceptibility
for phagocytosis seen in this screening approach and make it potentially usable for lymphoma

treatment.

5.1.3. PPP is a robust inductor of phagocytosis in macrophages
To prove the robustness of the effect of PPP inhibition on the phagocytic activity of
macrophages, we validated our primary findings in several ways. By that, possible unique
effects due to artifacts of used cell lines or inhibitors have been made more unlikely. The
increase of phagocytosis was reproducible with independent inhibitors of the two PPP
enzymes in focus, 6PGD and TKT, and in a variety of macrophage cell lines as well as primary
human macrophages. Furthermore, PPP inhibition led to increased phagocytosis by use of
several independent therapeutic antibodies currently used in clinics. Potential off-targets
effects of used inhibitors driving the observed phenotype, were allayed by the generation of
shRNA-mediated 6PGD- and TKT-knockdown macrophages, which achieved a strongly
significant increased phagocytic activity. By that we have proven the effect of PPP inhibition
using a genetic approach. The genetic targeting of the PPP enzymes demonstrated that the
effect of PPP inhibition is not time-dependent. Chemical agents normally lead to a shorter
distinct effect on metabolism as the cells can adapt to the inhibition and, for example, can
produce a higher amount of the enzyme or induce other short-term compensatory mechanisms
to overcome the inhibition. By continuously genetic targeting these compensatory mechanisms
are not feasible. Nevertheless, we observed an equal phenotype so that it is more likely that
the PPP inhibition itself and not a compensatory effect is leading to the observed changes.
An increase of phagocytosis without the targeting of tumor cells by therapeutic antibodies was
observed under PPP inhibition also, which indicates a potential anti-tumor effect independent
of antibody-based immunotherapy. This opens up a perspective for implementing the
metabolic modulation to other therapeutic regimes.
A metabolic feature of the refractory niches of lymphoma — the lymph nodes and the bone
marrow — can be hypoxia,'” '8 which has the potential to influence the efficacy of therapeutics
and to alter the metabolism of macrophages. Therefore, we also performed the ADCP assays
with PPP inhibitors under hypoxic conditions and could demonstrate that the positive effect of
PPP inhibition also remains under that lymphoma-supportive condition.
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All these validation experiments showed a very robust effect of chemical and genetic PPP
inhibition on macrophages’” phagocytic activity and turns it into a promising target for improving

chemo-immunotherapy and reaching the therapy refractory niches.

5.1.4. PPP enzyme inhibition is the driving force of increased phagocytosis in
macrophages
For a deeper understanding of the metabolic effect PPP enzyme inhibition has on
macrophages, we supplemented the intermediates of PPP and performed ADCP assays. With
this approach, we were able to demonstrate that the increase of phagocytosis is driven by the
enzyme inhibition itself rather than metabolite accumulation due to less enzyme activity. Non-
exclusive PPP intermediates did not influence the phagocytosis, possibly due to their
alternative metabolism via glycolysis (glyceraldehyde-3-phosphate, fructose-6-phosphate) or
nucleotide synthesis (ribose-5-phosphate) before they could enter PPP flux. In contrast, the
PPP-exclusive intermediates change the phagocytic activity with an increase of phagocytosis
under supplementation of the glucose-6-phosphate dehydrogenase (G6PD) product 6-
phosphogluconate, the 6PGD product ribulose-5-phosphate, and the TKT product
sedoheptulose-7-phosphate and a decrease of phagocytosis by adding the TKT educt
erythrose-4-phosphate. A lot of enzymes underlie a regulation via feedback inhibition. This
describes the mechanism that an increase of educts of an enzyme increases its enzymatic
activity while an accumulation of products decreases it. The observed increased phagocytosis
rate under product supplementation points to that feedback inhibition of the respective PPP
enzymes and emphasizes the enzyme inhibition as the driving force for increased
phagocytosis while the educt accumulation under pharmacological enzyme inhibition was
eliminated as a possible cause. To further validate this observation, ADCP assays with
induction of the respective enzymes under observation if the phagocytic activity of

macrophages decreases, could be performed.

5.2 6PGD and TKT modulation also has great impact on several cancer types
and immune cells while it shows little side effects
Regarding the inhibited PPP enzymes in this work — 6PGD and TKT — in cancer cells, an
altered expression has been described. Several publications refer to 6PGD upregulation in
different cancer types, including colon cancer, hepatocellular cancer, pancreatic cancer,
thyroid cancer, lung cancer, breast cancer, ovarian cancer, prostate cancer, and leukemia.'®-
125 Enzyme upregulation in tumor cells was shown to be driven by common signaling alterations
like phosphoinositide 3-kinase/Rho family-alpha serine/threonine-protein kinase (PI3K/Akt),
breaking cluster region protein/Abelson kinase (Bcr/Abl), HIF1a, mammalian target of
rapamycin (mTOR), p53, and epidermal growth factor receptor (EGFR) signaling,'?¢'*3 whose

shared interaction partner is the nuclear factor erythroid 2-related factor 2 (NRF2) and whose
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are targets for different already established therapeutic agents. Overexpression of TKT was
closely associated with aggressive clinic-pathological hepatocellular carcinoma features,'*
and 6PGD activity regulates metastasis by promoting phosphorylation of c-Met'*® and leads to
cisplatin resistance.'® By contrast, it was shown that suppression of 6PGD attenuates cell
proliferation and tumor growth'’” and overcomes cisplatin resistance,’® and TKT inhibition
sensitized cancer cells to existing targeted therapy.'* PPP inhibition by physcion, S3 or 6-
aminonicotinamide has achieved anti-tumorigenic effects in leukemia, glioblastoma, and lung
cancer cells,'®-140 without affecting the proliferation of non-malignant cells including
mononucleocytes.' This antitumor effect was also reached in already chemotherapeutic-
resistant acute myeloid leukemia cells.' In in vivo experiments, a very low rate of side effects
by these inhibitors was demonstrated. '3 Knockdown of TKT profoundly reduced the growth
of metastatic lesions, whereby TKT inhibition in normal cells did not have negative effects.'
Besides its effect on cancer cells, 6PGD modulation has also been seen to influence the
activity of other immune cells. Daneshmandi et al. described that 6PGD inhibition in CD8* T
cells leads to an increased effector function with higher tumoricidal activity.'' This opens up a
new field for the use of PPP inhibition as a possible improver of adaptive immunity and T cell-
based therapeutic regimes. Experimental analysis of PPP inhibition in T cells and the functional
and therapeutic consequences has to be performed as well as further research in several

cancer types.

5.3 PPP inhibition changes the characteristics of macrophages in different
ways toward pro-inflammatory activity
For a deeper understanding of the observed changes in macrophages under PPP inhibition,

we characterized the cells in several ways.

5.3.1. PPP inhibition shifts macrophage polarization toward M1-like phenotype

As described in the introduction, the polarization of macrophages mainly influences their
activation and phagocytic activity. We therefore determined their polarization status by surface
marker staining. Here, it was demonstrated that PPP inhibition decreases the expression of
markers associated with M2- and TAM-like macrophages, which represent an immune-
suppressive and tumor-promoting macrophage subtype,®142143 while exclusive M1-marker,
expressed on pro-inflammatory macrophages, were increased.'#'4" This tendency was even
more present in the PPP-knockdown macrophages although there was no clear significant
change in any of the markers under any treatment condition. As there is no black and white in
the macrophage polarization and it is a brought spectrum, these data still show good hints for
a changed tendency in polarization toward M1. A possible restriction of this polarization
itemization causing the non-significant difference between the conditions might be the fact that

we used already mature macrophages in these experiments. As we have demonstrated in
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experiments with primary human macrophages, they have to be exposed to the PPP inhibition
already under differentiation from monocytes into macrophages to develop a pro-phagocytic
phenotype. Possibly, the treatment of an already mature macrophage cell line can push the
cells into this direction but is not able to completely repolarize them even though it is able to
significantly change several other characteristics of the macrophages including increased
phagocytic activity. By treating macrophages in mice in vivo, we were able to demonstrate a
much clearer shift away from the M2- and TAM-like phenotype and toward the M1-like
phenotype with a significantly changed surface marker expression, supporting the first seen
tendency of polarization in macrophages. In mice there is an ongoing renewal of macrophages,
so it is likely that we treat immature macrophages with the PPP inhibitor during their maturation

leading to the observation of the stronger change in polarization phenotype.

5.3.2. PPP inhibition leads to a phagocytic active morphological macrophage
phenotype
Under different polarization, macrophages achieve very distinct morphological phenotypes to
fulfil their tasks. We observed changes in cytoskeletal organization under pharmacological and
shRNA-mediated PPP inhibition. The macrophages enlarge their cell size and achieve a
widespread cytosol protrusion with formation of lamellipodia and filopodia. This reflects an
activated state of macrophages and points to a higher disposition for phagocytosis, as
lamellipodia and filopodia are used to initiate phagocytosis by approaching the targets prior
engulfment.’® This observation indicates that PPP activity also have influence on the actin

organization and the activation status of macrophages.

5.3.3. PPP inhibition increases the metabolic activity of macrophages

The PPP is a central metabolic pathway as it is a linker between glucose metabolism, amino
acid biosynthesis, fatty acid metabolism and redox homeostasis.'” To investigate the
metabolic status of macrophages under PPP inhibition, we performed a Seahorse XF Mito
Stress test with which the glycolytic and mitochondrial activity, two very central metabolic
pathways for the macrophage polarization and energy production, of cells can be measured.
A general gain in metabolic activity of macrophages was observed under PPP inhibition with
an increased glycolytic and mitochondrial capacity causing a significant enhanced ATP
production. This might fuel macrophages” activation. An increase of glycolysis is well described
within the phenotypical switch to M1-like macrophages.®® In line with our observations, 6PGD
inhibition by physcion has been described to increase lactate and ATP production.’®’

In total, the restriction of one metabolic pathway — the PPP — gives rise to numerous paths of
activation which renders a profound alteration of the phenotype and particular the phagocytic
activity in macrophages whereby the anti-tumor function could be improved from several points

of action.
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5.3.4. Possible further advantages of PPP inhibition in macrophages and cancer
cells

Regarding cancer cells, great changes in metabolism are seen to fuel their proliferation and
survival."® The PPP promotes tumor cell growth by providing substrates for nucleotide
biosynthesis and redox homeostasis.'®'2¢ By PPP inhibition a diminished tumor cell growth
might be achieved. Further investigation on this has to be done.

Furthermore, PPP is the key resource for cytosolic NADPH needed for fatty acid synthesis.
Therefore, a decreased fatty acid level under PPP inhibition has to be assumed. In
macrophages this loss in fatty acids might be compensated by phagocytosis fueling fatty acid
influx. To analyze this potential influence on fatty acid metabolism, a '*C-glucose- and "*C-
glutamine supplementation with subsequent 'C metabolic flux analysis via gas
chromatography to quantify fatty acids under PPP inhibition can be performed. The
hypothesized decreased intrinsic fatty acid generation might protect the macrophages to
undergo lipid dense “foam cells” development'®®'! causing an increased and prolonged
phagocytic function and a protection against the development of atherosclerosis. It was shown,
that M2-like macrophages have a higher susceptibility to develop into “foam cells” than M1-
like macrophages. Therefore, the observed phenotypic shift toward M1-like macrophages also

reduces the possible atherosclerotic function.

5.4 PPP inhibition causes increased macrophage activity by modulation of
the UDPG-STAT1-IRG1-itaconate axis

To understand the underlying mechanism behind the observed phenotypic changes of

macrophages under PPP inhibition, we performed a multi-omic approach including proteomics,

phosphoproteomics, and metabolomics. By using these different analyses of expression

profiles, a distinct picture of cell regulation on different levels can be depicted.

5.4.1. Phospho-/proteomics unveil the CSF1R-PTK2B-HMOX-1-IRG1 signaling
pathway as possible driver for the changed macrophage phenotype

The proteomic and phosphoproteomic analyses and pathway enrichment analysis confirmed
the observed phenotypic changes. Expression pattern of changed phagocytic and immune
activity were enriched as well as pattern of cytoskeletal organization. Moreover, changed
expression pattern of glycolysis and mitochondrial activity as well as of central signaling
pathways for metabolic regulation like HIF1a, PI3K, and mitogen-activated protein kinase
(MAPK) were seen.

Deeper analysis of protein activity by calculation of the normalized upstream kinase score
(NUKS) highlighted one possible signaling axis as major regulator of macrophages” activated
phenotype. A significantly reduced colony stimulating factor 1 receptor (CSF1R) expression

and activity was detected and also seen in surface marker staining (Suppl. table 1) and
94



proteomic analysis. CSF1R activation leads to protein tyrosine kinase 2 beta (PTK2B)
activation (also known as PYK2),'%? which itself can induce heme-oxygenase-1 (HMOX-1)
expression via cytochrome b beta/MAPK1 (CYBB/MAPK1) signaling.’®® The expression of
HMOX-1 in turn induces immune-responsive gene 1 (IRG1; also known as ACOD1)
expression,'®* a central inhibitory regulator of macrophage activation.?® With exception of
HMOX-1, all named participants of this pathway were shown to be downregulated in proteomic
screening. The PTK2B downregulation under PPP inhibition and knockdown was proven in the
combined NUKS analysis and by western blot analysis, strengthening the hypothesized
downregulation of the CSF1R signaling pathway as PTK2B is the first downstream kinase of
CSF1R. Via CSF1R signaling, macrophages are polarized toward a M2- or TAM-like
phenotype with increased M2-marker and —cytokine/chemokine expression by also direct
activation of MAPK1/2 (also known as ERK1/2) and hematopoietic cell kinase (HCK)
signaling.’®>-"%% Inhibition of HCK activity is known to reduce the amount of TAMs, colon cancer
growth and tumor cell invasion.'®" Both, MAPK1 and HCK activity was detected as decreased
under shRNA-mediated PPP inhibition in upstream kinase analysis. Beside these signaling
pathways, also an interaction between CSF1R and interferon regulatory factor 1 (IRF1) and
signal transducer and activator of transcription 1 (STAT1) is known.'®21%3 Considering the
pivotal role of CSF1R in macrophage activation and polarization, reduction in CSF1R
expression might be the driving force of macrophage activation under PPP inhibition. Although,
CSF1R activity is known to be essential especially in development, targeted inhibition of
CSF1R is tolerable in adult mice.'®* Thereby, CSF 1R blockade might also be a promising target
for increasing macrophages’” efficacy in the context of tumor therapy. Several CSF1/CSF1R
inhibitors are currently under clinical investigation.'®® Although CSF1R might be an auspicious
target, it can only lead to effects in macrophages, as it is a macrophage-exclusive receptor. In
contrast, 6PGD or TKT inhibition has the potential to have multicellular effects including the
CSF1R regulation in macrophages as just one consequence of others as discussed above and

might thereby have broader and more intensive effects in total.

5.4.2. PPP inhibition links metabolism and immune response via UDPG-STAT1-
IRG1-itaconate axis
Ma et al. discovered another possible link between PPP activity and immune signaling. They
have shown that PPP inhibition leads to inhibition of glycogenolysis leading to decreased
uridine diphosphate glucose (UDPG) production.?? UDPG is also a signaling molecule, which
activates the purinergic receptor P2Y14 (P2Y14R) in autocrine and paracrine manner, whose
activation in turn increases STAT1 expression and MAPK1 phosphorylation.'® Considering
STAT1 as major regulator of IRF1 expression, an impact of PPP inhibition on IRG1
expression, whose expression is mainly regulated by IRF1,%* is probable. IRG1 is almost

exclusively expressed in activated immune cells, mostly in macrophages, and a key driver of
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immune inhibition via itaconate production.’®” IRG1 is the exclusive enzyme for itaconate
production. Itaconate inhibits the glycolysis and the mitochondrial activity by SDH
inhibition,”"168.18% promotes an anti-inflammatory macrophage phenotype by induction of NRF2
and activation transcription factor 3 (ATF3),"° and promotes tumor growth via increased ROS
secretion of macrophages, which activates MAPK in the tumor cells."”" In contrast to the
publication of Ma et al.,??> we observed decreased glycogen amounts in macrophages under
PPP inhibition. But concurrently, we observed an increase in glycolytic activity, which possibly
leads to less glucose-6-phosphate flux into glycogen synthesis with subsequent less
glycogenolysis caused by decreased glycogen amount. To prove this hypothesis, further
analysis of the glycogen pathway should be performed. With a *C-glucose supplementation
with subsequent *C-metabolic flux analysis via mass spectrometry analysis, the flux of glucose
into the glycogen pathway and others can be detected. This analysis in macrophages under
PPP inhibition and knockdown is planned and may give a deeper insight into regulation of the

glycogen metabolism under PPP inhibition.

P2Y14

uGP2
UDPG
IRG1
®.

STAT1 IRF‘I IRG1 )

Fig. 5.1 PPP inhibition is linked to macrophage immune response via UDPG-STAT1-
IRG1 signaling axis. Scheme of the hypothesized pathway causing changed macrophage
phenotype. PPP activity and glycogen activity are coupled. Through glycogenolysis the
P2Y14 receptor is activated by the glycogen pathway intermediate UDPG. By P2Y14R
activation the STAT1 signaling axis is activated, which - beside others - leads to IRF1 and
by that to IRG1 expression. IRG1 is the exclusive enzyme for itaconate production, which
has a high impact on immunosuppressive polarization of macrophages. By PPP inhibition
this signaling network is downregulated with concomitant more pro-inflammatory

macrophage polarization. Figure modified from Beielstein et al.3

Following the above described hypothesized signaling pathway based on decreased
glycogenolysis, we observed decreased expression of the UDPG-STAT1-IRG1 pathway
proteins under PPP inhibition, subsequent lower amounts of itaconate, and an increased SDH

activity. In line with the decreased itaconate amount, we observed a pro-inflammatory cytokine
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switch with increase of IL-6 and decrease of IL-10 expression and a phenotypic shift toward
M1-like polarization.

The importance of IRG1 as central linking point was highlighted by the use of an IRG1-
knockout mouse model. Macrophages of these knockout mice showed a significantly higher
phagocytic activity than macrophages of wild type mice. This strengthens the hypothesis that
the link between PPP inhibition and IRG1 by the UDPG-STAT1-IRG1 axis is the driving force

of the observed activated macrophage phenotype with higher phagocytic activity.

5.4.3. Possible functional consequences of UDPG-STAT1-IRG1-itaconate axis
modulation
Itaconate is an inducer of NRF2, which suppresses pro-inflammatory macrophage function by
blocking cytokine transcription'’%72 and increases HMOX-1, G6PD, 6PGD, TKT activity, and
NADPH production.'” This correlation between NRF2, itaconate and the PPP enzymes
underlines the possible PPP inhibition effect on macrophages” effector function. Furthermore,
NRF2 is known to be essential for atherosclerosis development and is activated by
cholesterol,’” whose production is dependent on PPP-derived NADPH. Increased NRF2
expression has been described in several cancer types as origin of anti-inflammatory signaling
and chemoresistance."” It has been shown that NRF2 is unable to lead to these pro-
tumorigenic effects when the PPP is inhibited.'?” This points to a further multicellular effect of
PPP inhibition causing decreased cancer cell support.
Besides its role in IRG1 expression, IRF1 is also known to induce iNOS expression,?+175.176
consistent with the decreased iINOS expression under PPP inhibition we depicted. High INOS
expression and activity has been correlated with malignancy and poor survival in several solid
tumors and leukemia.'””
Moreover, it was shown that the IRG1 metabolite itaconate acts tumor-supportive by
potentiating tumor growth.”
P2Y14R expression in T lymphocytes was shown to inhibit T cell proliferation and activation.”
This strengthens the hypothesis that PPP inhibition is also able to be a regulator of tumor cell
activity and adaptive immune responses.
Despite the known pro-inflammatory transcriptional function of STAT1 in LPS-stimulated
macrophages, in this study we have shown an alternative mechanism of macrophage
activation by metabolic depression of the anti-inflammatory properties of STAT1 via itaconate
regulation leading to a pro-phagocytic phenotype of macrophages. In TAMs, STAT1 has been
shown to be the generator of the blended M1/M2 phenotype and supporter of the anti-
inflammatory and pro-tumorigenic properties.’'7® Under PPP inhibition this tumor-supportive

polarization of macrophages is diminished.
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As the reduced expression of IRF1 under PPP inhibition also influences STAT1 and CSF1R
expression,'® IRF1 can be seen as the junction between all recapitulated pathways, which are

leading to the changed macrophage activity and polarization we observed.

5.5 PPP inhibition diminishes macrophages” pro-tumoral properties

Beside their needed activity for tumor cell elimination, the pro-tumoral function of TAMs for
several tumor entities was mentioned before. Especially in CLL, macrophages play a pivotal
role as supportive bystander cells in the TME. Without the appearance of these TAMs, CLL
cells would undergo spontaneous apoptosis.?® This depicts another pro-tumoral function of
macrophages. We have demonstrated that PPP inhibition also diminishes this pro-survival
bystander function. As a decrease of viable CLL cells was also observed in monoculture PPP
inhibition, a direct negative effect on CLL cell survival could be expected and should be further
analyzed. In line with that, a higher susceptibility to chemotherapeutic treatment under PPP
inhibition in macrophage co-culture and under PPP-inhibited macrophage co-culture was
demonstrated. This indicates PPP inhibition as a CLL sensitizer to conventional
chemotherapeutic regimes by cellular effects on CLL cells and macrophages causing
decreased tumor-supportive functions of macrophages. Considering these results, PPP
inhibition might also be a promising target in the conventional chemotherapeutic treatment of
cancer. Studies on the therapeutic benefit of addition of PPP inhibitors to conventional
chemotherapy should be performed and are planned on cell culture and in vivo level in our

laboratory.

5.6 PPP inhibition in primary human cells also increases macrophage
phagocytic function and pro-inflammatory polarization
As we primarily analyzed the consequences of metabolic regulation on macrophages to
elucidate its role in human therapy regimens, we attempted to mimic human conditions by
using CLL patient cells and primary human macrophages from healthy donors. A highly
significant increase of phagocytosis also was achieved in these primary human cell condition.
Furthermore, the macrophages showed the same switch toward pro-inflammatory cytokine
secretion under PPP inhibition as seen in cell line experiments before. These results indicate
an effectiveness of PPP inhibition in human organism and clinical use. However, this
experimental approach has a restriction. Macrophages of healthy donors and not of CLL
patients has been used (because of their availability). Macrophages of CLL patients have a
polarization toward the TAM-like phenotype and thereby might show other changes in
phenotype and activity than macrophages from healthy donors under PPP inhibition. Because
of that the efficacy of the treatment might be lower than in our approach. Experiments with CLL
cells and macrophages from the same donor should be performed to prove the efficacy of PPP

inhibitor treatment. Moreover, we analyzed the effects only in a co-culture setting of two cell
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types. This does not reflect the whole TME, in which several other cell types and milieu factors

could have an influence on the CLL cell and macrophage behavior.

5.7 PPP inhibition leads to significant prolonged overall survival in a
lymphoma mouse model and potentiates macrophage function in vivo

To model a more precise microenvironment of lymphoma in patients, we performed in vivo
experiments. Therefor mice got intravenous injection of hMB cells and afterwards were treated
with the CD52-antibody alemtuzumab and the physcion derivate S3, whose low toxicity and
high effectiveness in treatment of other tumor entities were demonstrated before.'®"'8! In the
aggressive lymphoma mouse model,*® PPP inhibition has an amplification effect on the
antibody therapy leading to a significantly prolonged overall survival in comparison to antibody
treatment only. This was associated with an increased macrophage infiltration into lymphoma
sites and decreased lymphoma cell infiltration of spleen at day of sacrifice. The PPP inhibition
in vivo increased the myelopoiesis and gave rise to progenitor cell expansion, indicating
increased provision of a variety of immune cells, pointing again toward potent multicellular
effects of PPP inhibition. The macrophages displayed a pro-inflammatory polarization and a
significantly increased phagocytic capacity after PPP inhibition in vivo.

With this approach and analyzes, we have proven the in vivo efficacy of PPP inhibition leading
to macrophage activation, immune cell expansion, and improved therapy response by
antibody-mediated phagocytic clearance of lymphoma cells with prolongation of overall
survival. This strengthens the feasibility of efficacy of PPP inhibition in clinical use to improve

lymphoma chemo-immunotherapy efficacy and patients” outcome.

5.8 PPP inhibition - a promising target to improve cancer therapy

Taken together, our work opens up a new promising therapeutic concept to improve
immunotherapy effects exerted by macrophages. PPP inhibition acts as a robust influencer of
macrophage function. We were able to demonstrate a new connection between metabolic
modulation and immune response and introduced this link as a key mechanism of macrophage
polarization and activation regulation. Thereby we could implement a new treatment strategy
acting on multicellular level, which has positive effects on effector immune cells and impairs
cancer cell viability, causing promising anti-tumor activity. Previous in vivo experiments with
the used PPP inhibitors have shown a good effectiveness against cancer cells without any
severe side effects,’®'® promising a low-toxic therapy targeting cancer cells and their
microenvironment simultaneously. We have confirmed these observations in the context of
antibody-based therapy regimes. Further experiments have to be done to explore therapy

effectiveness in different cancer entities, in vivo, and in the human organism.
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5.9 PPP inhibition — its possible side effects on patients

Beside these demonstrated positive effects further analysis should be done for possible
negative effects of PPP inhibition on the macrophage function and the human organism. The
here observed positive effect of macrophage activation can also cause negative
consequences. As macrophages’ over-activation can have severe side effects in the context
of sepsis or auto-inflammation, and the role of itaconate is describes as a central antagonist
against it,'®” these aspects have to be investigated with particular thoughtfulness. Sepsis or
auto-inflammation can have far-reaching harm for a patients live, can lead to high therapeutic
costs and possibly cause patients” death.

Moreover, the consequences of PPP inhibition for different cell types and organs should be
further investigated. The PPP is the major source of different metabolites needed for other
anabolic cellular processes and cell proliferation. The NADPH produced in PPP is central for
the production of anti-oxidative glutathione needed to rescue the cell against ROS and cellular
stress. On the other hand, defects of PPP enzymes are not generally severe or shortening
lifetime. For example, G6PD-deficiency can cause hemolytic anemia due to infection, intake
of fava beans or some medication, but for most of the individuals there are no constraints in
daily life, life quality or life expectation. Moreover, G6PD-deficiency is more prevalent in malaria
endemic areas, causing lower incidence of malaria infections in these individuals.'8?183

These different aspects of PPP inhibition and its consequences underline the need of further

research in the context of clinical use, potential and safety.
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