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Abkürzungsverzeichnis 

A1R   Adenosin A1-Rezeptor 

A2AR   Adenosin A2A-Rezeptor 

A2BR   Adenosin A2B-Rezeptor 

A3R   Adenosin A3-Rezeptor 

ADA   Adenosin-Desaminase 

ADP   Adenosindiphosphat 

AICAR   5-Aminoimidazol-4-carboxamid-Ribonukleotid  

AMP   Adenosinmonophosphat 

AMPD   AMP-Desaminase 

AMPK   AMP-aktivierte Proteinkinase 

APC   Allophycocyanin 

ATIC   AICAR-Formyltransferase 

ATP   Adenosintriphosphat 

BFA   Brefeldin A 

BSG   Blutsenkungsgeschwindigkeit 

CD39   Ektonukleosidtriphosphatdiphosphohydrolase 1 

CD73   Ekto-5'-Nukleotidase 

CIA   Kollagen-induzierte Arthritis 

CNT   konzentrierender Nukleosidtransporter 

CRP   C-reaktives Protein 

Dex   Dexamethason 

DMEM   Dulbecco's Modified Eagle Medium 

DRFZ   Deutsches Rheumaforschungszentrum 

eADO   extrazelluläres Adenosin 

eAMPD2  oberflächliche AMPD2 

eATP   extrazelluläres ATP 

EGF   Epidermaler Wachstumsfaktor 

ENT   äquilibrierender Nukleosidtransporter 

FCS   fetales Kälberserum 

FDR   Falscherkennungsrate 

FITC   Fluoresceinisothiocyanat 

GAPDH  Glycerinaldehyd-3-phosphat-Dehydrogenase 

GTP   Guanosintriphosphat 

HEK293  Human embryonic kidney 293-Zellen 

HRP   Meerrettichperoxidase 
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iBAQ   Intensity Based Absolute Quantification 

IMP   Inosinmonophosphat 

IP   Immunpräzipitation 

LFQ   Label-Free Quantification 

LPS   Lipopolysaccharid 

MACS   magnetische Zellsortierung 

MN   Monensin 

MTX   Methotrexat 

NAD+   Nicotinamidadenindinukleotid 

PBMC  mononukleäre Zelle aus dem peripheren Blut 

PE   Phycoerythrin 

PerCP   Peridinin-Chlorophyll-Protein-Komplex 

PHA-L   Phytohämagglutinin-L 

PMA   Phorbol-12-myristat-13-acetat 

RA   rheumatoide Arthritis 

RRID   Research Resource Identifier 

SDS-PAGE  Natriumdodecylsulfat-Polyacrylamidgelelektrophorese 

scr   scrambled 

TH1-Zellen  Typ 1 T-Helferzellen 

TH2-Zellen  Typ 2 T-Helferzellen 

TH17-Zellen  Interleukin-17-produzierende T-Helferzellen 

TNF-α   Tumornekrosefaktor-alpha 

TLR   Toll-like-Rezeptor 

Tregs    regulatorische T-Zellen 
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Zusammenfassung 

1. Abstract 

1.1 Abstract (Deutsch) 

Extrazelluläre Purine tragen maßgeblich zur Regulation des inflammatorischen Milieus bei: 

Während ATP als proinflammatorisches Alarmin wirkt, vermittelt Adenosin entzündungs-

hemmende Effekte. Das Gleichgewicht dieser Adeninmetabolite wird im Wesentlichen durch die 

Ektonukleotidasen Ektonukleosidtriphosphatdiphosphohydrolase 1 (CD39) und Ekto-5'-

Nukleotidase (CD73) vermittelt, die ATP über AMP zu Adenosin verstoffwechseln. AMP-

Desaminasen (AMPD) sind Enzyme des intrazellulären Purinstoffwechsels, die die 

Desaminierung von AMP zu IMP katalysieren. Damit erleichtern sie einerseits den Abbau von 

ATP und verringern andererseits den AMP-Bestand für die Adenosin-Produktion durch CD73. 

An der Zelloberfläche humaner Immunzellen ist dieser Mechanismus bisher nicht beschrieben. 

Ziel dieser Arbeit war die Analyse der Expression von AMPD2 an der Oberfläche humaner 

Leukozyten sowie deren Regulation unter inflammatorischen Bedingungen. 

Mittels Immunpräzipitation (IP) aus Membranfraktionen sowie durch Anreicherung des 

Oberflächenproteins mittels Oberflächenbiotinylierung wiesen wir AMPD2 in der 

Plasmamembran von HEK293 Zellen, HMEC-1 Zellen, U-937 Zellen und CD14+ Monozyten 

nach. Der Proteinnachweis erfolgte mittels Western Blot und Massenspektrometrie. Zusätzlich 

visualisierten wir die Oberflächenexpression immunfluoreszenzmikroskopisch auf U-937 Zellen 

sowie auf humanen mononukleären Zellen aus dem peripheren Blut (PBMCs). Durchfluss-

zytometrisch zeigten wir eine signifikante Steigerung der Expression der oberflächlichen 

AMPD2 (eAMPD2) auf humanen Monozyten nach Toll-like-Rezeptor (TLR)-Stimulation 

(p=0,0078) sowie eine Reduktion dieser durch Inhibition des sekretorischen Wegs (p=0,0078). 

Durch die zusätzliche Behandlung mit Dexamethason (Dex) ließ sich der Effekt der Immun-

stimulation teilweise reduzieren. Im Vergleich zu bezüglich Geschlecht und Alter vergleichbaren 

Kontrollen zeigten PBMCs von Patient*innen mit rheumatoider Arthritis (RA) eine erhöhte 

Grundexpression von eAMPD2. Eine erhöhte eAMPD2-Expression auf CD14+ Monozyten war 

nicht mit einer Reduktion der extrazellulären Adenosinkonzentration (eADO) verbunden. 

Hingegen konnten wir das anti-inflammatorische Potential von extrazellulärem IMP im Sinne 

einer Reduktion der Sekretion von Tumornekrosefaktor-alpha (TNF-α) durch PBMCs 

nachweisen.  

Zusammenfassend identifiziert diese Arbeit erstmals eAMPD2 als Ektoenzym auf humanen 

Immunzellen als neuen Regulator des extrazellulären Purinstoffwechsels. Durch AMP-

Verbrauch könnte die Desaminase den Abbau von proinflammatorischem ATP erleichtern und 
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das bestehende System der Ektonukleotidasen CD39 und CD73 um die Produktion des 

langlebigen anti-inflammatorischen Moleküls IMP ergänzen.  

 

1.2 Abstract (Englisch) 

Extracellular purine metabolites are powerful mediators of the inflammatory milieu: ATP acts as 

a pro-inflammatory alarmin, while adenosine represents a potent anti-inflammatory molecule. 

The ectonucleotidases ectonucleoside triphosphate diphosphohydrolase-1 (CD39) and ecto-5'-

nucleotidase (CD73) regulate the balance of these metabolites by catalysing the sequential 

degradation of ATP to adenosine via AMP. Intracellular AMP deaminases (AMPD) mediate 

AMP deamination to IMP. Thereby, they facilitate degradation of ATP on the one hand and 

impair adenosine production by reducing AMP supply for CD73 on the other hand. The 

mechanism of AMP deamination has not yet been recognised on the surface of immune cells. 

This study examined the surface expression of AMPD2 in human leukocytes and its 

modification under inflammatory conditions. 

We performed immunoprecipitation (IP) from membrane fractions as well as enrichment of 

surface protein by surface biotinylation to detect AMPD2 in the plasma membrane of HEK293 

cells, HMEC-1 cells, U-937 cells and CD14+ monocytes. The enzyme was identified by western 

blot and mass spectrometry. Additionally, surface expression was visualised with the help of 

immunofluorescence microscopy of U-937 cells and human peripheral blood mononuclear cells 

(PBMCs). Flow cytometry revealed a significant increase in surface AMPD2 (eAMPD2) 

expression on human monocytes after toll-like receptor (TLR) stimulation (p=0.0078), while a 

reduction was observed after Golgi transport inhibition (p=0.0078). Concomitant incubation with 

dexamethasone (Dex) partly prevented the increase caused by immunostimulation. PBMCs 

from patients with rheumatoid arthritis (RA) showed an elevated expression of eAMPD2 

compared to sex- and age-matched healthy controls. An increase in eAMPD2 expression on 

CD14+ monocytes was not associated with reduced levels of extracellular adenosine (eADO). 

On the other hand, we verified the anti-inflammatory potential of extracellular IMP by 

demonstrating a reduction in tumor necrosis factor-alpha (TNF-α) secretion from PBMCs. 

In summary, this study shows AMPD2 surface expression on human immune cells for the first 

time and thereby identifies a novel ectoenzyme in the extracellular purine metabolism. We 

hypothesise that the deaminase enhances the degradation of pro-inflammatory ATP by 

removing AMP from the extracellular space and adds the production of long-lived anti-

inflammatory IMP to the existing system of ectonucleotidases. 
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2. Einleitung 

2.1 Extrazellulärer Adeninnukleotid-Stoffwechsel 

Extrazelluläre Purinmetabolite gehören evolutionär zu den ältesten Signalmolekülen.1 Sie 

vermitteln ihre Effekte über zwei Rezeptorfamilien: P1- und P2-Rezeptoren. Extrazelluläre 

Purinnukleotide binden an P2-Rezeptoren, die sich in ionotrope P2X-Rezeptoren und 

metabotrope P2Y-Rezeptoren unterteilen lassen.2 3 Andererseits stellen P1-Rezeptoren G-

Protein-gekoppelte Rezeptoren dar, die für die Signaltransduktion von Adenosin verantwortlich 

sind.4 Vier Adenosinrezeptoren (A1R, A2AR, A2BR, A3R) werden unterschieden und vermitteln 

in verschiedenen Geweben eine Vielzahl von Effekten.5  

Zwei Stoffwechselwege – der kanonische und der alternative Weg – bestimmen wesentlich das 

Gleichgewicht extrazellulärer Adeninnukleotide. Der kanonische Weg setzt sich zusammen aus 

den Ektonukleotidasen Ektonukleosidtriphosphatdiphosphohydrolase 1 (CD39) und Ekto-5’-

Nukleotidase (CD73). An den enzymatischen Abbau von ATP und ADP zu AMP durch CD39 

schließt sich die von CD73 katalysierte Produktion von Adenosin mittels phosphorolytischer 

Spaltung des AMPs an.6 Im Gegensatz dazu stellen die Enzyme des alternativen Wegs – CD38 

und CD203a/PC-1 – AMP aus NAD+ bereit.7 8 Zwei weitere Mechanismen beeinflussen die 

extrazelluläre Adenosinkonzentration: Die extrazelluläre Adenosin-Desaminase (ADA) vermittelt 

den Abbau von Adenosin zu Inosin.9 Zusätzlich erfolgt ein Austausch von Adeninnukleot(s)iden 

mit dem Intrazellularraum. ATP wird sowohl über die Kanalproteine Pannexin-1 und 

Connexin-43 als auch mittels vesikulären Transports in den Extrazellularraum abgegeben.10-13 

Der Transport von Adenosin erfolgt über zwei Familien von Nukleosidtransportern: äqui-

librierende Nukleosidtransporter (ENT) und konzentrierende Nukleosidtransporter (CNT).14-16 

Die beschriebenen Stoffwechselwege spielen in vielen Geweben eine wichtige Rolle. Die 

folgende Arbeit fokussiert sich auf den extrazellulären Adeninnukleotid-Stoffwechsel von 

Immunzellen. 

 

2.2 Imbalance extrazellulärer Adeninnukleotide im Rahmen von Entzündung 

Drury und Szent-Györgyi beschrieben erstmals 1929 die physiologische Bedeutung von eADO 

im Herzmuskel.17 In den letzten Jahren rückte die Dysregulation des extrazellulären 

Adenosinstoffwechsels als pathophysiologischer Faktor sowie therapeutischer Angriffspunkt 

von immunvermittelten Erkrankungen in den Vordergrund.18 19 Extrazelluläres ATP (eATP) und 

eADO sind im Entzündungsgeschehen Gegenspieler. Während eATP ein pro-

inflammatorisches Alarmin darstellt, zeichnet sich eADO durch seine hohe anti-

inflammatorische Potenz aus.20-29 Studien zeigen eine Imbalance dieser Moleküle im Rahmen 

von Autoimmunerkrankungen: T-Zellen aus der Synovialflüssigkeit arthritischer Gelenke sowie 
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regulatorische T-Zellen aus dem peripheren Blut von Psoriasispatient*innen wiesen eine 

verringerte Expression von CD73 verbunden mit einer verminderten Produktion von Adenosin 

auf.30 31 Patient*innen mit ankylosierender Spondylitis zeigten eine Reduktion von CD39, A1R 

und A2BR auf von Monozyten abgeleiteten Makrophagen.32 Umgekehrt beobachteten 

Walscheid et al. bei Uveitispatient*innen eine erhöhte monozytäre Expression von CD39 und 

CD73.33  

Eine wichtige Rolle spielt der extrazelluläre Adenosingehalt auch im Tumormikromilieu, wo der 

protektive „Adenosin-Halo [Übersetzung der Autorin]“ (S. 842)4 eine effektive Anti-Tumor-

Immunantwort unterbindet.4 34 Aus dieser beachtlichen Relevanz für inflammatorische Prozesse 

ergibt sich das Interesse, den extrazellulären Purinmetabolismus pharmakologisch zu 

beeinflussen.19 Erste klinische Studien zeigten ein verringertes Tumorwachstum durch Blockade 

der Adenosinproduktion und -wirkung.35-39 Diese Beobachtungen unterstreichen die klinische 

Relevanz des extrazellulären Purinstoffwechsels von Immunzellen. 

 

2.3 AMP-Desaminase 2 

Während der intrazelluläre Puringehalt durch ein komplexes Enzymsystem reguliert wird, sind 

nur wenige Ektoenzyme am extrazellulären Adeninnukleotid-Stoffwechsel beteiligt.40 AMP-

Desaminasen katalysieren die Desaminierung von AMP. Drei Gene kodieren für die Isoformen 

AMPD1, AMPD2 und AMPD3, die sich in ihrer Gewebeexpression unterscheiden.41 Während 

AMPD1 die muskuläre und AMPD3 die erythrozytäre Isoform darstellen, wird AMPD2 unter 

anderem in Leber, Gehirn und Leukozyten exprimiert.42-44 Die Desaminierung von AMP stellt 

den geschwindigkeitsbestimmenden Schritt des Purinstoffwechsels dar und ermöglicht die 

Synthese von Guaninnukleotiden aus dem vorherrschenden Adeninnukleotid-Bestand.40 45 46 

Durch den Abbau von AMP erhöhen AMPDs die ATP:AMP-Ratio und fördern so die 

Energiegewinnung mittels ATP-Hydrolyse.40 47 48 Im Gegensatz zu ihrer prominenten Rolle im 

Zytosol wurde die Desaminierung von AMP im Extrazellularraum bisher kaum untersucht. 

Dunkley und Manery beschrieben in den 1960er Jahren die Desaminierung von AMP an der 

Muskeloberfläche.49 50 In der Folge wiesen Rao und Pipoly AMPD an der Innenseite der 

Erythrozytenmembran nach.51 52 Das Vorkommen von AMPD an der Oberfläche von Leukozyten 

ist hingegen bisher nicht beschrieben. Mit der Desaminierung von AMP entziehen AMPDs 

CD73 das Substrat für die Adenosin-Synthese. Umgekehrt hat ein hereditärer oder 

pharmakologischer Funktionsverlust von AMPD einen Anstieg der Adenosinkonzentration zur 

Folge.46 53 54 Gleichzeitig geht mit der Oberflächenexpression von AMPD2 das Konzept der 

extrazellulären IMP-Produktion einher (Abbildung 2.1). In Anbetracht der zuvor beschriebenen 

immunologischen Bedeutung des extrazellulären Puringleichgewichts betrachteten wir die 

potentielle Existenz eines solchen Mechanismus auf der Zelloberfläche als besonders relevant. 
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Abbildung 2.1 Modell der Rolle von eAMPD2 im extrazellulären Purinmetabolismus. 
Legende: ADA, Adenosin-Desaminase; AMP, Adenosinmonophosphat; ATP, Adenosintriphosphat, eAMPD2, 
oberflächliche AMP-Desaminase 2; IMP, Inosinmonophosphat. Erstellt mit BioRender.com, modifiziert aus Ehlers et 
al.55 

 

2.4 Zielsetzung der Arbeit 

Unter Annahme einer möglichen Beteiligung der AMP-Desaminierung am extrazellulären 

Purinmetabolismus untersuchten wir die Oberflächenexpression von AMPD2 auf primären 

humanen Immunzellen sowie deren Veränderung unter inflammatorischen Bedingungen.  

Erstes Ziel dieser Arbeit war es, die Oberflächenexpression von AMPD2 nachzuweisen und 

methodisch vielfältig zu bestätigen. Zu diesem Zweck wurden die Isolation von Membranprotein 

und eine Oberflächenfärbung an Zelllinien etabliert und nachfolgend an humanen Leukozyten 

verifiziert. 

Aufgrund der oben beschriebenen Bedeutung des extrazellulären Adeninnukleotid-

Stoffwechsels im Rahmen entzündlicher Prozesse, befasste sich unsere zweite Fragestellung 

mit der Veränderung der Oberflächenexpression unter inflammatorischen Bedingungen. Wir 

untersuchten zunächst in vitro den Einfluss verschiedener Immunstimulationen sowie 

immunmodulierender Medikamente auf die Oberflächenexpression von AMPD2. In der Folge 

analysierten wir die Expression von eAMPD2 auf PBMCs von Patient*innen mit RA im Vergleich 

zu nach Geschlecht und Alter vergleichbaren gesunden Spender*innen. 

Das dritte Ziel behandelt die funktionelle Relevanz der extrazellulären Desaminierung von AMP. 

Entsprechend unserer Hypothese könnte der zusätzliche AMP-Verbrauch durch eAMPD2 eine 

Reduktion der eADO-Produktion bedingen. Folglich untersuchten wir den extrazellulären 

Adenosingehalt in Abhängigkeit von verschiedenen Expressionsniveaus von eAMPD2. 

Zusätzlich ergänzt die Oberflächenexpression von AMPD2 das System der Ektonukleotidasen 
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um die Produktion von extrazellulärem IMP, sodass wir schlussendlich den Einfluss dieses 

Metaboliten auf das inflammatorische Milieu analysierten. 

 

3. Material und Methodik 

In der dieser Dissertationsschrift zugrundeliegenden Publikation beschreiben wir erstmals die 

Oberflächenexpression von AMPD2 auf humanen Leukozyten. Die umfassende Methodik wird 

im Detail in der Publikationsschrift dargestellt.55 Im Folgenden möchte ich im Schwerpunkt auf 

die Herausforderungen der sicheren Feststellung der Membranlokalisation eines auch 

zytosolisch vorliegenden Proteins eingehen. 

Unser Vorgehen fußte auf drei Verifizierungsschritten (Abbildung 3.1), die im Folgenden im 

Detail beleuchtet werden: (i) Membranfraktionierung mit anschließender IP des Zielproteins, 

(ii) Oberflächenbiotinylierung gefolgt von einer massenspektrometrischen Analyse sowie 

(iii) Durchflusszytometrie und Immunfluoreszenzmikroskopie nach erfolgter Oberflächenfärbung. 

Vorangestellt wird diesen Methoden eine Darstellung der Zellkulturbedingungen. Zum 

Abschluss wird das methodische Vorgehen zur Untersuchung des Expressionsverhaltens 

abhängig von verschiedenen inflammatorischen Stimuli in vitro und in vivo dargestellt. 

 

 

Abbildung 3.1 Verifizierungsschritte zum Nachweis von eAMPD2 an der Zelloberfläche. 
Erstellt mit BioRender.com. 
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3.1 Zellgewinnung und Zellkultur 

3.1.1 Gewinnung humaner Immunzellen 

Die Isolation humaner Leukozyten erfolgte aus heparinisiertem peripheren venösen Blut. 

PBMCs wurden mittels Dichtegradientenzentrifugation auf Ficoll-PaqueTM PLUS (GE 

Healthcare) gewonnen. Zur Analyse polymorphkerniger Zellen wurden die roten Blutkörperchen 

mit Erythrozyten-Lysepuffer (0,01 M KHCO3, 0,155 M NH4Cl, 0,1 mM EDTA, pH 7,5) lysiert. Die 

Isolierung CD14+ Monozyten bzw. CD15+ neutrophiler Granulozyten wurde mittels 

magnetischer Zellsortierung (MACS) mit Anti-CD14- und Anti-CD15-Microbeads (Miltenyi 

Biotec) durchgeführt. Eine Kontrolle der Zellreinheit von > 97% erfolgte durchflusszytometrisch 

(Publikation Supplementary Figure S1B+C55). 

 

3.1.2 Zellkultur 

Die Zellkulturbedingungen sind in Tabelle 3.1 aufgeführt. Die Kultivierung der Zellen erfolgte 

unter kontrollierten Bedingungen in einem CO2-Brutschrank (5% CO2, 18% O2) bei 37°C. Die 

bei der Behandlung der Proben verwendeten Konzentrationen sind Tabelle 3.2 zu entnehmen. 

 

 3.2 Isolation und Verifizierung des Zielproteins aus der Membranfraktion 

Die wesentlichen Herausforderungen der Erstbeschreibung der Membranständigkeit eines 

Proteins bestehen in der Reinheit der Membranfraktion sowie der Spezifität des 

Proteinnachweises. Um diese kritischen Punkte zu adressieren, erfolgte in dieser Arbeit die 

Verifizierung der Oberflächenlokalisation von AMPD2 in multiplen, sich gegenseitig 

bestätigenden Schritten. Zur Untersuchung des Membranproteins wurden zunächst 

Membranfraktionen gewonnen, aus denen im Folgenden AMPD2 mittels IP angereichert wurde. 

Neben dem Proteinnachweis im angereicherten Membranprotein gewährleistet diese Methode 

durch massenspektrometrische Analyse des Immunpräzipitats die Verifizierung der 

Antikörperspezifität.56 Im Gegensatz dazu bietet der Western Blot eine größere Sensitivität mit 

der Einschränkung des indirekten Proteinnachweises. 

 

3.2.1 Proteinanreicherung mittels Immunpräzipitation 

Zelllysate wurden mittels IP-Lysepuffer (10 mM Tris HCl pH 7,5, 10 mM NaCl, 2 mM EDTA, 

0,1% (v/v) Triton X-100, 1 mM PMSF, 2 µg/mL Aprotinin) gewonnen. Die Separation von 

zytosolischen und Membranfraktionen erfolgte mit dem Mem-PERTM Plus Membrane Protein 

Extraction Kit (Thermo Fisher Scientific). Die IP wurde über Nacht bei 4°C mit dem Anti-

AMPD2-Antikörper Klon QQ13 (2 µL, SCBT, AB_2258261) durchgeführt. Parallel wurde eine 
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Isotyp-Kontrollprobe mit murinem IgG1 (1:10, 2 µL, Invitrogen, AB_2532935) hergestellt. Im 

Anschluss erfolgte der Pulldown durch Protein A/G plus Agarose (SCBT). 

 

Tabelle 3.1 Zellkulturbedingungen 

Zelllinie (Ursprung) / Zelltyp Zellkulturmedium* Zusatz 

HEK293 (ATCC®) DMEM 10% (v/v) FCS 

Jurkat (ATCC®) RPMI 1640 Medium 

THP-1 (ATCC®) 

U-937 (ATCC®) 

primäre humane Leukozyten 10% (v/v) humanes AB-Serum 

HMEC-1 (ATCC®) MCDB 131 Medium 25% (v/v) FCS, 2 mM L-Glutamin, 10 ng/mL EGF, 0,3 µg/mL Hydrocortison 

*Alle Zellkulturmedien waren zusätzlich mit 100 U/mL Penicillin, 100 µg/mL Streptomycin und 50 µM 2-Mercaptoethanol versetzt. 

 

Tabelle 3.2 Zellbehandlung 

 Hersteller Konzentration Funktion 

Pam3CSK4 Tocris 1 µg/mL Agonist am TLR1/2 

Poly (I:C) Miltenyi Biotec 10 µg/mL Agonist am TLR3 

Lipopolysaccharid (LPS) Sigma-Aldrich 1 µg/mL Agonist am TLR4 

Flagellin (FliC) Sigma-Aldrich 100 ng/mL Agonist am TLR5 

FSL-1 Tocris 1 µg/mL Agonist am TLR2/6 

Resiquimod (R848) Tocris 1 µg/mL Agonist am TLR7/8 

ODN 2006 Miltenyi Biotec 0,5 µM Agonist am TLR9 

Phytohemagglutinin-L (PHA-L) Sigma-Aldrich 5 µg/mL Lektin, T-Zellaktivierung durch Quervernetzung von 

Oberflächenmolekülen inklusive des T-Zell-Rezeptors 

Phorbol-12-myristat-13-acetat (PMA) Sigma-Aldrich 10 ng/mL Aktivator der Proteinkinase C 

Ionomycin Sigma-Aldrich 1 µg/mL Calcium-Ionophor, T-Zellaktivierung durch Calciumeinstrom 

unter Umgehung des T-Zell-Rezeptors 

Brefeldin A (BFA) Sigma-Aldrich 1 µg/mL Hemmung des Transports zwischen endoplasmatischem 

Retikulum und Golgi-Apparat 

Monensin (MN) Sigma-Aldrich 0,5 µg/mL Hemmung des Transports im Golgi-Apparat 

Dexamethason (Dex) Sigma-Aldrich 10-8 M, 10-5 M synthetisches Glucocorticoid 

Methotrexat (MTX) medac 0,8 µM Hemmstoff der Dihydrofolatreduktase 

ATP Sigma-Aldrich 100 µM, 1 mM  

Adenosin Sigma-Aldrich 1 µM, 50 µM 

IMP Sigma-Aldrich 100 µM, 1 mM 

Inosin Sigma-Aldrich 100 µM, 1 mM 

 

3.2.2 Western Blot 

Die Zelllysate wurden nach Zugabe von Laemmli-Probenpuffer bei 95°C für 10 Minuten 

denaturiert und mittels SDS-Polyacrylamid-Gelelektrophorese nach Molekülmasse aufgetrennt. 
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Es erfolgte die Übertragung auf PVDF-Trägermembranen (Merck Millipore) und der 

anschließende Proteinnachweis unter Verwendung der folgenden Antikörper: Anti-Alpha-

Tubulin (100 ng/mL, polyklonal, abcam, AB_2288001), Anti-AMPD2 (1:500, QQ13, SCBT, 

AB_2258261), Anti-Beta-Aktin (1:10.000, BA3R, Invitrogen, AB_10979409), Anti-Calreticulin 

(1:2000, polyklonal, Thermo Fisher Scientific, AB_2069607), Anti-CD14 (Biotin, 1:50, TM1, 

DRFZ), Anti-Cytochrom b (1:200, SCBT, AB_2088887), Anti-Glycerinaldehyd-3-phosphat-

Dehydrogenase (GAPDH) (1:100, 6C5, Merck Millipore, AB_2107445), Anti-Lamin B1 (1:200, 

B-10, SCBT, AB_10947408), Anti-Pan-Cadherin (1:500, CH-19, abcam, AB_305544). Die 

Visualisierung wurde durch enzymatische Chemilumineszenz mithilfe HRP-gekoppelter Anti-

Maus-IgG (1:10.000, Promega, AB_430834), Anti-Kaninchen-IgG (1:10.000, Promega, 

AB_430833) und Anti-Huhn-IgY (1:5.000, Thermo Fisher Scientific, AB_2534727) Antikörper 

sowie HRP-gekoppeltem Streptavidin (R&D Systems) gewährleistet. 

 

3.2.3 Massenspektrometrie 

Die massenspektrometrische Analyse der IP-Proben erfolgte nach Reduktion und Verdau von 

den Agarose-Kügelchen. Die Peptide wurden mittels Hochleistungsflüssigkeitschromatographie 

auf einer Mikrosäule (Dr. Maisch GmbH) getrennt. Die Analyse wurde an einem Q Exactive Plus 

oder HF-X Hybrid Quadrupole-Orbitrap Instrument (Thermo Fisher Scientific) durchgeführt. Das 

MaxQuant Software Package (v1.6.0.1) diente zur Datenanalyse. Die MS2-Spektren wurden in 

einer internen Andromeda Suchmaschine gegenüber einer humanen UniProt Datenbank 

(HUMAN.2017, HUMAN.2019) durchsucht. Zur Peptid- und Proteinidentifizierung wurde eine 

Falscherkennungsrate (FDR) von 1% festgelegt. Die Berechnung der iBAQ (Intensity Based 

Absolute Quantification) und LFQ (Label-Free Quantification) Intensitäten erfolgte durch 

integrierte Algorithmen. Der Datensatz der Proteomanalysen wurde über PRIDE dem 

ProteomeXchange Konsortium zur Verfügung gestellt (dataset identifier PXD022350).57 

 

3.3 Isolation des Oberflächenproteins mittels Oberflächenbiotinylierung 

Obwohl die in 3.2.1 geschilderte Methode des Proteinnachweises mittels IP aus 

Membranfraktionen den Vorteil der Anreicherung des Zielproteins durch spezifische Antikörper 

bietet, ist diese Methode durch die Charakteristika der Membranfraktion in ihrer Aussagekraft 

limitiert: Durch Membrananreicherung mithilfe eines Detergens nach Zellpermeabilisierung 

schließt diese Prozedur auch intrazelluläre Kompartimente wie die nukleäre Membran ein. Auch 

kann aus einem Vorliegen in der Membranfraktion nicht auf eine Lokalisation an der 

Zelloberfläche geschlossen werden. Aus diesem Grund führten wir als zweiten 

Verifizierungsschritt eine Oberflächenbiotinylierung durch. Zur Anreicherung des Oberflächen-

proteins wurden HMEC-1 und U-937 Zellen sowie CD14+ Monozyten im intakten Zustand 
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biotinyliert und anschließend lysiert. Die Isolation der Oberflächenfraktion wurde im Anschluss 

mittels NeutrAvidin™ Agarose ermöglicht. Daraufhin erfolgte wie oben geschildert der Protein-

nachweis von AMPD2 mittels Western Blot und Massenspektrometrie in der angereicherten 

Probe im Vergleich zu einer nicht biotinylierten Kontrolle. 

 

3.4 Proteinnachweis mittels Oberflächenfärbung 

Die Oberflächenfärbung mithilfe Fluoreszenzfarbstoff-gekoppelter Antikörper stellte die dritte 

methodische Säule des Oberflächennachweises dar. Mittels anschließender 

Durchflusszytometrie sowie Immunfluoreszenzmikroskopie ermöglichte dieser Schritt die 

Visualisierung der Oberflächenexpression des Zielproteins. Ähnlich der Oberflächen-

biotinylierung erfolgte auch hier durch Verwendung intakter Zellen die isolierte Betrachtung des 

Oberflächenproteins unter Ausschluss intrazellulärer Kompartimente sowie der inneren 

Plasmamembran. Darüber hinaus erlaubt die Durchflusszytometrie die vergleichende Analyse 

verschiedener Zelllinien und Zelltypen sowie Kulturbedingungen und Spender mit hohem 

Durchsatz. 

Um auf diese Weise das Expressionsverhalten des Zielproteins zuverlässig zu untersuchen, ist 

die Spezifität der Färbemethode essentiell. Die entsprechenden Schritte der 

Antikörpervalidierung werden im Folgenden aufgeführt. Sie umfassten (i) die Gewährleistung 

suffizienter Zellintegrität, (ii) die Eliminierung der Färbung durch Inkubation mit einem 

ungekoppelten, für das Zielprotein spezifischen Antikörper im Überschluss und (iii) die 

Reduktion der Oberflächenfärbung nach Knockdown des Zielproteins. 

 

3.4.1 Durchflusszytometrie und Immunfluoreszenzmikroskopie 

Die Färbungen für die Durchflusszytometrie erfolgten auf Eis. Um eine unspezifische 

Antikörperbindung zu verhindern wurden die Zellen zur Blockade der Fc-Rezeptoren mit 

10% (v/v) humanem IgG (Kiovig [50 mg/mL], Baxter AG) inkubiert. Die verwendeten Antikörper 

sind Tabelle 3.3 zu entnehmen. Zum Ausschluss toter Zellen wurden 7-AAD (BD) und DAPI 

(Sigma-Aldrich) verwendet. Da insbesondere Monozyten in Zellkultur eine große Empfindlichkeit 

aufweisen, die eine unspezifische Antikörperbindung an nicht intakte Zellen bedingen kann, 

führten wir zur zusätzlichen Gewährleistung der Zellintegrität vor Beginn der Färbung eine 

Entfernung sterbender Zellen mittels magnetischer Sortierung durch (Dead Cell Removal Kit, 

Miltenyi Biotec). Die Spezifität der Färbung wurde durch Blockade des Zielproteins mit einem 

unkonjugierten spezifischen Antikörper sichergestellt. Zu diesem Zweck wurde vor Zugabe des 

Fluoreszenz-markierten Antikörpers parallel zum Färbeansatz eine identische Probe für zehn 

Minuten mit unkonjugiertem Antikörper im 25-fachen Überschuss inkubiert. Vor der 

intrazellulären Färbung erfolgte die Fixierung und Permeabilisierung mit -20°C kaltem 90% (v/v) 
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Methanol. Die durchflusszytometrischen Messungen wurden am MACSQuant Analyzer 10 

(Miltenyi Biotec) und LSRFortessaTM Durchflusszytometer (BD) durchgeführt und mit der 

FlowJoTM Software (Version 7.6.4 und 10.7.1, BD) analysiert. Die Gatingstrategie ist in 

Abbildung 3.2 dargestellt. Die verschiedenen Leukozytenpopulationen wurden wie folgt 

 

Tabelle 3.3 Antikörper 

Zielstruktur Isotyp Klon Fluorochrom Verdünnung Hersteller RRID 

AMPD2 Kaninchen, IgG polyklonal unkonjugiert 1:50 Thermo Fisher 

Scientific 

AB_2543627 

CD3 murin, IgG2a, κ OKT3 Brilliant Violet 510™ 1:20 BioLegend AB_2561943 

CD3 murin, IgG1, κ UCHT1 Alexa Fluor® 594 1:20 DRFZ AB_2619695 

CD4 murin, IgG1, κ M-T321 APC-Vio® 770 1:10 Miltenyi Biotec AB_2657994 

CD8 murin, IgG1, κ GN11/134D7 Alexa Fluor® 647 1:200 DRFZ n.a. 

CD8 murin, IgG1, κ GN11/134D7 Alexa Fluor® 700 1:1600 DRFZ n.a. 

CD14 murin, IgG TM1 FITC 1:400 DRFZ n.a. 

CD14 murin, IgG2a, κ M5E2 Brilliant Violet 650™ 1:20 BioLegend AB_11204241 

CD15 murin, IgM, κ VIMC6 FITC 1:10 Miltenyi Biotec AB_244217 

CD16 murin, IgG1, κ 3G8 APC/Cyanin7 1:50 BioLegend AB_314218 

CD19 murin, IgG1, κ HIB19 PerCP/Cyanin5.5 1:100 BioLegend AB_2073119 

CD25 murin, IgG1, κ BC96 Brilliant Violet 785™ 1:20 BioLegend AB_11219197 

CD39 rekombinant 

human, IgG1 

REA739 APC 1:100 Mitenyi Biotec AB_2657891 

CD45 murin, IgG1, κ HI30 FITC 1:20 BioLegend AB_314394 

CD45RA murin, IgG2a 4G11 Pacific Orange 1:50 DRFZ n.a. 

CD73 murin, IgG1, κ AD2 Brilliant Violet 421™ 1:50 BioLegend AB_11204424 

CD127 rekombinant 

human, IgG1 

REA614 PE 1:25 Miltenyi Biotec AB_2654831 

CD127 murin, IgG2a, κ MB15-18C9 FITC 1:10 Miltenyi Biotec AB_2659850 

CCR4 murin, IgG1, κ L291H4 Brilliant Violet 605™ 1:20 BioLegend AB_2562483 

CCR6 rekombinant 

human, IgG1 

REA190 APC 1:20 Miltenyi Biotec AB_2655933 

CXCR3 rekombinant 

human, IgG1 

REA232 PE-Vio® 770 1:50 Miltenyi Biotec AB_2655739 

Isotypkontrolle Kaninchen, IgG polyklonal unkonjugiert 1:125 Invitrogen AB_2532938 

Isotypkontrolle rekombinant 

human, IgG1 

REA control (S) APC 1:10 Miltenyi Biotec AB_2733447 

Isotypkontrolle murin, IgG1, κ MOPC-21 Brilliant Violet 421™ 1:50 BioLegend AB_10897939 

Kaninchen-IgG Ziege, IgG polyklonal PE 1:200 Invitrogen AB_221651 

Kaninchen-IgG Ziege, IgG polyklonal Alexa Fluor® Plus 488 1:500 Thermo Fisher 

Scientific 

AB_2633280 

Streptavidin PE 1:200 Life Technologies n.a. 

Streptavidin APC/Cyanin7 1:300 BioLegend n.a. 
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identifiziert: CD4+ T-Zellen wurden unterteilt in CXCR3+CCR4-CCR6- Typ 1 Helferzellen (TH1), 

CCR4+CXCR3-CCR6- Typ 2 Helferzellen (TH2) und CCR4+CCR6+CXCR3- TH17 Zellen.58 

Zusätzlich wurden CD8+ zytotoxische T-Zellen und CD19+ B-Zellen charakterisiert. Monozyten 

wurden anhand der Expression von CD14 und CD16 unterteilt in drei Subpopulationen: 

klassisch (CD14hi, CD16-), intermediär (CD14hi, CD16+) und nicht-klassisch (CD14low, CD16hi).59 

Die Färbung für die Immunfluoreszenzmikroskopie erfolgte über Nacht bei 4°C nach Fixierung 

mit 4% (v/v) Paraformaldehyd und Inkubation mit 5% (v/v) FCS. Die Darstellung des 

Zytoskeletts und der Zellkerne erfolgte mit Phalloidin bzw. DAPI. Es wurden ein LSM 880 

konfokales Laser-Scanning-Mikroskop (ZEISS) sowie ein Biorevo BZ-9000 Fluoreszenz-

Mikroskop (Keyence) für die Mikroskopie und ImageJ für die Bildanalyse verwendet. 

 

 

Abbildung 3.2 Gating-Strategie.  
Humane Leukozyten am Beispiel einer gesunden Spenderin. Nach Ausschluss toter Zellen mittels DAPI wurden die 
Leukozytenpopulationen im Forward-Scatter- und Side-Scatter-Plot identifiziert. Die Unterscheidung der 
Lymphozytenpopulationen erfolgte anhand der Oberflächenexpression von CD3, CD4, CD8, CXCR3, CCR4, CCR6, 
CD19, CD25 und CD127. Legende: FSC, Forward Scatter; SSC, Side Scatter. Modifiziert aus Ehlers et al.55 
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3.4.2 Reduktion der Genexpression von AMPD2 mittels RNA-Interferenz 

Die Reduktion der Genexpression in HEK293 und U-937 Zellen erfolgte mittels Short hairpin 

RNA (shRNA). Die Sequenzen der Haarnadelstrukturen sind in Tabelle 3.4 angegeben. Zur 

Kontrolle wurden ein leeres Grundgerüst des lentiviralen Vektors pLKO.1 puro sowie ein 

Plasmid mit scrambled (scr) shRNA mitgeführt (Addgene #8453, #1864). Nach Isolation der 

Plasmid-DNA (NucleoBond® Xtra EF, Macherey-Nagel) erfolgte die Transfektion von HEK293 

Zellen mit 30 µg. Die Effizienz der Reduktion der Proteinexpression wurde anschließend mittels 

Western Blot des Gesamtzelllysats ermittelt. Die effektivsten shRNA-Sequenzen sh3 und sh8 

wurden daraufhin zur Herstellung lentiviraler Partikel genutzt. Es erfolgte die Cotransfektion von 

HEK293 Zellen mit dem jeweiligen Expressionsplasmid, dem Verpackungsplasmid pPAX2 

sowie dem Envelope-Plasmid pVSVG in einer Gesamtmenge von 30 µg im Verhältnis 3:2:1 

mittels Calcium-Phosphat-Präzipitation. Die nach 48 Stunden gewonnenen Virenüberstände 

wurden mit 10 µg/mL Polybren (Sigma-Aldrich) versetzt. Zur Etablierung eines stabilen 

Knockdowns von AMPD2 wurden HEK293 und U-937 Zellen in einer 24-Loch-Platte nach 

Zugabe von 1 mL Virenüberstand durch zweistündige Zentrifugation bei 700xg und 32°C 

transduziert. Die Selektion der erfolgreich transduzierten Zellen erfolgte im Anschluss durch 

Zugabe von 1 µg/mL Puromycin (InvivoGen) zum Zellkulturmedium. Die Reduktion der 

Expression von AMPD2 auf Proteinebene wurde anschließend mittels Western Blot von 

Gesamtzelllysat und Membranfraktion der selektierten Zellen untersucht. Nach erfolgreicher 

Etablierung eines effizienten Knockdowns dienten die entsprechenden Zellen als Kontrollansatz 

zur Überprüfung der Spezifität der Oberflächenfärbung mittels Durchflusszytometrie. 

 

Tabelle 3.4 shRNA-Sequenzen 

sh1 CCGGCCAAGGCCAAATATCCCTTTACTCGAGTAAAGGGATATTTGGCCTTGGTTTTTG 

sh2 CCGGGCGCTTCATCAAGCGGGCAATCTCGAGATTGCCCGCTTGATGAAGCGCTTTTTG 

sh3 CCGGGGGTATCTGGGAAGTACTTTGCTCGAGCAAAGTACTTCCCAGATACCCTTTTTTG 

sh4 CCGGCATCGCTTTGACAAGTTTAATCTCGAGATTAAACTTGTCAAAGCGATGTTTTTG 

sh5 CCGGGCACGTCTATGGATGGCAAATCTCGAGATTTGCCATCCATAGACGTGCTTTTTG 

sh6 CCGGATGTGCTGGAACGGGAGTTTCCTCGAGGAAACTCCCGTTCCAGCACATTTTTTTG 

sh7 CCGGGCCTCTTTGATGTGTACCGTACTCGAGTACGGTACACATCAAAGAGGCTTTTTG 

sh8 CCGGTCATGCTGGCTGAGAACATTTCTCGAGAAATGTTCTCAGCCAGCATGATTTTTTG 

Übernommen aus Ehlers et al.55 

 

3.5 Differenzielle Analyse der Proteinexpression im Kontext von Entzündung 

Das oben geschilderte Vorgehen stellt den Kern dieser Arbeit dar. Der einwandfreie Nachweis 

der Oberflächenexpression von AMPD2 ist Basis aller weiteren Untersuchungen. Zudem diente 

der beschriebene Spezifitätsnachweis der Oberflächenfärbung als Grundlage für die folgende 
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Analyse des Expressionsverhaltens von eAMPD2 in Abhängigkeit von verschiedenen 

Kulturbedingungen. Hier bietet die Durchflusszytometrie die Möglichkeit, durch Kopplung von 

Antikörpern mit verschiedenen Fluoreszenzfarbstoffen multiple Immunzellpopulationen parallel 

zu untersuchen. Auf diese Weise war auch die vergleichende Betrachtung der Expression der 

Ektonukleotidasen CD39 und CD73 möglich. 

Das einleitend erörterte pro- und anti-inflammatorische Potential von Purinmetaboliten im 

extrazellulären Raum sowie die vorbeschriebenen Expressionsunterschiede der 

Ektonukleotidasen CD39 und CD73 im Rahmen von immunvermittelten Erkrankungen 

veranlassten uns zur Untersuchung der Oberflächenexpression von AMPD2 in diesem Kontext. 

Zu diesem Zweck wurden humane Immunzellen in vitro verschiedenen Immunstimuli 

ausgesetzt. Zum besseren Verständnis der Regulation wurde zusätzlich beispielhaft der 

Einfluss von Immunsuppressiva anhand von Dex und MTX sowie der Inhibition des sekre-

torischen Wegs mittels BFA und MN untersucht. Die Inkubationsbedingungen sind Tabelle 3.2 

zu entnehmen.  

Um auch den Einfluss inflammatorischer Zustände in vivo zu beleuchten, schlossen wir diesen 

Analysen die Untersuchung der Oberflächenexpression der Ektoenzyme auf PBMCs von 

Patient*innen mit RA im Vergleich zu einer gesunden Kontrollkohorte an. Die 

durchflusszytometrischen Messungen erfolgten entsprechend dem in Abschnitt 3.4.1 

geschilderten Vorgehen. 

Komplettiert wird dieser Abschnitt durch orientierende Experimente zur funktionellen Bedeutung 

von eAMPD2. 

 

3.5.1 Patientenkollektiv 

Es wurden 15 Patient*innen mit der klinischen Diagnose einer RA in unsere Untersuchungen 

eingeschlossen. Die Vorstellung erfolgte im Rahmen der Rh-GIOP-Studie der medizinischen 

Klinik mit Schwerpunkt Rheumatologie und Klinische Immunologie der Charité – 

Universitätsmedizin Berlin. Der Einschluss geschah unabhängig von der klinischen 

Krankheitsaktivität sowie der aktuellen immunsuppressiven Therapie. Die Krankheitsaktivität 

wurde anhand der schmerzhaften und geschwollenen Gelenke sowie der 

Entzündungsparaklinik (BSG, CRP) erfasst. Zusätzlich gewannen wir Proben gesunder 

Spender*innen, die hinsichtlich Geschlecht und Alter den Patient*innen angepasst auswählt 

wurden. Die Studie wurde in Einklang mit der Deklaration von Helsinki durchgeführt und die 

Blutentnahme erfolgte nach Aufklärung und mit schriftlichem Einverständnis auf Grundlage des 

Ethikvotums EA1/207/17 der Charité – Universitätsmedizin Berlin. 
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3.5.2 Bestimmung der Nukleosid- und Zytokinkonzentrationen 

Zur Messung der extrazellulären Adenosinkonzentration wurden CD14+ Monozyten für 

24 Stunden mit LPS und mit und ohne Zugabe von BFA stimuliert. Die Bestimmung der 

Adenosinkonzentration im Überstand erfolgte anschließend enzymatisch in einem 

fluorometrischen Assay (abcam).  

Die TNF-α-Sekretion von PBMCs wurde mittels ELISA (R&D Systems) aus dem Überstand 

bestimmt. Dazu wurden je 106 PBMCs zunächst für 30 Minuten mit ATP, Adenosin, IMP oder 

Inosin präinkubiert und anschließend für zwei Stunden mit LPS stimuliert. 

 

3.6 Statistische Analysen 

Die statistischen Analysen wurden mit dem Programm GraphPad Prism durchgeführt. Bei der 

Untersuchung der Proben der gleichen Spenderin unter variablen Inkubationsbedingungen 

wurde der nicht-parametrische Wilcoxon-Vorzeichen-Rang-Test für gepaarte Proben 

angewendet. Zum Vergleich verschiedener Spendergruppen wurde der nicht-parametrische 

Mann-Whitney Test genutzt. 

Zur Analyse der massenspektrometrischen Messungen wurde die Perseus Software (v1.6.2.1) 

verwendet. Der Vergleich der Proteinhäufigkeiten erfolgte mittels Zweistichproben-t-Test mit 

einem Grenzwert der Falscherkennungsrate von 5%. 

 

4. Ergebnisse 

Die im Folgenden aufgeführten Ergebnisse fanden Eingang in die Publikation:  

Ehlers L, Kuppe A, Damerau A, Wilantri S, Kirchner M, Mertins P, Strehl C, Buttgereit F, Gaber 

T. Surface AMP deaminase 2 as a novel regulator modifying extracellular adenine nucleotide 

metabolism. The FASEB Journal 2021;35(7):e21684. doi: 

https://doi.org/10.1096/fj.202002658RR 

 

4.1 Nachweis von AMPD2 an der Zelloberfläche 

Der Nachweis von AMPD2 an der Zelloberfläche erfolgte wie oben beschrieben in drei sich 

ergänzenden Schritten. Zuvor identifizierten wir mithilfe von Daten des Human Protein Atlas 

AMPD2 als häufigste Isoform der AMP-Desaminasen in humanen Leukozyten (Publikation 

Figure 2A55), sodass sich die im Folgenden dargestellten Ergebnisse auf dieses Isoenzym 

beschränken.60 

Der erste Nachweisschritt der Membranlokalisation bestand in der Herstellung einer geeigneten 

Membranfraktion gefolgt von der IP von AMPD2 mithilfe eines spezifischen Antikörpers. Als 

einleitendes Experiment zur Etablierung eines geeigneten Modellsystems untersuchten wir 
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zunächst orientierend die intrazelluläre und extrazelluläre Expression von AMPD2 in 

verschiedenen Zelllinien. Durchflusszytometrisch konnten wir AMPD2 an der Zelloberfläche 

nachweisen (Publikation Supplementary Figure 2A55). HEK293 und U-937 Zellen zeichneten 

sich durch die deutlichste Oberflächenexpression aus. Anhand dieser Zellen wurde die 

Membranständigkeit des Enzyms weiter untersucht. Zunächst bestätigten wir massen-

spektrometrisch die Identität des Zielproteins: Im Vergleich zur Isotypkontrolle wurde AMPD2 in 

der IP mittels Anti-AMPD2-Antikörper Klon QQ13 (log2(Anreicherungsfaktor)=16,30; 

-log10(p-Wert)=5,52 (LFQ)) signifikant angereichert und stellte das häufigste Protein dar. Die 

Spezifität ließ sich auch für den polyklonalen Anti-AMPD2-Antikörper 

(log2(Anreicherungsfaktor)=11,24; -log10(p-Wert)=6,22 (LFQ)) bestätigen (Publikation 

Supplementary Table S1, Supplementary Figure S2C55). Zweiter Baustein dieses Experiments 

war die Gewinnung einer Membranfraktion. Aufgrund des reichlichen Bestands an 

zytosolischem AMPD2 musste sich diese insbesondere durch eine große Reinheit auszeichnen. 

Durch Anpassung der Inkubationsbedingungen gelang die Isolation von Membranprotein mit 

minimaler zytosolischer Kontamination (Publikation Supplementary Figure 2D55). Diesen 

Etablierungsschritten folgte der Nachweis von membranständigem AMPD2 mittels Western Blot 

nach IP aus Membranfraktionen von HEK293 und U-937 Zellen (Abbildung 4.1a). Dieses 

Ergebnis ließ sich massenspektrometrisch bestätigen (log2(Anreicherungsfaktor)=5,82;  

-log10(p-Wert)=3,85 (LFQ)). Nach Etablierung im Modellsystem gelang gleichermaßen der 

Nachweis in humanen Monozyten ((log2(Anreicherungsfaktor)=4,2; -log10(p-Wert)=2,87 (LFQ)) 

(Abbildung 4.1a, Publikation Supplementary Table S455).  

Supplementary Figure S2D der Publikation55 zeigt, dass die in diesem Schritt verwendete 

Membranfraktion auch Anteile subzellulärer Membranen enthält. Aus diesem Grund folgte in 

einem nächsten Experiment der Oberflächennachweis von AMPD2 mittels Oberflächen-

biotinylierung von HMEC-1 und U-937 Zellen sowie CD14+ Monozyten (Abbildung 4.1b). 

Massenspektrometrisch bestätigte sich die signifikante Anreicherung von AMPD2 in der 

biotinylierten Fraktion im Vergleich zur nicht biotinylierten Kontrolle 

(log2(Anreicherungsfaktor)=3,70; -log10(p-Wert)=2,00 (LFQ)) (Publikation Figure 2D, 

Supplementary Table S255).  

Als dritte Säule etablierten wir den Nachweis von AMPD2 mittels Oberflächenfärbung. Der 

eingangs gezeigte durchflusszytometrische Nachweis von eAMPD2 auf verschiedenen 

Zelllinien wurde in diesem Schritt auch auf humanen Leukozyten erfolgreich durchgeführt. 

Einen Einfluss mangelnder Zellintegrität auf die Färbeintensität konnten wir mittels Annexin V 

und Dead Cell Removal ausschließen (Publikation Supplementary Figure S3F55). Die Färbung 

ließ sich erfolgreich mittels überschüssigen unkonjugierten Antikörpers blockieren (Publikation 

Supplementary Figure S1E55). Als weiteren Spezifitätsnachweis der Oberflächenfärbung 

etablierten wir eine stabile Reduktion der Genexpression von AMPD2 mittels RNA-Interferenz in 
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HEK293 und U-937 Zellen. Nach Bestätigung der Reduktion der intrazellulären und 

membranständigen AMPD2-Expression mittels Western Blot (Abbildung 4.1c) reproduzierten 

wir diesen Effekt durchflusszytometrisch in der Oberflächenfärbung (Abbildung 4.1c). In der 

Immunfluoreszenzmikroskopie konnten wir zudem die Lokalisation von eAMPD2 an der 

Zelloberfläche visualisieren (Abbildung 4.1d). 

Zusammenfassend konnten wir die Oberflächenexpression von AMPD2 auf humanen 

Leukozyten mit drei unabhängigen Methoden verifizieren. 

 

 

Abbildung 4.1 Oberflächenexpression von AMPD2. 
(a) Western Blot der IP von AMPD2 aus zytosolischen und Membranfraktionen von HEK293 Zellen, U-937 Zellen und 
CD14+ Monozyten gegenüber einer Isotypkontrolle (IP IgG). (b) Nachweis von AMPD2 im Western Blot nach 
Isolation des Oberflächenproteins mittels Oberflächenbiotinylierung (Oberfläche) im Vergleich zur nicht biotinylierten 
Kontrolle (Streptavidin). (c) Western Blot Analyse nach Knockdown von AMPD2 mittels RNA-Interferenz in HEK293 
und U-937 Zellen. Das nebenstehende Balkendiagramm zeigt die prozentuale Reduktion der Oberflächenfärbung in 
der Durchflusszytometrie nach Transduktion mit sh3 als Ratio der gMFI (Färbung/Kontrolle) im Vergleich zur 
Kontrolle mit scrambled shRNA. (d) Immunfluoreszenzmikroskopie von AMPD2 (grün), Aktin (rot) und DAPI (blau) am 
Beispiel von U-937 Zellen. Die Balkendiagramme zeigen Median und Maximum. ***p<0,001, Wilcoxon-Vorzeichen-
Rang-Test. Legende: gMFI, geometrisches Mittel der Fluoreszenzintensität; scr, scrambled. Modifiziert aus Ehlers et 
al.55 

 

4.2 Oberflächenexpression von AMPD2 auf humanen Immunzellen unter 

inflammatorischen Bedingungen 

Das zweite Ziel dieser Arbeit umfasste den Einfluss entzündlicher Verhältnisse auf die 

leukozytäre Expression von eAMPD2. In einem initialen Experiment an HEK293 und U-937 

Zellen zeigten wir zunächst grundsätzlich die Veränderlichkeit der eAMPD2-Expression. Die 

Inkubation mit BFA und MN – zwei Inhibitoren des sekretorischen Wegs – führte zu einer 

signifikanten Reduktion der Oberflächenexpression von AMPD2 (HEK293: BFA, p=0,0078 und 

MN, p= 0,0039; U-937: BFA, p=0,0039 und MN, p= 0,0039) (Publikation Supplementary Figure 
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S2I55). Nach erfolgreicher Etablierung der Oberflächenfärbung von eAMPD2 auf humanen 

Leukozyten untersuchten wir durchflusszytometrisch die differenzielle Expression auf 

verschieden Immunzellpopulationen. Es zeigte sich eine ausgeprägte Expression auf B-Zellen, 

Monozyten und Granulozyten, während die untersuchten T-Zell-Populationen (TH1-, TH2-, und 

TH17-Zellen, Tregs sowie CD8+ T-Zellen) eAMPD2 nur schwach oder gar nicht exprimierten 

(Abbildung 4.2a). Bezüglich der monozytären Subpopulationen stellten wir keine Unterschiede 

in der Expressionsintensität fest (Publikation Supplementary Figure S1E55).  

In einem nächsten Schritt interessierte uns der Einfluss inflammatorischer Stimuli auf die 

leukozytäre Oberflächenexpression von AMPD2. Zu diesem Zweck ermittelten wir zunächst die 

Kinetik der eAMPD2-Expression auf PBMCs unter Immunstimulation in vitro. Monozyten zeigten 

eine maximale Steigerung der Oberflächenexpression von AMPD2 nach 20-24-stündiger 

Inkubation mit LPS, während auf Lymphozyten keine Zunahme zu beobachten war (Publikation 

Supplementary Figure S3E55). Im Folgenden werden aus diesem Grund ausschließlich die 

monozytären Ergebnisse ausgeführt. Zunächst bestätigten wir den Anstieg der eAMPD2-

Expression auf Monozyten durch TLR-Stimulation über 24 Stunden im Vergleich zu 

unbehandelten Kontrollzellen. Agonisten an den TLR1-8 mit Ausnahme von TLR3 bewirkten 

eine signifikante Steigerung der Oberflächenexpression von AMPD2 (p=0,0156) 

(Abbildung 4.2b). Der ausgeprägteste Effekt wurde durch den TLR4-Agonisten LPS erzielt und 

konnte auf magnetisch sortierten CD14+ Monozyten in Monokultur reproduziert werden 

(Abbildung 4.2c). Die Steigerung der eAMPD2-Expression in stimulierten Monozyten konnten 

wir zudem mittels Western Blot von monozytären Membranfraktionen bestätigen (Publikation 

Figure 4F55). Darüber hinaus verifizierten wir die zuvor in Zelllinien demonstrierte Reduktion der 

eAMPD2-Expression durch Inhibition des Golgi-Transports (p=0,0078) (Abbildung 4.2c). 

Der Einfluss dieser Immunstimuli in Zellkultur legte zugleich die Frage nah, ob umgekehrt auch 

durch immunsuppressive Medikamente Einfluss auf die Oberflächenexpression von AMPD2 

genommen werden könnte. Beispielhaft untersuchten wir diesbezüglich den Effekt von Dex und 

MTX in vitro. Durch simultane Inkubation mit 10-5 M Dex – einer Konzentration, die einer 

Hochdosis-Glucocorticoidtherapie entspricht61 62 – wurde die monozytäre Expressionssteigerung 

von eAMPD2 durch LPS reduziert. Dieses Ergebnis erreichte jedoch nicht ganz die statistische 

Signifikanz (p= 0,0547) (Abbildung 4.2d). Die Inkubation mit Dex allein bewirkte hingegen einen 

signifikanten Anstieg der eAMPD2-Expression (p= 0,0078) (Publikation Supplementary Figure 

5B55). Im Gegensatz dazu hatte die Inkubation mit MTX keinen Einfluss auf die 

Oberflächenexpression von AMPD2 (Abbildung 4.2e). 

Nachdem wir die Veränderung der monozytären eAMPD2-Expression durch Immunstimulation 

in vitro nachweisen konnten, interessierte uns der Einfluss entzündlicher Zustände in vivo. Aus 

diesem Grund analysierten wir in der Folge PBMCs von Patient*innen mit RA im Vergleich zu 

geschlechts- und altersgematchten gesunden Kontrollen. Die Charakteristika der untersuchten 
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Individuen sind Table 3 der Publikation55 zu entnehmen. Die eAMPD2-Expression wurde 

unmittelbar nach Isolation sowie nach 24-stündiger Inkubation mit und ohne LPS ermittelt. Im 

Vergleich zur Kontrollgruppe zeigten Lymphozyten (p=0,0127) und Monozyten (p=0,0332) von 

RA-Patient*innen eine signifikant höhere Grundexpression von eAMPD2 (Abbildung 4.2f). Im 

Gegensatz dazu zeigten Monozyten nach LPS-Stimulation tendenziell eine geringere Zunahme 

des Expressionsniveaus im Vergleich zu den gesunden Spender*innen (p=0,1431) (Publikation 

Figure 6B55).  

 

 

Abbildung 4.2 eAMPD2-Expression unter inflammatorischen Bedingungen mittels 
Durchflusszytometrie. 
(a) eAMPD2 auf humanen Leukozytenpopulationen nach Gating entsprechend Abbildung 3.2. (b) eAMPD2 auf 
humanen Monozyten nach Immunstimulation durch Agonisten an TLR1/2 (Pam3SCK4), TLR3 (Poly (I:C)), TLR4 
(LPS), TLR5 (Flagellin), TLR2/6 (FSL-1), TLR7/8 (Resiquimod) und TLR9 (ODN 2006). (c) eAMPD2 auf humanen 
Monozyten nach Immunstimulation mit LPS und/oder Inhibition des sekretorischen Wegs mit BFA inkubiert in Co-
Kultur mit Lymphozyten (PBMC) oder als Monokultur nach magnetischer Zellsortierung mit Anti-CD14-MicroBeads 
(MACS). (d) eAMPD2 auf humanen Monozyten nach Immunstimulation mit LPS ± Dex. (e) eAMPD2 auf humanen 
Monozyten nach Inkubation mit LPS und/oder MTX. (f) Expression von eAMPD2, CD39 und CD73 auf PBMCs von 
gesunden Spender*innen (HC) im Vergleich zu RA-Patient*innen (RA). Boxplots zeigen Median, oberes und unteres 
Quartil sowie Minimum und Maximum; Balkendiagramme zeigen Median und Maximum; Linien im Streudiagramm 
entsprechen dem Median. (b-e) *p<0,05, **p<0,01 im Vergleich zur unbehandelten Kontrolle, #p<0,01 im Vergleich 
zu LPS, Wilcoxon-Vorzeichen-Rang-Test. (f) *p<0,05, Mann-Whitney Test. Legende: BFA, Brefeldin A; ctrl, 
unbehandelte Kontrolle; Dex, Dexamethason; gMFI, geometrisches Mittel der Fluoreszenzintensität; HC, gesunde 
Kontrollen; LPS, Lipopolysaccharid; MTX, Methotrexat; TLR, Toll-like-Rezeptor. Modifiziert aus Ehlers et al.55 
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Insgesamt zeigen diese Ergebnisse eine Steigerung der eAMPD2-Expression durch 

inflammatorische Einflüsse sowohl in vitro als auch in vivo. 

 

4.3 Regulation und anti-inflammatorisches Potential extrazellulärer 

Adeninmetabolite 

Nachdem wir Veränderungen der eAMPD2-Expression unter inflammatorischen Bedingungen 

zeigen konnten, untersuchten wir als drittes Ziel dieser Arbeit näherungsweise die funktionelle 

Bedeutung der Desaminase auf der Zelloberfläche. Entsprechend unserer in Abbildung 2.1 

dargestellten Hypothese vermuteten wir eine Reduktion der extrazellulären Adenosinproduktion 

als Folge des vermehrten AMP-Verbrauchs durch eAMPD2. Folglich untersuchten wir den 

Adenosingehalt im Überstand von Immunzellen unter Bedingungen hoher und niedriger 

eAMPD2-Expression. Entgegen unserer ursprünglichen Annahme sahen wir im Überstand von 

CD14+ Monozyten nach Stimulation mit LPS – dem Zustand maximaler eAMPD2-Expression – 

die höchste extrazelluläre Adenosinkonzentration. In der unbehandelten Kontrolle sowie nach 

zusätzlicher Inhibition des Golgi-Transports – Bedingungen mit moderater eAMPD2-

Expression – zeigten sich niedrigere Niveaus für eADO (Publikation Figure 6C55).  

Neben dem Einfluss auf den extrazellulären Adenosinhaushalt stellt die extrazelluläre IMP-

Produktion einen bedeutenden neuen Aspekt der Beschreibung von eAMPD2 als Ektoenzym 

dar. Um die Bedeutung dieses Metaboliten im Kontext von Entzündung zu untersuchen, 

präinkubierten wir PBMCs mit verschiedenen Adeninderivaten und bestimmten die TNF-α-

Sekretion nach Immunstimulation. Im Vergleich zur unbehandelten Kontrolle war die TNF-α-

Konzentration im Überstand nach Behandlung mit IMP reduziert (Publikation Figure 6D55). 

Diese Untersuchungen zeigen das anti-inflammatorische Potential von extrazellulärem IMP auf 

humane Immunzellen, während sich eine Reduktion der eADO-Produktion im Kontext einer 

hohen eAMPD2-Expression nicht nachweisen ließ.  

 

5. Diskussion 

Diese Arbeit zeigte erstmals die Bedeutung der AMP-Desaminase 2 im extrazellulären 

Purinstoffwechsel von Immunzellen. Durch die kombinierte Anwendung von Methoden der 

Proteomanalytik und Oberflächenfärbungen identifizierten wir eAMPD2 als neues Ektoenzym 

auf primären humanen Leukozyten mit einer gesteigerten Expression nach Immunstimulation in 

vitro sowie bei RA-Patient*innen. Die erhöhte Expression war nicht mit einer Reduktion des 

eADO-Gehalts verbunden, während IMP anti-inflammatorische Wirkung zeigte. Mögliche 

Mechanismen der Membranlokalisation von AMPD2 werden im Diskussionsteil der dieser 

Dissertationsschrift zugrundeliegenden Publikation55 besprochen. In den folgenden Abschnitten 
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steht die pathophysiologische Rolle der AMP-Desaminierung sowie ihre Einordnung in den 

extrazellulären Purinmetabolismus im Mittelpunkt. 

 

5.1 Pathophysiologische Bedeutung von AMPD2 

Die Erstbeschreibung der Oberflächenexpression von AMPD2 auf humanen Immunzellen 

ordnet dieses Enzym in den neuen Kontext des extrazellulären Purinmetabolismus ein. Im 

Rahmen dieser Diskussion soll die Rolle der extrazellulären AMP-Desaminierung umfänglich 

diskutiert werden. Zu diesem Zweck ist es hilfreich, auch die Physiologie des zytosolischen 

Enzyms zu berücksichtigen. Mit der Desaminierung von AMP zu IMP katalysiert AMPD einen 

von drei Schritten des Purinnukleotidzyklus.63 Dieser erstmals 1971 von Lowenstein 

beschriebene Stoffwechselweg recycelt AMP über zwei Zwischenschritte unter Produktion von 

Ammoniak und Fumarat.64 Damit sichert AMPD einerseits das intrazelluläre Gleichgewicht der 

Purinnukleotide und ist indirekt über Intermediate am Citratzyklus beteiligt.63 Durch den 

alternativen Abbau von AMP hat AMPD zudem Einfluss auf die für den zellulären Energiestatus 

bedeutsame ATP:AMP-Ratio: Plaideau et al. wiesen einen Anstieg von AMP durch 

pharmakologische Inhibition von AMPD sowie im Skelettmuskel von Mäusen mit einem 

Knockout des AMPD1-Gens nach.65 Dieser Anstieg ging mit einer gesteigerten Aktivität der 

AMP-aktivierten Proteinkinase (AMPK) – dem Energiesensor der Zelle – einher. Die 

Autor*innen diskutieren in diesem Kontext einen Benefit der AMPD-Inhibition durch vermehrte 

AMPK-Aktivierung in Energie-depletierten Zellen. Eine Aktivierung der AMPK durch Hemmung 

von AMPD ist auch als Wirkmechanismus von Metformin diskutiert worden.66 Umgekehrt 

argumentieren Hancock et al., dass die Aktivität von AMPD die Akkumulation von 

intrazellulärem AMP verhindert und somit die Regeneration von ATP durch die Adenylatkinase 

ermöglicht.67 Diese Ambiguität spiegelt sich auch in den beschriebenen klinischen 

Konsequenzen einer veränderten AMPD-Aktivität wider. Bereits 1978 wiesen Fishbein et al. 

einen muskulären AMPD-Mangel bei Patienten mit Muskelschwäche und –krämpfen nach.68 Im 

Gegensatz dazu zeigten Norman et al. die hohe Prävalenz dieses Enzymmangels in Individuen 

ohne muskuläre Beschwerden.69 Untersuchungen am Herzmuskel weisen hingegen auf den 

potentiellen Nutzen einer reduzierten AMPD-Aktivität hin. Bei Patient*innen mit Herzinsuffizienz 

war das Vorliegen von Nonsense-Mutationen in AMPD1, die mit einer reduzierten Aktivität der 

AMP-Desaminase einhergehen, mit einer besseren Prognose assoziiert.70 71 Smolenski et al. 

diskutieren die größere Verfügbarkeit von Adenosin und dessen kardioprotektive Effekte als 

mögliche zugrundeliegende Mechanismen.72 Durch Reduktion der AMP-Desaminierung wird 

AMP vermehrt über 5’-Nukleotidasen zu Adenosin verstoffwechselt. Tatsächlich konnten im 

Skelettmuskel homozygoter Träger*innen der C34T Nonsense-Mutation erhöhte 

Adenosinkonzentrationen im Vergleich zu heterozygoten Individuen nachgewiesen werden.73 
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Während Veränderungen der muskulären AMPD1 somit mit einem milden klinischen Phänotyp 

einhergehen, führen Mutationen von AMPD2 zu Pontozerebellärer Hypoplasie Typ 9, einem 

Krankheitsbild mit schwerer neurologischer Entwicklungsstörung.74 Pathophysiologisch konnte 

in Fibroblasten von betroffenen Patient*innen eine Reduktion des GTP-Gehalts nachgewiesen 

werden, der mit einer Beeinträchtigung der Proteinbiosynthese einhergeht.75  

Im Mittelpunkt dieser Dissertation steht jedoch im Gegensatz zur bisher geschilderten 

Pathophysiologie weniger die Bedeutung von AMPD in der Bereitstellung von Zellbausteinen 

und Energie, sondern vielmehr ihre Relevanz in Bezug auf Entzündungsmediation. In diesem 

Kontext ist insbesondere der Wirkmechanismus von MTX von Interesse. Neben der Hemmung 

der Dihydrofolatreduktase wird die Beteiligung eines weiteren Enzyms an der Wirkung des 

immunmodulatorischen Medikaments diskutiert. MTX-Polyglutamate hemmen die 5-

Aminoimidazol-4-carboxamid-Ribonukleotid (AICAR)-Formyltransferase (ATIC).76 Cronstein et 

al. zeigten passend dazu erhöhte Konzentrationen von AICAR unter MTX-Therapie.77 Dieser 

Metabolit steigert durch Hemmung von AMPD und ADA die Verfügbarkeit von anti-

entzündlichem Adenosin.78 Die Vermittlung der anti-inflammatorischen Wirkung von MTX durch 

eADO konnte durch Umkehr der Effekte mithilfe von Adenosinrezeptor-Antagonisten bestätigt 

werden.77 Während dieser Mechanismus jedoch auf der Hemmung der zytosolischen Enzyme 

beruht und den Transport der Adeninmetabolite über die Plasmamembran voraussetzt, 

beschreiben wir mit eAMPD2 einen neuen direkten Mediator des extrazellulären 

Adenosinhaushalts von Immunzellen. 

 

5.2 eAMPD2 im Kontext des extrazellulären Purinmetabolismus 

Der extrazelluläre Purinmetabolismus stellt ein komplexes System dar, das multiple potentielle 

pharmakotherapeutische Angriffspunkte bietet. Beispielsweise hemmt Clopidogrel als 

Antagonist am P2Y12-Rezeptor die ADP-abhängige Thrombozytenaggregation, während 

Dipyridamol die Aufnahme von eADO über ENT verhindert und eine Adenosin-vermittelte 

Vasodilatation hervorruft.79 Der Nutzen dieser Mechanismen in der Therapie inflammatorischer 

Erkrankungen wurde kürzlich im Rahmen der TIMERA (Ticagrelor in Methotrexate-Resistant 

Rheumatoid Arthritis)-Studie untersucht.80 Eine kleine Kohorte von Patient*innen mit MTX-

resistenter RA erhielt neben MTX über einen Monat Ticagrelor – einen 

Thrombozytenaggregationshemmer, der neben dem P2Y12-Antagonismus den 

Adenosintransporter ENT1 hemmt. Es wurde eine Reduktion der Krankheitsaktivität unter der 

zusätzlichen Therapie beobachtet, die die Autor*innen auf einen Anstieg von anti-

inflammatorischem eADO zurückführen. Das bessere Verständnis des extrazellulären 

Purinhaushalts im Rahmen von Entzündung ist somit auch bedeutsam für die Entwicklung 

neuer therapeutischer Ansätze. 
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Die Oberflächenexpression von AMPD2 bietet drei potentielle Einflussmöglichkeiten auf den 

extrazellulären Purinmetabolismus: (i) durch den beschleunigten Abbau von extrazellulärem 

ATP, (ii) durch eine Reduktion von eADO durch alternativen Abbau des Ausgangsstoffs AMP 

und (iii) durch die extrazelluläre Produktion von IMP. Unsere Analysen der 

Adenosinkonzentration im Überstand weisen darauf hin, dass die Limitation der eADO-

Produktion eine untergeordnete Rolle spielt. Mit der Reduktion des extrazellulären ATP-Gehalts 

hingegen würde eAMPD2 eine synergistische Funktion mit CD39 zukommen. Diese Hypothese 

ist im Einklang mit dem von uns beschriebenen Expressionsmuster des Ektoenzyms. Unsere 

Analysen zeigten eine ausgeprägte Oberflächenexpression von AMPD2 auf B-Zellen, 

Monozyten und Granulozyten. Damit ähnelt sie der von CD39.81-84 Übereinstimmungen in der 

Regulation der beiden Ektoenzyme wurden auch in der Korrelation der monozytären 

Grundexpression (Publikation Supplementary Figure 4B55) sowie einer vergleichbaren 

Modulation durch TLR-Stimulation (Publikation Figure 4B55) deutlich. Dieses synchrone 

Verhalten von eAMPD2 und CD39 könnte auf eine gemeinsame Rolle in der 

Entzündungskontrolle durch Beschleunigung des ATP-Abbaus hindeuten. Die anti-

inflammatorische Funktion von CD39 zeigten Finn et al. 2015, indem sie eine verminderte 

Sekretion von Entzündungsmediatoren durch Überexpression von CD39 und CD73 in 

Fibroblasten-artigen Synoviozyten nachwiesen.85 Umgekehrt fallen CD39-/- Mäuse durch 

Gefäßentzündung auf.86 Für eAMPD2 liegen vergleichbare Daten noch nicht vor. Eine 

Steigerung der intrazellulären AMPD2-Expression unter Einfluss pro-inflammatorischer Zytokine 

konnten Endo et al. jedoch 2014 in Chondrozyten nachweisen.87  

CD73 wird neben Immunzellen (dendritische Zellen, B-Zellen, zytotoxische T-Zellen) auch auf 

mesenchymalen Stromazellen sowie Endothelzellen exprimiert.82 83 88-91 Im Gegensatz zu CD39 

ist die Expression dieser Ektonukleotidase auf Monozyten jedoch minimal (Publikation 

Supplementary Figure S4D55). Ausgeprägt ist CD73 hingegen auf Makrophagen zu finden.92-94 

Diese vorherrschende Rolle auf gewebeständigen Zelltypen ist vereinbar mit der kurzen 

Halbwertszeit von Adenosin, die eine Produktion am Ort des Entzündungsgeschehens 

erforderlich macht.95 Im Gegensatz dazu wird mit der Oberflächenexpression von AMPD2 IMP 

als langlebigerer anti-entzündlicher Mediator eingeführt, der das bestehende System der 

Ektonukleotidasen ergänzt. Viegas et al. wiesen für Inosinderivate eine Halbwertszeit von 

15 Stunden nach.96 Zusätzlich zeigten Qiu et al. eine Reduktion der Migration neutrophiler 

Granuloyzten unter Einfluss von IMP.97 Unser Nachweis des anti-inflammatorischen Potentials 

von extrazellulärem IMP unterstützt die Hypothese von eAMPD2 als zusätzlichem Mediator des 

entzündlichen Milieus. Damit stehen unsere Ergebnisse im Gegensatz zur Aussage von 

Magalhães-Cardoso et al., die in ihrer Beschreibung von eAMPD an der neuromuskulären 

Endplatte IMP als „inaktiven Metaboliten [Übersetzung der Autorin]“ (S. 400)98 bezeichnen. 
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Um die klinische Relevanz dieser Hypothese zu überprüfen, analysierten wir die eAMPD2-

Expression auf PBMCs von RA-Patient*innen im Vergleich zu gesunden Kontrollspender*innen. 

Das erhöhte Expressionsniveau der Patientengruppe könnte einen Gegenregulations-

mechanismus zur Eindämmung des chronischen Inflammationszustands darstellen, indem 

einerseits der Abbau von pro-inflammatorischem ATP beschleunigt wird und andererseits 

vermehrt entzündungshemmendes IMP entsteht. Eine Hochregulation bei chronisch-

inflammatorischen Erkrankungen wurde zuvor auch für andere Proteine im extrazellulären 

Purinstoffwechsel beschrieben. Beispielhaft seien hier die Steigerung der Expression von CD39 

und CD73 auf Monozyten von Uveitispatient*innen, von CD73 und dem A2AR auf synovialen 

neutrophilen Granulozyten und Monozyten im CIA-Mausmodell sowie die synoviale 

Anreicherung FOXP3+CD39+ Tregs bei RA-Patient*innen genannt.33 99 100 Die Regulation des 

extrazellulären Adenosinhaushalts ist jedoch komplex. So ist für Patient*innen mit 

ankylosierender Spondylitis und Psoriasis eine Reduktion der Expression von CD39, CD73, 

A1R und A2BR auf Makrophagen bzw. Tregs beschrieben. Eine signifikante Reduktion der 

lymphozytären CD39-Expression identifizierten wir auch in unserer RA-Kohorte. Signifikante 

Veränderungen der CD39- und CD73-Expression auf Monozyten waren nicht nachzuweisen 

(Abbildung 4.2f). Limitierend ist an dieser Stelle jedoch anzumerken, dass für eine differenzierte 

Analyse eine größere Patientenzahl sowie die detaillierte Betrachtung der verschiedenen 

Lymphozytenpopulationen notwendig wäre. Insgesamt lassen sich die beobachteten 

Veränderungen der Protagonisten des extrazellulären Adenosinstoffwechsels wie folgt 

interpretieren: Einerseits könnte eine verminderte extrazelluläre Adenosinproduktion einen 

Entzündungszustand hervorrufen oder aufrechterhalten und somit zur Pathogenese beitragen. 

Umgekehrt würde eine Hochregulation entsprechend einen Kontrollmechanismus darstellen, 

der dem Entzündungsprozess entgegenwirkt. Beide Erklärungsansätze legen einen potentiellen 

therapeutischen Angriffspunkt im extrazellulären Purinstoffwechsel bei der Behandlung 

chronisch-entzündlicher Zustände nahe. Ein spiegelbildliches Konzept befindet sich zur 

Therapie von Krebserkrankungen bereits in der klinischen Testung: Durch Blockade der 

Adenosinproduktion oder –wirkung wird ein Milieu geschaffen, das eine effizientere Anti-Tumor-

Immunität erlaubt.35-39 

 

5.3 Limitationen und Ausblick 

In dieser Arbeit konnten wir erstmals die Oberflächenexpression von AMPD2 auf verschiedenen 

humanen Leukozytenpopulationen nachweisen und fanden Expressionsunterschiede unter 

inflammatorischen Bedingungen. Während diese Ergebnisse die Grundlage für die weitere 

Entschlüsselung der extrazellulären AMP-Desaminierung legen und das System der 

Ektoenzyme um einen weiteren Baustein ergänzen, sind weitere Analysen erforderlich, um die 
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Funktionalität und pathophysiologische Bedeutung von eAMPD2 zu verifizieren. Mit der 

Bestimmung des Adenosingehalts im Überstand CD14+ Monozyten im Zustand niedriger und 

hoher eAMPD2-Expression zeigten wir, dass eine erhöhte Oberflächenexpression von AMPD2 

nicht mit einer Reduktion der extrazellulären Adenosinkonzentration verbunden war. Limitierend 

ist an dieser Stelle jedoch anzuführen, dass die Aktivität der Ektonukleotidasen CD39 und 

CD73 und damit deren Einfluss auf die Adenosinproduktion in diesem experimentellen Ansatz 

nicht eliminiert wurde, sodass die Bedeutung von eAMPD2 nur näherungsweise abgeleitet 

werden kann. Um diese differenzierter zu analysieren, wäre die isolierte Ausschaltung von 

eAMPD2 mittels Inhibition oder Gen-Knockout in einem zukünftigen Experiment notwendig. 

Ähnlich verhält es sich mit der extrazellulären IMP-Produktion. Während der Nachweis des anti-

entzündlichen Effekts von IMP das Modell von eAMPD2 als Modulator des inflammatorischen 

Milieus unterstützt, setzt diese Annahme die Funktionalität des Enzyms in der Plasmamembran 

voraus. Ein Funktionsnachweis wäre zur weiteren Beurteilung der physiologischen Relevanz 

des Ektoenzyms folglich essentiell. Dieser würde die Bestimmung von extrazellulärem AMP und 

IMP im Überstand in An- und Abwesenheit von eAMPD2 erfordern. Aufgrund der molekularen 

Ähnlichkeit von AMP und IMP ist eine solche Analyse methodisch anspruchsvoll. Folglich 

werden weitere Studien notwendig sein, um die Funktionalität von eAMPD2 einwandfrei zu 

belegen. 

Ergänzende Untersuchungen sind ebenfalls erforderlich, um die Regulation der eAMPD2-

Expression im Detail zu eruieren. Während wir in der Analyse von PBMCs eine Hochregulation 

von eAMPD2 bei RA-Patient*innen nachweisen konnten, bleibt offen, welche Leukozyten-

subpopulationen Anteil an dieser Expressionssteigerung haben. Eine differenzierte Analyse 

verschiedener Lymphozytengruppen sowie der Co-Expression von CD39 und CD73 wäre 

wünschenswert, um die Rolle von eAMPD2 im extrazellulären Purinstoffwechsel besser zu 

verstehen. 

Ebenso erlaubt die Größe unserer Patientenkohorte nur eine orientierende Analyse des 

Einflusses von Krankheitsaktivität und immunmodulierenden Medikamenten auf die Expression 

von eAMPD2. Wir sahen weder eine Korrelation mit der Höhe des CRP-Werts als Marker für die 

Entzündungsaktivität noch mit der Höhe der aktuellen Glucocorticoiddosis. Aufgrund der kleinen 

Patientenzahl schließen diese Ergebnisse einen tatsächlichen Zusammenhang jedoch nicht 

aus. Weitere Studien, die eine solche Assoziation untersuchen, wären von Interesse, um 

eAMPD2 in die Pathophysiologie chronischer Entzündung einzuordnen. 

In Bezug auf die klinische Einordnung unserer Ergebnisse interessiert eAMDP2 insbesondere 

als möglicher pharmakologischer Angriffspunkt. Zwar wurde die AMPD-Inhibition in anderem 

Kontext bereits als therapeutische Zielstruktur untersucht. Jedoch ist bei Hemmung der 

intrazellulären AMP-Desaminierung stets auch von umfangreichen metabolischen 

Konsequenzen auszugehen. Das selektive Ansteuern von eAMPD2 böte insofern den Vorteil 
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der gezielteren Beeinflussung des extrazellulären Purinmetabolismus und seiner Rolle in der 

Entzündungsmediation. Je nach klinischem Kontext können hier sowohl eine gesteigerte als 

auch eine reduzierte Wirkung anti-inflammatorischer Purinmetabolite wünschenswert sein. Dies 

ist vergleichbar mit der Beeinflussung der extrazellulären Adenosinwirkung. Während 

Inhibitoren von CD73 in der Therapie onkologischer Erkrankungen die Anti-Tumor-Immunität 

verstärken sollen,35 wird das anti-entzündliche Potential von Adenosinrezeptor-Agonisten in der 

Therapie inflammatorischer Erkrankungen evaluiert.101 102 

Der Nutzen einer selektiven Hemmung von eAMPD2 im Gegensatz zu intrazellulärem AMPD2 

lässt sich zudem am Beispiel der Adenosin-Desaminasen verdeutlichen. Im Gegensatz zur 

intrazellulären ADA1 liegt ADA2 gebunden an CD26 extrazellulär vor. Obwohl beide Enzyme 

die Desaminierung von Adenosin katalysieren, führen Loss-of-Function-Mutationen der 

jeweiligen Gene klinisch zu unterschiedlichen Krankheitsbildern.103 104 Auch experimentell 

konnte die Bedeutung der Enzymlokalisation für die resultierende Pathophysiologie untermauert 

werden. In Endothelzellen aus humanen Nabelschnurvenen (HUVEC) führte die Reduktion der 

ADA2-Expression zur vermehrten Expression von Interferon-β trotz unbeeinträchtigter 

intrazellulärer ADA1-Aktivität. Durch extrazelluläre Zugabe von ADA1 zu siADA2-transfizierten 

Zellen konnte dieser Anstieg der Zytokinexpression jedoch reduziert werden.105 Diese 

Ergebnisse unterstützen die Annahme einer eigenständigen Bedeutung der extrazellulären 

Enzymfunktion unabhängig von der Aktivität der intrazellulären Varianten. Das Verständnis der 

Oberflächenexpression von AMPD2 legt somit die Grundlage für die Etablierung eines weiteren 

therapeutischen Angriffspunkts im extrazellulären Purinmetabolismus.  
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Folgende experimentelle Arbeiten wurden von Lisa Ehlers eigenständig geplant und 

durchgeführt: 

- Etablierung der experimentellen Methoden anhand von Zelllinien 

- Isolation von humanen Leukozyten mittels Erythrolyse und von PBMCs mittels 
Dichtegradientenzentrifugation 

- Anreicherung von Immunzellpopulationen mittels magnetischer Zellseparation, 

Ausschluss von Zellen mit eingeschränkter Vitalität mittels Dead Cell Removal 
- Zellkultur inklusive Etablierung verschiedener Methoden der Immunstimulation und 

Inhibition des sekretorischen Wegs 

- Reduktion der Genexpression von AMPD2 mittels RNA-Interferenz in verschiedenen 
Zelllinien: Transfektion zur Herstellung eines transienten Knockdowns, Produktion 

lentiviraler Partikel, Transduktion und Selektion erfolgreich transduzierter Zellen, 
Überprüfung der Proteinexpression mittels Western Blot 
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- Anreicherung von Oberflächenprotein mittels Membranfraktionierung und 

Oberflächenbiotinylierung mit Streptavidin-basiertem Pulldown  
- Bestimmung der Proteinkonzentration mittels BCA Assay 

- Proteinanreicherung durch Immunpräzipitation  

- Proteinnachweis mittels SDS-PAGE und Western Blot 
- Vorbereitung der angereicherten Proben für die massenspektrometrische Analyse 

- Etablierung und Durchführung einer Oberflächenfärbung von AMPD2 sowie 
anschließende durchflusszytometrische Messung der Zellen, Entwicklung eines 

durchflusszytometrischen Panels zur parallelen Analyse mehrerer Oberflächenproteine 

- fluorometrische Bestimmung der Adenosinkonzentration 

Folgende Experimente wurden unter Beteiligung der Co-Autor*innen durchgeführt: 

- Immunfluoreszenzmikroskopie in Zusammenarbeit mit Alexandra Damerau 

- durchflusszytometrische Analyse der T-Zell-Populationen in Zusammenarbeit mit Siska 

Wilantri 
- Bestimmung von TNF-α im Überstand mittels ELISA in Zusammenarbeit mit Alexandra 

Damerau 
- massenspektrometrische Analysen durch Dr. Marieluise Kirchner 

  

Datenauswertung 

Lisa Ehlers führte selbstständig die Auswertung der Daten durch. Dies umfasste die folgenden 

Analysen:  

- Auswertung der klinischen Parameter der RA-Kohorte 

- Analyse der Aminosäuresequenz von AMPD2 in Bezug auf das Vorliegen möglicher 
Membrandomänen mithilfe der Server UniProt, TMHMM und PSIPRED 

- Auswertung des Proteinsignals im Western Blot mittels ImageJ 

- Analyse der durchflusszytometrischen Daten mittels FlowJo 
- Zusammenstellung der Ergebnisse in Microsoft Excel sowie deren statistische 

Auswertung mit GraphPad Prism 

Die Auswertung der massenspektrometrischen Ergebnisse wurde durch Dr. Marieluise Kirchner 

vorgenommen. 

 

Verfassung und Veröffentlichung des wissenschaftlichen Manuskripts 

Die strukturelle Planung des Manuskripts erfolgte in Zusammenarbeit mit dem 

Promotionsbetreuer Dr. Timo Gaber. Lisa Ehlers verfasste eigenständig das wissenschaftliche 

Manuskript mit Ausnahme der Abschnitte 2.10 und 2.11, die von Dr. Marieluise Kirchner 

beigetragen wurden.  

Mit Ausnahme der Figure 2D (Dr. Marieluise Kirchner) wurden alle Abbildungen und Tabellen 

durch Lisa Ehlers erstellt. Figure 3B entstand in Zusammenarbeit mit Alexandra Damerau und 

Figure S1A in Zusammenarbeit mit Siska Wilantri. Generiert wurden die Abbildungen unter 

Verwendung von GraphPad Prism.  
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Lisa Ehlers war hauptverantwortlich für den Einreichungs- und Veröffentlichungsprozess des 

wissenschaftlichen Manuskripts. Dies beinhaltet das Verfassen des Anschreibens, die 

Überarbeitung des Manuskripts im Rahmen des Revisionsprozesses und die Durchführung der 

dafür erforderlichen Experimente sowie das Verfassen des Antwortschreibens an die 

Gutachter*innen. 

 

 

____________________________ 

Unterschrift, Datum und Stempel des erstbetreuenden Hochschullehrers 

 

 

____________________________ 

Unterschrift der Doktorandin 
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Abstract

Adenine nucleotides represent crucial immunomodulators in the extracellular envi-

ronment. The ectonucleotidases CD39 and CD73 are responsible for the sequen-

tial catabolism of ATP to adenosine via AMP, thus promoting an anti- inflammatory 

milieu induced by the “adenosine halo”. AMPD2 intracellularly mediates AMP 

deamination to IMP, thereby both enhancing the degradation of inflammatory ATP 

and reducing the formation of anti- inflammatory adenosine. Here, we show that 

this enzyme is expressed on the surface of human immune cells and its predomi-

nance may modify inflammatory states by altering the extracellular milieu. Surface 

AMPD2 (eAMPD2) expression on monocytes was verified by immunoblot, surface 

biotinylation, mass spectrometry, and immunofluorescence microscopy. Flow cy-

tometry revealed enhanced monocytic eAMPD2 expression after TLR stimulation. 

PBMCs from patients with rheumatoid arthritis displayed significantly higher levels 

of eAMPD2 expression compared with healthy controls. Furthermore, the product of 

AMPD2— IMP— exerted anti- inflammatory effects, while the levels of extracellular 

adenosine were not impaired by an increased eAMPD2 expression. In summary, our 

study identifies eAMPD2 as a novel regulator of the extracellular ATP- adenosine 

balance adding to the immunomodulatory CD39- CD73 system.
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1 |  INTRODUCTION

In recent years, extracellular adenosine (eADO) has emerged 

as an important factor in the pathogenesis of immune- 

mediated and neoplastic diseases.1,2 eADO is mainly provided 

by the degradation of extracellular ATP (eATP) through the 

subsequent action of different ectonucleotidases.3 The pro-

cess of enzymatic ADO production is subdivided into two 

interacting pathways: the more prominent canonical pathway 

and the alternative pathway. The canonical pathway consists 

of the rate- limiting ectonucleoside triphosphate diphospho-

hydrolase- 1 (CD39) and the ecto- 5'- nucleotidase (CD73). 

While CD39 catalyzes the dephosphorylation of ATP and 

ADP to AMP, CD73 mediates the phosphorolytic cleavage 

of the latter, thereby producing ADO.4 On the other hand, the 

alternative pathway involves the conversion of extracellular 

NAD+ to ADP ribose by CD38, followed by AMP produc-

tion by CD203a/PC- 1.5,6 These pathways of ADO genera-

tion are completed by an additional ectoenzyme— adenosine 

deaminase— that terminates ADO action by deamination to 

inosine.7 Beyond ectoenzyme activity, extracellular adenine 

nucleotide levels are determined by cellular uptake and re-

lease via channel proteins and nucleoside transporters.8- 11

Extracellular purine metabolites signal via two major 

classes of receptors: P2 receptors mediate the action of purine 

nucleotides like ATP. The P1 receptor family, on the other 

hand, consists of four ADO receptors (A1R, A2AR, A2BR, 

A3R) that signal via different G- proteins.12 Purinergic recep-

tors are expressed ubiquitously throughout different tissues 

and elicit a myriad of effects.13 Our work focuses on the role 

of adenine nucleotides in the context of inflammation.

The increasing understanding of the regulation of eADO 

production as well purinergic signaling has enhanced the de-

velopment of therapeutic concepts involving adenosinergic 

pathways.1,12,14,15 eATP is released from cells under condi-

tions of stress and inflammation, thereby functioning as an 

alarm in provoking a pro- inflammatory reaction.16- 23 In con-

trast, eADO represents a potent anti- inflammatory agent.24- 33 

Anti- inflammatory effects of eADO have mainly been at-

tributed to the activation of A2R and A3R and agonists of 

these receptors are currently being evaluated as therapeutic 

agents to treat inflammatory conditions.34- 38

Besides ADO receptors, leukocytes are also equipped with 

ectonucleotidases permitting a regulation of the inflamma-

tory environment by both ATP breakdown and ADO genera-

tion. CD39 and CD73 are differentially expressed on distinct 

immune cell subsets. While CD39 expression is present in the 

majority of neutrophils, dendritic cells (DC), monocytes and 

B lymphocytes (BL) as well as a subset of regulatory T cells 

(Treg), CD73 is expressed by DCs, BLs, cytotoxic T cells, 

and several non- immune cells like mesenchymal stromal cells 

(MSC) and endothelial cells.39- 46 In contrast, only a small subset 

of CD4+ T helper (TH) cells is characterized by CD39 or CD73 

expression.47 Recent research has revealed a dysregulation of 

the adenosinergic system in many autoimmune diseases.48- 51

Conversely, enhanced tumor growth has been ascribed to a 

surplus of anti- inflammatory eADO.52- 55 Therefore, blocking 

eADO generation or ADO receptor signaling might eliminate 

the protective “adenosine halo” and restore an environment 

permitting an effective anti- tumor immune response.2,12,56 

Recent approaches examining this therapeutic concept have 

yielded promising results.57- 61 These findings demonstrate 

the clinical relevance of adenosinergic signaling and high-

light the importance of a deep understanding of extracellular 

purine metabolism.

In this context, we noticed that the ensemble of ectoen-

zymes implicated in the regulation of extracellular adenine 

nucleotides is incomplete compared with the complex net-

work of reactions involved in intracellular purine metab-

olism.62 While AMP deamination substantially modifies 

cytosolic purine content, it has hitherto not been recognized 

as an essential reaction in the extracellular space. Although 

previous studies have reported attachment of AMP deami-

nases (AMPDs) to the muscle surface and the inner erythro-

cyte membrane,63- 66 surface expression of AMPD in human 

leukocytes has not yet been described. AMPDs are respon-

sible for the conversion of AMP to IMP by hydrolyzing the 

amino group from the 6- position of the adenine nucleotide 

ring. In contrast to adenine nucleot(s)ides, the immunomod-

ulatory role of IMP in the extracellular space remains un-

clear. AMP deamination facilitates the removal of AMP that 

accumulates in states of energy depletion. By increasing the 

ATP:AMP ratio, AMPDs promote energy yield from ATP 

hydrolysis.62,67- 69 At the same time, AMPDs compete with 

5′- nucleotidases for AMP supply, thereby impeding the for-

mation of anti- inflammatory ADO. Conversely, loss of func-

tion mutations in the AMPD genes as well as the development 

of AMPD inhibitors have shown that reduced AMP deamina-

tion is associated with an increase in ADO levels.70- 72 We hy-

pothesized that this principle might be equally relevant to the 

modification of extracellular purine levels under inflamma-

tory conditions. Therefore, we examined AMPD expression 

on the outer plasma membrane of immune cells.

Here, we demonstrate that AMPD2 is expressed on the 

cell surface of primary human leukocytes and may func-

tion as a novel regulator of extracellular purine metabolism, 

thereby modifying the ATP- adenosine balance controlled by 

the CD39- CD73 ectonucleotidase system (Figure 1).

2 |  MATERIALS AND METHODS

2.1 | Subjects

Fifteen patients with a diagnosis of rheumatoid arthri-

tis (RA) were recruited as part of the Charité Rh- GIOP 
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study at the Department of Rheumatology and Clinical 

Immunology at Charité- Universitätsmedizin Berlin, 

Germany. Patients with active disease and in remission 

were considered for the study. Patients were included ir-

respective of their current immunosuppressive therapy. 

Thirteen healthy donors were matched for sex and age. The 

study was performed in accordance with the Declaration of 

Helsinki and ethical approval was obtained from the local 

ethics committee (Charité- Universitätsmedizin Berlin, 

approval number EA1/207/17). All participants gave in-

formed written consent.

2.2 | Preparation of peripheral blood 
leukocytes and magnetic cell separation

Peripheral venous blood was collected in lithium hepa-

rin tubes. Isolation of polymorphonuclear leukocytes was 

preceded by red blood cell lysis using erythrocyte lysis 

buffer (0.01  M KHCO3, 0.155  M NH4Cl, 0.1  mM EDTA, 

pH 7.5). CD15+ neutrophil granulocytes were purified by 

magnetic activated cell sorting (MACS) with anti- CD15- 

microbeads (Miltenyi Biotec, Bergisch Gladbach, Germany, 

Cat# 130- 094- 530, RRID:AB_2814656). Peripheral blood 

mononuclear cells (PBMCs) were isolated from the blood 

samples by Ficoll- Paque PLUS (GE Healthcare, Chicago, 

Illinois) density gradient centrifugation. CD14+ monocytes 

were isolated from PBMCs by MACS using anti- CD14- 

microbeads provided by Miltenyi Biotec (Cat# 130- 050- 201, 

RRID:AB_2665482). Cell preparations were performed ac-

cording to the manufacturer's instructions. Purity of isolated 

CD14+ monocytes and CD15+ neutrophils exceeded 97% as 

verified by flow cytometry (Figure S1B+C).

2.3 | Chemicals and reagents

Dulbecco's Modified Eagle Medium (DMEM), Roswell 

Park Memorial Institute 1640 Medium (RPMI), MCDB 131 

Medium, penicillin, streptomycin, and L- glutamine were 

obtained from Gibco (Thermo Fisher Scientific, Waltham, 

Massachusetts). Fetal calf serum (FCS), human AB serum, 

β- mercaptoethanol (2- ME), Accutase solution, brefeldin A 

(BFA), monensin (MN), lipopolysaccharide (LPS), flagellin 

(FliC), phytohemagglutinin- L (PHA- L), Phorbol 12- myristate 

13- acetate (PMA), ionomycin, dexamethasone (Dex), hy-

drocortisone, Epidermal Growth Factor (EGF), ATP, ADO, 

IMP, and inosine were purchased from Sigma- Aldrich (St. 

Louis, Missouri). Miltenyi Biotec provided Poly (I:C) and 

ODN 2006. Pam3CSK4, FSL- 1, and Resiquimod (R848) 

were purchased from Tocris (Bristol, United Kingdom).

2.4 | Antibodies

Staining for flow cytometry was performed using an-

tibodies against AMPD2 (unconjugated, 1:50, rabbit 

polyclonal, Thermo Fisher Scientific, Cat# PA5- 26127, 

RRID:AB_2543627), CD3 (Brilliant Violet 510, 1:20, 

OKT3, BioLegend, San Diego, California, Cat# 317332, 

RRID:AB_2561943), CD3 (Alexa Fluor 594, 1:20, UCHT1, 

DRFZ, Cat# UCHT1, RRID:AB_2619695), CD4 (APC- Vio 

770, 1:10, M- T321, Miltenyi Biotec, Cat# 130- 100- 357, 

RRID:AB_2657994), CD8 (Alexa Fluor 647, 1:200 and Alexa 

Fluor 700, 1:1600, GN11/134D7, DRFZ), CD14 (FITC, 

1:400, TM1, DRFZ), CD14 (Brilliant Violet 650, 1:20, M5E2, 

BioLegend, Cat# 301835, RRID:AB_11204241), CD15 

(FITC, 1:10, VIMC6, Miltenyi Biotec, Cat# 130- 081- 101, 

F I G U R E  1  Possible role of eAMPD2 as a novel regulator of extracellular purine metabolism

AMP 

IMP 

ATP 

adenosine

extracellular spaceP
R

O
-I

N
F

L
A

M
M

A
T

A
O

R
Y

R
A

N
T

I-IN
F

L
A

M
M

A
T

A
O

R
Y

R

CD39 CD73 

eAMPD2 

info:x-wiley/rrid/RRID
info:x-wiley/rrid/:A
info:x-wiley/rrid/B_2814656
info:x-wiley/rrid/RRID
info:x-wiley/rrid/:A
info:x-wiley/rrid/B_2665482
info:x-wiley/rrid/RRID
info:x-wiley/rrid/:A
info:x-wiley/rrid/B_2543627
info:x-wiley/rrid/RRID
info:x-wiley/rrid/:A
info:x-wiley/rrid/B_2561943
info:x-wiley/rrid/RRID
info:x-wiley/rrid/:A
info:x-wiley/rrid/B_2619695
info:x-wiley/rrid/RRID
info:x-wiley/rrid/:A
info:x-wiley/rrid/B_2657994
info:x-wiley/rrid/RRID
info:x-wiley/rrid/:A
info:x-wiley/rrid/B_11204241


4 of 25 |   EHLERS ET AL.

RRID:AB_244217), CD16 (APC/Cyanin7, 1:50, 3G8, 

BioLegend, Cat# 302018, RRID:AB_314218), CD19 

(PerCP/Cyanine5.5, 1:100, HIB19, BioLegend, Cat# 302230, 

RRID:AB_2073119), CD25 (Brilliant Violet 785, 1:20, BC96, 

BioLegend, Cat# 302637, RRID:AB_11219197), CD39 

(APC, 1:100, REA739, Miltenyi Biotec, Cat# 130- 110- 789, 

RRID:AB_2657891), CD45 (FITC, 1:20, HI30, BioLegend, 

Cat# 304006, RRID:AB_314394), CD45RA (Pacific Orange, 

1:50, 4G11, DRFZ), CD73 (Brilliant Violet 421, 1:50, AD2, 

BioLegend, Cat# 344008, RRID:AB_11204424), CD127 

(PE, 1:25, REA614, Miltenyi Biotec, Cat# 130- 109- 514, 

RRID:AB_2654831), CD127 (FITC, 1:10, MB15- 18C9, 

Miltenyi Biotec, Cat# 130- 098- 093, RRID:AB_2659850), 

CCR4 (Brilliant Violet 605, 1:20, L291H4, BioLegend, Cat# 

359418, RRID:AB_2562483), CCR6 (APC, 1:20, REA190, 

Miltenyi Biotec, Cat# 130- 100- 373, RRID:AB_2655933), 

and CXCR3 (PE- Vio 770, 1:50, REA232, Miltenyi Biotec, 

Cat# 130- 101- 382, RRID:AB_2655739). Goat anti- rabbit IgG 

(PE, 1:200, Invitrogen, Cat# P2771MP, RRID:AB_221651), 

streptavidin (PE, 1:200, Life Technologies, Cat# S866) 

and streptavidin (APC/Cyanine7, 1:300, BioLegend Cat# 

405208) were used as secondary reagents. The following iso-

type controls were utilized to verify the staining: rabbit IgG 

(unconjugated, 1:125, Invitrogen, Carlsbad, California, Cat# 

02- 6102, RRID:AB_2532938), REA Control (S) (APC, 1:10, 

Miltenyi Biotec, Cat# 130- 113- 434, RRID:AB_2733447), 

and Mouse IgG1, κ Isotype Ctrl Antibody (Brilliant 

Violet 421, 1:50, MOPC- 21, BioLegend, Cat# 400157, 

RRID:AB_10897939). The following antibodies were used 

for immunofluorescence microscopy: anti- AMPD2 anti-

body (unconjugated, 1:50, rabbit polyclonal, Thermo Fisher 

Scientific, Cat# PA5- 26127, RRID:AB_2543627) and goat 

anti- rabbit IgG (Alexa Fluor Plus 488, 1:500, Thermo Fisher 

Scientific, Cat# A32731, RRID:AB_2633280). Antibodies 

against AMPD2 (1:500, QQ13, SCBT, Dallas, Texas, Cat# 

sc- 100504, RRID:AB_2258261), beta Actin (1:10  000, 

BA3R, Invitrogen, Cat# MA5- 15739, RRID:AB_10979409), 

glyceraldehyde 3- phosphate dehydrogenase (GAPDH) 

(1:100, 6C5, Merck Millipore, Burlington, Massachusetts, 

Cat# MAB374, RRID:AB_2107445), alpha Tubulin 

(100  ng/mL, rabbit polyclonal, abcam, Cambridge, United 

Kingdom, Cat# ab4074, RRID:AB_2288001), pan Cadherin 

(1:500, CH- 19, abcam, Cat# ab6528, RRID:AB_305544), 

CD14 (Biotin, 1:50, TM1, DRFZ), lamin B1 (1:200, B- 10, 

SCBT, Cat# sc- 374015, RRID:AB_10947408), cytochrome 

b (1:200, SCBT, Cat# sc- 11436, RRID:AB_2088887), cal-

reticulin (1:2000, Thermo Fisher Scientific, Cat# PA1- 902A, 

RRID:AB_2069607), mouse IgG (HRP, 1:10 000, Promega, 

Madison, Wisconsin, Cat# W4021, RRID:AB_430834), 

rabbit IgG (HRP, 1:10  000, Promega, Cat# W4011, 

RRID:AB_430833), chicken IgY (HRP, 1:5000, Thermo 

Fisher Scientific Cat# A16054, RRID:AB_2534727) and 

streptavidin (HRP, 1:1000, R&D Systems, Minneapolis, 

Minnesota, Cat# DY998) were used for western blot analy-

sis. Mouse monoclonal (2 µL, QQ13, SCBT, Cat# sc- 100504, 

RRID:AB_2258261) and rabbit polyclonal (3  µL, Thermo 

Fisher Scientific, Cat# PA5- 26127, RRID:AB_2543627) 

anti- AMPD2 antibodies were applied to realize immunopre-

cipitation (IP) of AMPD2, while mouse IgG1 (1:10, 2  µL, 

Invitrogen, Cat# 02- 6100, RRID:AB_2532935) and rabbit 

IgG (1,2 µL, Invitrogen, Cat# 02- 6102, RRID:AB_2532938) 

served as isotype controls.

2.5 | Cell culture

Human embryonic kidney 293 (HEK293) cells (Cat# 

CRL- 1573, RRID:CVCL_0045) were purchased from 

ATCC (Manassas, Virginia) and cultured in DMEM sup-

plemented with 10% (v/v) FCS. Jurkat (ATCC, Cat# TIB- 

152, RRID:CVCL_0367), THP- 1 (ATCC, Cat# TIB- 202, 

RRID:CVCL_0006) and U- 937 (ATCC, Cat# CRL- 1593, 

RRID:CVCL_0007) cells were cultured in RPMI sup-

plemented with 10% (v/v) FCS. Human microvascular en-

dothelial cells- 1 (HMEC- 1) (ATCC, Cat# CRL- 10636, 

RRID:CVCL_0307) were cultured in MCDB 131 Medium 

supplemented with 25% (v/v) FCS, 2  mM L- glutamine, 

10 ng/mL EGF and 0.3 µg/mL hydrocortisone. Human pri-

mary immune cells were cultured in RPMI supplemented 

with 10% (v/v) human AB serum. 100  U/mL penicillin, 

100 µg/mL streptomycin and 50 µM 2- ME were added to all 

media used. Cells were incubated in a humidified atmosphere 

at 5% CO2 and approximately 18% O2. Hypoxia was estab-

lished by placing the cells in a hypoxic chamber (Binder) at 

1% O2. Incubation with either 1 µg/mL Pam3CSK4, 10 µg/

mL Poly (I:C), 1 µg/mL LPS, 100 ng/mL FliC, 1 µg/mL FSL- 

1, 1 µg/mL R848, 0.5 µM ODN 2006, 5 µg/mL PHA- L, or 

10 ng/mL PMA and 1 µg/mL ionomycin was performed as 

indicated to provoke immunostimulation. Inhibition of the 

golgi apparatus was achieved by incubation with 1  µg/mL 

BFA or 0.5 µg/mL MN. Dex was applied at concentrations 

of 10−5 M or 10−8 M as indicated while methotrexate (MTX) 

(medac, Wedel, Germany) was utilized at 0.8 µM. Adherent 

cells were detached with the help of Accutase solution for 

5 minutes at 37°C.

2.6 | Transfection of HEK293 cells with 
short hairpin RNA (shRNA)

Bacterial stocks containing shRNA plasmids cloned into 

the pLKO.1 puro vector were purchased from Sigma- 

Aldrich (MISSION shRNA). Hairpin sequences are pro-

vided in Table 1. The empty lentiviral backbone of pLKO.1 

puro was provided by Bob Weinberg (Addgene plasmid 

#8453; http://n2t.net/addge ne:8453; RRID:Addgene_8453) 
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whereas the plasmid containing scrambled shRNA was 

a gift from David Sabatini (Addgene plasmid #1864; 

http://n2t.net/addge ne:1864; RRID:Addgene_1864).73,74 

Bacterial colonies were cultured according to the manufac-

turer's instructions and plasmid DNA was prepared using 

NucleoBond Xtra EF (Macherey- Nagel, Düren, Germany). 

HEK293 cells were transfected with 30 µg of each plasmid 

to achieve transient knockdown of AMPD2.

2.7 | Lentivirus production and 
transduction of HEK293 and U- 937 cells

Viral particles were produced by co- transfecting HEK293 

cells with packaging plasmids pPAX2 and pVSVG by means 

of calcium phosphate precipitation. Viral supernatants were 

harvested after 48 hours and supplemented with 10 µg/mL 

polybrene (Sigma- Aldrich). Infection of HEK293 and U- 937 

cells was achieved by centrifugation for 2  hours at 700  g 

and 32°C. Successfully transduced cells were selected for at 

least 10 days by adding 1 µg/mL puromycin (InvivoGen, San 

Diego, California) to the culture medium.

2.8 | Sample preparation for 
protein analysis

Whole cell protein was prepared by lysing 106 cells in 20 µL 

Laemmli sample buffer (Bio- Rad, Hercules, California, Cat# 

1610747). IP lysis buffer (10 mM Tris HCl pH 7.5, 10 mM 

NaCl, 2 mM EDTA, 0.1% (v/v) Triton X- 100, 1 mM PMSF, 

2  µg/mL aprotinin) supplemented with protease and phos-

phatase inhibitor (Thermo Fisher Scientific, Cat# 78440) 

yielded whole cell lysates suitable for IP: 10  ×  106 cells 

were lyzed in 300  µL IP lysis buffer for 5  minutes on ice. 

12  µL 3  M NaCl were added for another 10  minutes prior 

to centrifugation for 15 minutes at 16 000 g and 4°C, yield-

ing a clear supernatant. Cytosolic and membrane fractions 

were prepared using the Mem- PER Plus Membrane Protein 

Extraction Kit (Thermo Fisher Scientific, Cat# 89842). 

Additionally, surface protein enriched samples were obtained 

by surface biotinylation followed by streptavidin- based pull- 

down (Pierce Cell Surface Protein Isolation Kit, Thermo 

Fisher Scientific). The manufacturer's protocols were fol-

lowed for both procedures. In order to concentrate cytosolic 

and membrane fractions prior to sodium dodecyl sulfate poly-

acrylamide gel electrophoresis (SDS- PAGE), the lysates were 

concentrated using Amicon Ultra- 0.5 mL Centrifugal Filters 

(50K, Merck Millipore Ltd., Ireland). Prior to IP or SDS- 

PAGE, respectively, protein concentrations of the lysates 

were determined by bicinchoninic acid assay (BCA assay, 

Interchim, Montluçon, France) and equal protein amounts 

were applied to the subsequent procedure. Before IP, the 

lysates were precleared with 20 µL protein A/G plus agarose 

(SCBT, Cat# sc- 2003, RRID:AB_10201400) for 30 minutes 

at 4°C. IP of AMPD2 was performed by incubating 1  mL 

lysate with either antibody against AMPD2 or isotype control 

overnight. Pull- down was achieved by adding 20 µL protein 

A/G plus agarose and four 5- minute washing steps with 1 mL 

IP buffer (0.15  M NaCl, 0.05  M Tris- HCl pH 8, 1% (v/v) 

NP40) supplemented with protease and phosphatase inhibitor 

(Thermo Fisher Scientific, Cat# 78440) followed by centrifu-

gation at 1000 g for one minute. Agarose pellets were pre-

pared for SDS- PAGE by adding 6.5 µL 4× Laemmli sample 

buffer (Bio- Rad, Cat# 1610747) or directly digested for mass 

spectrometric analysis (see Protein Digest below).

2.9 | Western blot analysis

Samples were separated by SDS- PAGE and subsequently 

blotted onto PVDF membranes (Merck Millipore). PVDF 

membranes were block with 5% (w/v) nonfat dry milk 

(AppliChem GmbH, Darmstadt, Germany) in TBS/0.05% 

Tween 20 (Sigma- Aldrich) for 90  minutes followed by 

three 10- minute washing steps with TBS/0.05% Tween 20. 

Protein detection was accomplished with the aforementioned 

antibodies diluted in TBS/0.05% Tween 20: the membranes 

were incubated with the primary antibody for 2 hours at room 

temperature (RT) or overnight at 4°C. The secondary anti-

body was added for 1 hour at RT. Each step was followed 

by three 10- minute washing steps with TBS/0.05% Tween 

T A B L E  1  shRNA sequences targeting AMPD2

sh1 CCGGCCAAGGCCAAATATCCCTTTACTCGAGTAAAGGGATATTTGGCCTTGGTTTTTG

sh2 CCGGGCGCTTCATCAAGCGGGCAATCTCGAGATTGCCCGCTTGATGAAGCGCTTTTTG

sh3 CCGGGGGTATCTGGGAAGTACTTTGCTCGAGCAAAGTACTTCCCAGATACCCTTTTTTG

sh4 CCGGCATCGCTTTGACAAGTTTAATCTCGAGATTAAACTTGTCAAAGCGATGTTTTTG

sh5 CCGGGCACGTCTATGGATGGCAAATCTCGAGATTTGCCATCCATAGACGTGCTTTTTG

sh6 CCGGATGTGCTGGAACGGGAGTTTCCTCGAGGAAACTCCCGTTCCAGCACATTTTTTTG

sh7 CCGGGCCTCTTTGATGTGTACCGTACTCGAGTACGGTACACATCAAAGAGGCTTTTTG

sh8 CCGGTCATGCTGGCTGAGAACATTTCTCGAGAAATGTTCTCAGCCAGCATGATTTTTTG

http://n2t.net/addgene:1864
info:x-wiley/rrid/RRID
info:x-wiley/rrid/:A
info:x-wiley/rrid/ddgene_1864
info:x-wiley/rrid/RRID
info:x-wiley/rrid/:A
info:x-wiley/rrid/B_10201400
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20. Visualization was accomplished by enzymatic chemilu-

minescence (PerkinElmer, GE Healthcare) in an ImageQuant 

LAS 4000 imager (GE Healthcare).

2.10 | Protein digest

Antibody pull- down samples were processed for mass spec-

trometry as follows: Dry beads were resuspended in 20 µL 

urea buffer (6 M urea, 2 M thiourea, 10 mM HEPES, pH 8.0) 

and reduced for 30 minutes at RT in 12 mM dithiothreitol 

solution, followed by alkylation by 40 mM chloroacetamide 

for 20 minutes in the dark at RT. The samples were first di-

gested using 1 µg endopeptidase LysC (Wako, Osaka, Japan) 

for 4 hours, followed by dilution in 4 volumes of 50 mM am-

monium bicarbonate buffer (pH  =  8.5) and digestion with 

1 µg sequence- grade trypsin (Promega) for 16h. The diges-

tion was stopped by acidifying each sample to pH < 2.5 by 

adding trifluoroacetic acid solution (final concentration 1%). 

The peptides were extracted and desalted using the StageTip 

protocol.75 Samples from streptavidin pull- down experiments 

were processed using the SP3 protein clean- up and digestion 

protocol.76 Peptides were collected, extracted, and desalted 

using the StageTip protocol.75 Proteins from total cell lysate, 

cytosolic and membrane fraction (input samples) were ex-

tracted with 6 M Guanidinium chloride/50 mM ammonium 

bicarbonate buffer (pH = 8.5) and reduced for 30 minutes at 

RT in 12 mM dithiothreitol solution, followed by alkylation 

by 40 mM chloroacetamide for 20 minutes in the dark at RT. 

The samples were digested and desalted as described above.

2.11 | LC- MS/MS analyses

For LC- MS/MS analyses peptides were eluted with 80% 

Acetonitrile/0.1% formic acid, dried and resolved in 3% 

acetonitrile/0.1% formic acid. Peptides were separated on a 

reversed- phase column (20 cm fritless silica microcolumns 

with an inner diameter of 75 µm, packed with ReproSil- Pur 

C18- AQ 1.9  µm resin (Dr Maisch GmbH, Ammerbuch- 

Entringen, Germany)) with a 250  nL/min flow rate of in-

creasing Buffer B concentration (from 2% to 60%) on a 

High Performance Liquid Chromatography (HPLC) system 

(Thermo Fisher Scientific). A 90- minute gradient was ap-

plied for antibody- based and streptavidin- based pull- down 

samples, whereas a 202- minute gradient was applied for input 

samples. Peptides from pull- down samples were analyzed 

on a Q Exactive Plus or HF- X Hybrid Quadrupole- Orbitrap 

instrument (Thermo Fisher Scientific). Input sample meas-

urements were performed with an Orbitrap Fusion Tribrid 

instrument (Thermo Fisher Scientific). The Q Exactive Plus 

instrument was run in data dependent mode selecting the Top 

10 most intense ions in the MS full scans, selecting ions from 

350 to 2000 m/z, using 70K resolution with a 3 × 106 ion count 

target and 50 ms injection time. Tandem MS was performed 

by isolation at 1.6 m/z with the quadrupole, HCD fragmenta-

tion with normalized collision energy of 26 and resolution of 

17.5K. The MS2 ion count target was set to 5 × 104 with a 

maximum injection time of 250 ms For measurements with 

the HF- X instrument the Top 20 most intense ions in the MS 

full scans from 350 to 1800  m/z were selected, using 60K 

resolution with a 3 × 106 ion count target and 10 ms injection 

time. Tandem MS was performed by isolation at 1.3 m/z with 

the quadrupole, HCD fragmentation with normalized colli-

sion energy of 27 and resolution of 15K. The MS2 ion count 

target was set to 1 × 105 with a maximum injection time of 

22 ms The Orbitrap Fusion Tribrid instrument was run in data 

dependent mode selecting the top 20 most intense ions in the 

MS full scans, selecting ions from 350 to 2000  m/z, using 

60K resolution with a 4 × 105 ion count target and 50 ms 

injection time. Tandem MS was performed by isolation at 

0.7 m/z with the quadrupole, HCD fragmentation with nor-

malized collision energy of 32 and resolution of 15K. The 

MS2 ion count target was set to 5 × 104 with a maximum in-

jection time of 250 ms For all measurements only precursors 

with charge state 2- 7 were sampled for MS2. The dynamic 

exclusion duration was set to 30  seconds with a 10  ppm 

tolerance around the selected precursor and its isotopes. 

Data were analyzed using the MaxQuant software package 

(v1.6.0.1). The internal Andromeda search engine was used 

to search MS2 spectra against a decoy human UniProt da-

tabase (HUMAN.2017, HUMAN.2019) containing forward 

and reverse sequences. The search included variable modifi-

cations of methionine oxidation and N- terminal acetylation, 

deamidation (N and Q) and fixed modification of carbami-

domethyl cysteine. Minimal peptide length was set to seven 

amino acids and a maximum of 3 missed cleavages was al-

lowed. The FDR (false discovery rate) was set to 1% for pep-

tide and protein identifications. Unique and razor peptides 

were considered for quantification. Retention times were 

recalibrated based on the built- in nonlinear time- rescaling 

algorithm. MS2 identifications for technical replicates were 

transferred between runs with the “Match between runs” 

option. iBAQ values and LFQ (label- free quantification) in-

tensities were calculated using the in- built algorithms. The 

resulting text files were filtered to exclude reverse database 

hits, potential contaminants, and proteins only identified by 

site. The mass spectrometry proteomics data have been de-

posited to the ProteomeXchange Consortium via the PRIDE 

partner repository with the dataset identifier PXD022350.77

2.12 | Flow cytometry

Staining for flow cytometry was performed on ice. Dead 

cell removal (Miltenyi Biotec) was performed prior to 
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the staining as indicated. The cells were resuspended in 

PBS/0.5% BSA/0.05% sodium azide (PBA). 10% (v/v) human 

IgG (Kiovig [100 mg/mL, 1:2 dilution], Baxter AG, Wien, 

Austria) was added to block unspecific binding of Fc recep-

tors. Specificity was ensured by incubating the cells with 25- 

fold excess unconjugated antibody for 10 minutes prior to the 

staining procedure to block binding of the primary antibody. 

Cells were incubated with a combination of the aforemen-

tioned antibodies for 10 minutes followed by two 3- minute 

washing steps with PBA at 300 g and 4°C. Where applicable, 

cells were subsequently incubated with a secondary antibody 

for 10 minutes and washed as before. Apoptotic cells were 

identified using annexin V (Cy5, 1:100, BD, Franklin Lakes, 

New Jersey, Cat# 559934, RRID:AB_2869267), while 7- 

AAD (1:100, BD, Cat# 559925, RRID:AB_2869266) and 

DAPI (1  µg/mL, Sigma- Aldrich) where applied to exclude 

dead cells. Cells were fixed and permeabilized with −20°C 

cold 90% (v/v) methanol to complete intracellular stainings. 

The samples were measured using a MACSQuant Analyzer 

10 (Miltenyi Biotec) and an LSRFortessa cell analyzer (BD) 

and analyzed with FlowJo software (version 7.6.4 and 10.7.1, 

BD). eAMPD2, CD39 and CD73 expression was recorded by 

determining geometric mean fluorescence intensity (gMFI). 

Results are provided as the ratio (r gMFI) of staining to either 

block or secondary antibody control. Lymphocyte subsets 

were analyzed as follows: CD4+ T cell subsets were sub-

divided into Type 1 helper (TH1) cells, Type 2 helper (TH2) 

cells and IL- 17- producing T helper (TH17) cells. TH1 cells 

were identified by the expression of CXCR3 in the absence of 

CCR4 and CCR6. TH2 cells were defined as CCR4+CXCR3- 

CCR6- , while TH17 cells co- expressed CCR4 and CCR6 in 

the absence of CXCR3. CD4+CD25+CD127low cells were 

defined as regulatory T cells (Treg).78 Cytotoxic T cells 

and B cells were identified by the expression of CD8 and 

CD19, respectively. Monocytes were subanalyzed accord-

ing to CD14 and CD16 surface expression as follows: clas-

sical (CD14hi, CD16- ), intermediate (CD14hi, CD16+) and 

non- classical (CD14low, CD16hi).79 The gating strategy is de-

picted in Figure S1A,E.

2.13 | Immunofluorescence microscopy

Human PBMCs were seeded onto 8- well chamber slides 

directly after isolation, while U- 937 cells were stained in 

a 48- well plate and subsequently centrifuged onto a glass 

slide at 500  g for 1  minute with the help of a Cytospin 4 

cytocentrifuge (Thermo Fisher Scientific). The cells were 

fixed with 4% paraformaldehyde for 8 minutes followed by 

three 3- minute washing steps with PBS. In order to achieve 

intracellular staining the cells were permeabilized prior to 

the staining procedure with PBS/0.1% Tween 20 (Qbiogene 

Inc, Carlsbad, CA, USA) for 10  minutes. This step was 

omitted for all extracellular stainings. Unspecific bind-

ing sites were blocked by incubation with 5% (v/v) FCS in 

PBS. Staining was achieved by overnight incubation with 

anti- AMPD2 antibody diluted in PBS at 4°C in the dark fol-

lowed by a goat anti- rabbit secondary antibody diluted in 

PBS for two hours at RT. Actin was visualized using TRITC- 

conjugated phalloidin (1:50, Sigma- Aldrich, Cat# P1951, 

RRID:AB_2315148) diluted in PBS/5% FCS for 40 minutes, 

whereas DAPI (1 µg/mL in PBS/5% FCS, 10- minute incuba-

tion) was applied to detect the nuclei. After three 3- minute 

washing steps with PBS images were acquired with an LSM 

880 confocal laser scanning microscope (ZEISS, Germany, 

RRID:SCR_020925) and a Biorevo BZ- 9000 microscope 

(Keyence, RRID:SCR_015486) and analyzed with ZEN 

(ZEISS) and ImageJ.

2.14 | Purine nucleoside measurements

CD14+ monocytes purified by MACS technology were in-

cubated in RPMI without phenol red supplemented with 10% 

(v/v) human AB serum and 1 µg/mL LPS ±1 µg/mL BFA 

as indicated for 24 hours. Supernatants were collected and 

immediately stored at −80°C. Extracellular adenosine levels 

were determined enzymatically with the help of a fluoromet-

ric adenosine assay (abcam, Cat# ab211094) performed ac-

cording to the manufacturer's instructions.

2.15 | Cytokine measurements

PBMCs were cultured in a 24- well plate in RPMI supple-

mented with 10% (v/v) heat- inactivated human AB serum at 

106 cells per well. Incubation with either 100 µM / 1 mM ATP, 

1 µM / 50 µM ADO, 100 µM / 1 mM IMP, or 100 µM / 1 mM 

inosine for 30 minutes was followed by immunostimulation 

with 1 µg/mL LPS for another two hours. Subsequently, su-

pernatants were collected and TNF- alpha release was meas-

ured by ELISA (R&D Systems, Minneapolis, Minnesota, 

Cat# DY210, RRID:AB_2848160).

2.16 | Statistical analysis

Statistical data analysis of mass spectrometric measurements 

was performed using Perseus software (v1.6.2.1). Technical 

and biological replicates for each condition were defined 

as groups and intensity values were filtered for “minimum 

value of 3” per group. After log2 transformation missing val-

ues were imputed with random noise simulating the detec-

tion limit of the mass spectrometer. Imputed values are taken 

from a log normal distribution with 0.25× the standard devia-

tion of the measured, logarithmized values, down- shifted by 

info:x-wiley/rrid/RRID
info:x-wiley/rrid/:A
info:x-wiley/rrid/B_2869267
info:x-wiley/rrid/RRID
info:x-wiley/rrid/:A
info:x-wiley/rrid/B_2869266
info:x-wiley/rrid/RRID
info:x-wiley/rrid/:A
info:x-wiley/rrid/B_2315148
info:x-wiley/rrid/RRID
info:x-wiley/rrid/:S
info:x-wiley/rrid/CR_020925
info:x-wiley/rrid/RRID
info:x-wiley/rrid/:S
info:x-wiley/rrid/CR_015486
info:x-wiley/rrid/RRID
info:x-wiley/rrid/:A
info:x-wiley/rrid/B_2848160
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1.8 standard deviations. Differential protein abundance was 

calculated using two- sample Student's t test, applying a per-

mutation based FDR (false discovery rate) cut- off of 5%.

Statistical analyses of all other samples were performed 

using GraphPad Prism. In order to assess differences between 

paired samples Wilcoxon matched- pairs signed rank test was 

applied. Mann Whitney test was used to compare different 

groups.

2.17 | Search for potential 
membrane domains

UniProt and TMHMM servers were consulted to screen 

AMPD2 for potential transmembrane domains.80,81 

Subsequently, we followed the decision tree suggested by 

HeliQuest: The secondary protein structure was determined 

using the PSIPRED server.82,83 The identified helical regions 

were then submitted to the HeliQuest webserver to calculate 

the hydrophobicity ⟨H⟩, the hydrophobic moment ⟨µH⟩ and 

the net charge z. Based on these data, the discriminant factor D 

was then determined as follows: D = 0.944(⟨µH⟩) + 0.33(z). 

D  >  1.34 defined a lipid- binding helix, while helices with 

0.68  <  D  <  1.34 were classified as possible lipid- binding 

helices.83,84

3 |  RESULTS

3.1 | AMPD2 is differentially expressed in 
primary immune cells and various cell lines 
and is selectively detected on the cell surface

As AMPDs are encoded by three different genes, AMPD1, 

AMPD2, and AMPD3,85 we initially aimed to determine the 

most abundant isoform in human immune cells. Data from 

the Human Protein Atlas reveals that AMPD2 represents 

the most common variant of AMPDs in human leukocytes 

(Figure  2A).86 Consequently, we focused on this isoform 

in the following experiments. In order to identify a suitable 

model system to examine AMPD2 surface expression, we 

first analyzed cytoplasmic AMPD2 expression in different 

cell lines. Flow cytometric analysis following intracellular 

staining showed similar expression levels of AMPD2 in 

all examined cell lines, namely HEK293, HMEC- 1, Jurkat, 

THP- 1, and U- 937 cells (Figure S2A, upper row). Cell lines 

generally displayed low eAMPD2 expression (Figure S2A, 

lower row). However, HEK293 cells and U- 937 presented 

appreciable surface expression (r gMFI  =  2.03 and 2.19) 

and a successful blocking of surface staining by an excess of 

unconjugated antibody and were thus chosen to further ver-

ify the presence of AMPD2 on the cell surface. Western blot 

analysis of AMPD2 immunoprecipitated from HEK293 and 

U- 937 membrane fractions additionally demonstrated the 

localization of AMPD2 in the cell membrane (Figure 2B). 

In order to confirm the identity of the immunoprecipitated 

target protein, mass spectrometric analyses of immunopre-

cipitated samples from HEK293 membrane fractions using 

a mouse monoclonal anti- AMPD2 antibody (QQ13) were 

performed. AMPD2 was found to be the top abundant pro-

tein (TopX) and was significantly enriched compared with 

isotype control (log2(enrichment factor) = 5.82; −log10(P- 

value)  =  3.85 (LFQ)) (Figure  S2C, Table  S1). IP from 

HEK293 whole cell lysates using the staining antibody 

anti- AMPD2 (PA5) was performed in addition in order to 

validate antibody specificity by IP- MS (Table S1).87 By con-

centrating the cytosolic and membrane lysates subsequently 

analyzed by SDS- PAGE, we were able to increase the 

amount of AMPD2 detected on western blot (Figure S2B). 

As our membrane protein purification procedure does not 

explicitly differentiate between plasma membrane and 

subcellular membranes, we conducted further experiments 

to characterize the membrane fraction: we detected both 

lamin B1 and calreticulin— markers of the nuclear mem-

brane and the endoplasmic reticulum, respectively— in the 

purified membrane lysates (Figure  S2D). Contamination 

by cytosolic protein indicated by GAPDH was, however, 

minimal (Figure S2D). As the presence of AMPD2 in the 

membrane fraction is, therefore, not clearly attributable to 

its presence in the plasma membrane, we performed surface 

biotinylation to verify the localization of AMPD2 at the cell 

surface. AMPD2 was detected in biotin- enriched samples 

isolated from HMEC- 1 and U- 937 cells as well as CD14+ 

monocytes by a surface biotinylation assay (Figure 2C). For 

HMEC- 1 cells this result was verified with the help of mass 

spectrometry showing significant enrichment compared 

with non- biotinylated streptavidin- based pull- down controls 

(log2(enrichment factor)  =  3.70; −log10(P- value)  =  2.00 

(LFQ)) (Figure  2D, Table  S2). The top abundant proteins 

enriched by streptavidin- based pull- down following sur-

face biotinylation are listed in Table S2 as proof of efficient 

surface protein enrichment. Figure S2E additionally shows 

flow- through samples to display surface abundance com-

pared with the overall protein content. Surface biotinylation 

was also verified by flow cytometry demonstrating eAMPD2 

expression on surface- biotinylated cells (Figure  S2F). As 

Eltzschig et al previously demonstrated increased surface 

expression of adenosine deaminase in HMEC- 1 cells ex-

posed to hypoxia,88 we additionally evaluated this scenario 

with respect to AMPD2. Interestingly, surface biotinyla-

tion of HMEC- 1 cells cultured under hypoxic conditions 

revealed a slight decrease in AMPD2 surface expression 

(Figure S2G). Mass spectrometric analysis confirmed these 

results (log2(enrichment factor) = −0.44 (LFQ); −log10(P- 

value) = 3.38 (LFQ)). These data corresponded to flow cy-

tometric analyses of the AMPD2 surface staining performed 
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F I G U R E  2  Differential AMPD expression in primary human immune cells and cell lines and detection of AMPD2 in the cell membrane. A, 

mRNA expression of AMPD isoforms in human leukocyte populations according to the Human Protein Atlas.86 The values represent normalized 

expression and were extracted from the Consensus dataset. B, Western blot analysis of AMPD2 pulled down from HEK293 and U- 937 cytosolic 

and membrane fractions by IP using a mouse monoclonal antibody against human AMPD2 (IP AMPD2) compared to isotype control (IP IgG). 

Purity of cytosolic and membrane fractions was verified by analyzing pan Cadherin as well as alpha Tubulin and GAPDH, respectively. Uncropped 

images are provided in Figure S7. C, Western blot analysis of CD14+ monocytes, HMEC- 1 and U- 937 cells after surface protein enrichment. 

Surface biotinylation was performed followed by streptavidin- based pull- down (surface). A non- biotinylated control sample was run in parallel 

(streptavidin). Input samples represent cell lysates after surface biotinylation prior to streptavidin- based enrichment. D, Mass spectrometric analysis 

of surface- enriched protein obtained from HMEC- 1 cells by streptavidin- based pull- down following surface biotinylation. Presence of AMPD2 

in the surface- enriched fraction is displayed compared to streptavidin- based pull- down of non- biotinylated samples (non- biotinylated control) and 

biotinylated whole cell lysate without streptavidin- based pull- down (input), respectively. Differential protein abundance was determined using two- 

sample Student's t test and blue circles represent significance with an FDR cut- off of 5%. E, AMPD2 protein expression was quantified by western 

blot and flow cytometry. Western blot analysis of AMPD2 protein expression in HEK293 and U- 937 whole cell lysates and HEK293 membrane 

fractions after AMPD2 knockdown by lentiviral transduction of shRNA particles and 10- day selection with 1 µg/mL puromycin is shown on 

the left. AMPD2 protein expression was semiquantified relative to beta Actin, pan Cadherin and GAPDH, respectively, by image analysis and 

reduction by shRNA transduction is depicted in relation to a lentiviral negative control vector containing scrambled shRNA. BCA assay was 

utilized for protein quantification of membrane fractions. Uncropped images are provided in Figure S7. Reduced eAMPD2 surface expression in 

HEK293 and U- 937 cells after lentiviral knockdown by shRNA sh3 was reproducible by surface staining and flow cytometric analysis (n = 11- 

12). Doublets and dead cells were excluded for analysis as shown in Figure S1F. The data are depicted as change in r gMFI (geometric mean 

fluorescence intensity of staining to secondary antibody control) in relation to a lentiviral negative control vector containing scrambled shRNA. Bar 

graphs depict median and range. ***P < .001, compared to scrambled shRNA; Wilcoxon matched- pairs signed rank test. WT, wild type; pLKO, 

pLKO.1 puro; scr, scrambled
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in parallel (Figure  S2G). Similarly, changes in CD73 ex-

pression observed under normoxic and hypoxic conditions 

measured by flow cytometry (Figure S2G) were consistent 

with the mass spectrometric analyses (log2(enrichment fac-

tor) = 0.566 (LFQ); −log10(P- value) = 3.96 (LFQ)). In sum-

mary, AMPD2 surface expression was confirmed by three 

independent methods in various cell lines.

3.2 | AMPD2 surface expression is reduced 
after AMPD2 knockdown in HEK293 and U- 
937 cells

In order to further substantiate surface staining specificity 

and verify eAMPD2 expression, we performed AMPD2 

knockdown in HEK293 and U- 937 cells. Knockdown effi-

ciency was examined by transiently transfecting HEK293 

cells with plasmids containing shRNA sequences tar-

geting AMPD2. The corresponding sequences are listed 

in Table  1. Western blot analysis of whole cell lysates 

demonstrated that shRNA constructs 3 and 8 efficiently 

reduced AMPD2 protein expression. Thus, these shRNA 

sequences were used to produce viral particles and sub-

sequently obtain stable gene silencing of AMPD2 by in-

fecting HEK293 and U- 937 cells. Successfully transduced 

cells were selected by puromycin and protein expression 

was analyzed by western blotting of whole cell lysates. 

Image analysis demonstrated that lentiviral knockdown 

with shRNA constructs 3 and 8 reduced AMPD2 protein 

expression by 54% and 33% in HEK293, and by 58% and 

41% in U- 937 cells (Figure 2E). In the following, AMPD2 

protein levels were examined in membrane fractions from 

HEK293 cells stably expressing the viral constructs. 

Western blot analysis revealed that the reduction of 

AMPD2 in the membrane after stable gene silencing was 

similar to the changes observed with respect to the over-

all expression (Figure  2E). This reduction in membrane 

expression was reproduced by flow cytometric analysis 

following surface staining of successfully transduced 

HEK293 and U- 937 cells (Figure 2E).

3.3 | AMPD2 contains lipid- binding 
regions and AMPD2 surface expression is 
reduced by inhibitors of the secretory pathway

After verifying AMPD2 surface expression in different 

cell lines, we screened the proteins for potential membrane 

domains. UniProt and TMHMM servers did not identify 

any transmembrane domains in the protein sequence.80,81 

In order to search for lipid- binding regions that are charac-

teristic of amphitropic proteins— proteins that localize both 

to the cytosol and to the plasma membrane— we identified 

helical regions with the help of the PSIPRED server.82 The 

results of this search are displayed in Figure S2H. A total 

of 143 helical sequences were subsequently submitted to 

the HeliQuest webserver analyzing sequences containing 

18 amino acids at a time in accordance with the server's 

requirements.83 We identified five lipid- binding helices 

and 35 possible lipid- binding helices, although the identi-

fied sequences were overlapping due to the character of 

the search. Therefore, the five lipid- binding helices likely 

form part of one single lipid- binding region. The results 

are shown in Table 2 and Table S3. Additionally, we aimed 

to evaluate possible mechanisms of membrane trafficking 

experimentally: we verified whether changes in eAMPD2 

expression could be provoked by disrupting protein trans-

port via the Golgi apparatus. eAMPD2 expression was 

indeed reduced after treating HEK293 and U- 937 cells 

with either 1 µg/mL BFA or 0.5 µg/mL MN for 24 hours 

(Figure S2I). Thus, we provide evidence that AMPD2 con-

tains lipid- binding regions and that the secretory pathway 

is directly or indirectly involved in membrane trafficking 

of eAMPD2.

3.4 | AMPD2 is expressed on the cell 
surface of peripheral immune cells

Having successfully established a surface staining proce-

dure in HEK293 and U- 937 cells as model systems, we 

were particularly interested in examining its role in primary 

Sequence H µH z D

368NGPIKSFCYRRLQYLSSK385 0.346 0.232 4 1.539008

369GPIKSFCYRRLQYLSSKF386 0.479 0.338 4 1.639072

370PIKSFCYRRLQYLSSKFQ387 0.467 0.346 4 1.646624

371IKSFCYRRLQYLSSKFQM388 0.495 0.329 4 1.630576

372KSFCYRRLQYLSSKFQMH389 0.402 0.248 4 1.554112

Note: Amino acids 368- 389 of the AMPD2 protein sequence: H, µH and z were provided by the HeliQuest 

webserver.83 D was calculated as follows: D = 0.944(⟨µH⟩) + 0.33(z). A lipid- binding helix was defined by 

D > 1.34.

Abbreviations: D, discrimination factor; H, hydrophobicity; z, net charge; µH, hydrophobic moment.

T A B L E  2  Predicted lipid- binding 

region within the AMPD2 protein sequence
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human immune cells. As expression of ectonucleotidases 

CD39 and CD73 has been described in a variety of im-

mune cell populations,4 our first endeavor was to screen 

different leukocyte subsets for eAMPD2 expression. Flow 

cytometric analysis revealed that eAMPD2 was predomi-

nantly expressed on the cell surface of B cells, monocytes 

and granulocytes (Figure  3A). With respect to monocyte 

subpopulations, AMPD2 staining intensity did not differ 
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between classical, intermediate and non- classical mono-

cytes (Figure S1E). On the other hand, we did not observe 

significant expression of eAMPD2 in the different T cell 

populations examined, namely TH1, TH2, TH17 cells, Tregs 

and CD8+ T cells. Incubation with 25- fold excess uncon-

jugated anti- AMPD2 antibody for 10  minutes completely 

prevented staining of the target protein, thus rebutting the 

possibility of the staining antibody inaccurately adhering to 

the cell surface (Figure S1E). Additionally, eAMPD2 ex-

pression on U- 937 cells and PBMCs was confirmed by im-

munofluorescence microscopy as depicted in Figure 3B and 

Figure S3A. Actin as part of the cytoskeleton was visualized 

with the help of TRITC- conjugated phalloidin, while DAPI 

was applied to detect the cell nuclei. Incubation with rabbit 

IgG isotype control did not result in a signal (Figure S3A), 

whereas a distinct surface staining was achieved by adding 

anti- AMPD2 antibody. Furthermore, membrane fractions 

were prepared from isolated CD14+ monocytes. AMPD2 

was successfully pulled down from the lysates by IP and 

detected by western blotting (Figure  3C). In comparison 

with equivalent samples incubated with corresponding 

isotype controls, AMPD2 was strongly enriched by IP 

performed with anti- AMPD2 antibodies (Figure 3C). The 

comparatively weak signal produced after pull- down with 

the polyclonal antibody “PA5” can be explained by the fact 

that this product is designed for flow cytometry. Significant 

enrichment of AMPD2 by IP from monocytic membrane 

fractions with mouse monoclonal anti- AMPD2 (QQ13) 

compared with isotype control was additionally confirmed 

by mass spectrometry (log2(enrichment factor)  =  4.2;  

−log10(P- value) = 2.87 (LFQ)) (Table S4).

After verifying AMPD2 surface expression in primary 

immune cells and establishing a reliable surface staining, 

we proceeded to examine whether surface expression was 

modifiable by immunostimulation. As we could not refer 

to any previous data regarding eAMPD2 expression, we 

initially incubated PBMCs with 5 µg/mL PHA- L and 1 µg/

mL LPS activating T lymphocytes and monocytes, respec-

tively, and examined the kinetics of eAMPD2 expression 

for 30  hours. While eAMPD2 expression on lymphocytes 

tended to be reduced after incubation with PHA- L, we ob-

served an increase in eAMPD2 on the cell surface of mono-

cytes stimulated with LPS that reached a maximum after 

20- 24 hours (Figure S3E). In contrast, eAMPD2 expression 

was not enhanced in neutrophils activated by LPS stimula-

tion (Figure S3B). Similarly, activating lymphocytes with a 

combination of PMA and ionomycin did not alter eAMPD2 

expression (Figure S3C). Successful T cell stimulation was 

demonstrated by flow cytometric analysis of CD25 and 

CD69 (Figure  S3D). Since we were specifically seeking 

conditions that augmented eAMPD2 expression to under-

stand the role of this enzyme on the cell surface, we fo-

cused on monocytes in PBMC co- culture after 21- 24 hours 

incubation in the following experiments. To guarantee that 

the enhanced surface staining after LPS stimulation was not 

caused by unspecific attachment of staining antibodies to 

dying monocytes upon activation, apoptotic and dead cells 

were excluded by dead cell removal as well as co- staining 

with annexin V. Both procedures did not affect the inten-

sity of eAMPD2 expression measured by flow cytometry 

(Figure S3F). Therefore, we concluded that surface expres-

sion was in fact enhanced distinctively in stimulated mono-

cytes, suggesting a possible role of eAMPD2 as a novel 

pro-  or anti- inflammatory switch actively regulated by im-

mune cells in states of inflammation.

3.5 | eAMPD2 and CD39 display a similar 
surface expression pattern

Following this first indication of its relevance, we aimed to 

further understand AMPD2 surface expression in the con-

text of other ectoenzymes. Since we hypothesized a role in 

the ectonucleotidase- driven metabolism of extracellular pu-

rine nucleotides, we initially examined surface expression 

of eAMPD2, CD39 and CD73 by flow cytometry on human 

PBMCs at baseline (Figure  S4A+B). Interestingly, CD73 

was scarcely detectable on monocytes directly after isolation. 

Instead, we observed that CD73 expression was restricted to 

distinct lymphocyte subsets. CD73+ lymphocytes were pre-

dominantly identified as CD8+ T cells and CD19+ B cells 

(Figure  S4D). Similar to eAMPD2, CD39 was predomi-

nantly expressed on monocytes, while only a small fraction 

of lymphocytes was CD39+. Indeed, eAMPD2 expression 

on monocytes tended to correlate with CD39 expression at 

baseline (rSp = 0.6788, P = .0255) (Figure S4B).

F I G U R E  3  AMPD2 surface expression on primary human immune cells. A, Human leukocytes were isolated by red blood cell lysis and 

analyzed for AMPD2 surface expression on different leukocyte subsets by flow cytometry (n = 3). The gating strategy is displayed in Figure S1A. 

ratio gMFI represents the ratio of geometric mean fluorescence intensity of staining to secondary antibody control. B, Localization of AMPD2 on 

the cell surface of U- 937 cells identified by immunofluorescence microscopy. Cells were stained for AMPD2 (green), actin (red) and DAPI (blue). 

The scale bar represents 20 µm. The images show two independent experiments. Extracellular staining for eAMPD2 was performed on intact cells, 

while the cells were permeabilized to achieve intracellular staining. C, Western blot analysis of AMPD2 pulled down from membrane fractions 

of sorted CD14+ monocytes by IP using a mouse monoclonal antibody (QQ13) and a rabbit polyclonal antibody (PA5) against human AMPD2 

compared to isotype control. CD14 was detected as a membrane marker. Uncropped images are provided in Figure S7. Boxplots show median and 

minimum or maximum values, respectively, while bar graphs depict median and range
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3.6 | TLR stimulation enhances AMPD2 
surface expression on monocytes

In order to identify stimuli that enhance eAMPD2 expres-

sion, we next performed toll- like receptor (TLR) stimulation 

at TLRs 1- 9 in PBMC co- culture. Except for Poly (I:C) and 

ODN 2006 that are agonists at TLR3 and TLR9, respectively, 

all reagents significantly enhanced eAMPD2 expression on 

human monocytes. The greatest increase in eAMPD2 expres-

sion compared with the untreated control was observed after 

stimulation of TLR4 and TLR7/8 (Figure 4B). A similar pat-

tern was found regarding CD39 expression on monocytes, 

although agonists of TLR3 and TLR9 effectively enhanced 

CD39 surface expression as well (Figure  4B). Besides a 

slight reduction in CD73 surface expression on monocytes 

after incubation with the TLR9 agonist ODN 2006, CD73 

expression was not significantly affected by TLR activa-

tion (Figure  4B). Lymphocytes were analyzed simultane-

ously and were largely unaffected by TLR stimulation. 

Although a significant reduction in CD73 expression was 

observed for each TLR agonist, these changes were minute 

(Figure  4A). Having confirmed LPS as the strongest trig-

ger of eAMPD2 expression in monocytes, we proceeded to 

examine whether this increase could be prevented by Golgi 

transport inhibition; in order to confirm our prior hypothesis 

that the secretory pathway mediated AMPD2 surface expres-

sion. We observed that concomitant incubation with BFA 

significantly reduced eAMPD2 expression after 24  hours 

compared to LPS alone. This was true for both lympho-

cytes and monocytes in PBMC co- culture (Figure  4C+D). 

CD73 showed similar changes in monocytes, whereas sur-

face expression proved to be more stable in lymphocytes 

(Figure 4C+D). Strikingly, disruption of the Golgi apparatus 

significantly increased monocytic CD39 surface expression 

(Figure  4D). Importantly, these effects were also observed 

for Golgi transport inhibition in the absence of concomitant 

immunostimulation (Figure  4C+D). Incubation with MN 

yielded similar results as BFA (Figure S4E+F). The effects 

observed in PBMC co- culture were successfully reproduced 

in a monoculture of isolated CD14+ monocytes (Figure 4E). 

Simultaneously, membrane fractions were generated from 

CD14+ monocytes and analyzed for AMPD2 protein expres-

sion by western blotting (Figure 4F). In accordance with the 

data acquired by flow cytometry, western blot analysis re-

vealed an increase of approximately 35% in AMPD2 expres-

sion in membrane fractions of CD14+ monocytes stimulated 

with LPS. Of note, analysis of whole cell protein simulta-

neously demonstrated a decrease of total AMPD2 after LPS 

stimulation. Overall, we observed a significant increase in 

eAMPD2 expression on monocytes by TLR activation. This 

effect might either indicate a pro- inflammatory function of 

AMPD2 on the cell surface, maintaining a pro- inflammatory 

environment by impeding adenosine production through 

CD73 in the extracellular space. On the other hand, similar to 

CD39, the upregulation by immunostimulation might equally 

represent a counter- regulatory mechanism to contain the state 

of inflammation.

3.7 | Dexamethasone inversely 
affects AMPD2 surface expression in 
lymphocytes and monocytes

Assuming that the enhancement of eAMPD2 expression by 

TLR agonism in monocytes constitutes a distinct immune 

cell response to immunoactivation, we hypothesized that 

these effects might be attenuated by the application of im-

munomodulatory drugs. First, we examined the impact of 

glucocorticoids (GC) as versatile anti- inflammatory agents 

broadly affecting various immune cell functions.89,90 PBMCs 

were incubated with LPS as before and concomitantly treated 

with either 10−8 M or 10−5 M Dex. Contrary to our expec-

tation, Dex treatment did not significantly prevent the in-

crease in monocytic eAMPD2 expression by LPS stimulation 

(Figure  5A+B). The same was true with respect to CD39. 

However, 10−5  M Dex tended to attenuate the enhance-

ment of eAMPD2 (P = .05). In order to adequately interpret 

these results, we also studied the effects of GC treatment in 

isolation. Flow cytometric analysis revealed that eAMPD2 

expression was not affected by treatment with 10−8 M Dex, 

a concentration that is equivalent to physiological gluco-

corticoid doses.91,92 Notably, incubation with 10−5  M Dex 

(corresponding to high- dose GC therapy)93,94 resulted in a 

significant increase in eAMPD2 expression on monocytes 

while causing the opposite effect in lymphocytes in co- 

culture (Figure S5). A similar pattern was observed analyzing 

CD39 surface expression although the lower Dex concentra-

tion interestingly caused a decrease in CD39 in both popula-

tions. In contrast, CD73 surface expression was uniformly 

reduced by Dex. This effect was stronger in the presence of 

the lower concentration of Dex. Instead of reversing the ef-

fects of immunostimulation on monocytes, incubation with 

high doses of Dex consequently promoted a similar increase 

in the surface expression of both AMPD2 and CD39. We 

thus concluded that this upregulation might indeed represent 

an anti- inflammatory mechanism supported by GC treat-

ment. As the immunomodulatory effects of MTX have been 

described to be partly modulated by changes in ectonucle-

otidase function,95- 97 we exploratorily examined PBMCs 

after incubation with 0.8 µM MTX (corresponding to plasma 

levels achieved by weekly application of 15 mg MTX)98 for 

24 hours in comparison with untreated control samples or in 

the presence of LPS. We found that ectoenzyme expression 

remained unaffected by MTX treatment (Figure 5C+D).



14 of 25 |   EHLERS ET AL.

F I G U R E  4  AMPD2 surface expression 

on human PBMCs is altered by TLR 

stimulation and Golgi transport inhibition. 

Cells were incubated for 21- 24 hours and 

surface expression of eAMPD2, CD39 and 

CD73 was measured by flow cytometry. 

TLR agonism was achieved using 1 µg/mL 

Pam3SCK4 at TLR1/2, 10 µg/mL Poly (I:C) 

at TLR3, 1 µg/mL LPS at TLR4, 100 ng/

mL Flagellin at TLR5, 1 µg/mL FSL- 1 at 

TLR2/6, 1 µg/mL at TLR7/8, and 0.5 µM 

ODN 2006 at TLR9. 1 µg/mL BFA was 

added simultaneously as indicated to inhibit 

Golgi transport. Lymphocytes (A,C) and 

monocytes (B,D) were incubated in co- 

culture and gated according to Figure S1E 

for analysis (n = 7- 8). E, CD14+ monocytes 

were sorted by magnetic cell separation 

and incubated in monoculture (n = 4). 

The applied gating strategy is depicted in 

Figure S1B. ratio gMFI represents the ratio 

of geometric mean fluorescence intensity 

of staining to secondary antibody control. 

F, AMPD2 protein expression in sorted 

CD14+ monocytes was detected by western 

blotting of whole cell lysates and membrane 

fractions after 24- hour incubation with 1 µg/

mL LPS. AMPD2 protein expression was 

semiquantified relative to beta Actin and 

CD14 respectively by image analysis and 

modification by LPS stimulation is depicted 

in relation to a untreated control samples. 

All boxplots show median, interquartile 

range, and minimum or maximum values, 

respectively. *P < .05, **P < .01, compared 

to untreated control; #P < .01, compared to 

LPS; Wilcoxon matched- pairs signed rank 

test
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3.8 | Patients with rheumatoid arthritis 
show increased AMPD2 surface expression in 
peripheral blood lymphocytes and monocytes

Having confirmed that eAMPD2 expression was distinctively 

modified by immunoactivation in vitro, we investigated 

whether eAMPD2 was equally affected by inflammatory 

conditions in vivo. Therefore, we isolated PBMCs from pe-

ripheral blood samples from patients with RA and healthy 

controls. Patient characteristics are provided in Table 3. The 

majority of patients were under immunosuppressive therapy. 

Sex and age distribution in the healthy control group did not 

differ significantly from the patient group (Table 3). Surface 

expression of AMPD2, CD39 and CD73 was examined by 

flow cytometry. Comparing PBMCs at baseline, we ob-

served that eAMPD2 expression in RA patients was signifi-

cantly elevated compared with healthy controls (Figure 6A). 

Remarkably, this was true for both lymphocytes and mono-

cytes. This enhancement did not correlate with CRP levels 

indicating inflammatory activity nor with the current GC 

dose, although a reliable correlation analysis would require 

a greater sample size. Contrary to our previous results, 

CD39 expression in monocytes was not correspondent with 

eAMPD2 in this experiment where no differences between 

RA patients and healthy controls were apparent (Figure 6A). 

Lymphocytes, on the other hand, showed significantly lower 

levels of CD39 expression (Figure 6A) although the overall 

expression was low and lymphocyte subsets would have to 

be analyzed separately to properly evaluate the relevance of 

this finding. CD73 expression was not significantly differ-

ent between the two groups (Figure 6A). Regarding CD73, 

we found that monocytic expression was generally very low 

at baseline immediately after isolation and increased in cell 

culture. These findings are discussed more thoroughly in the 

Appendix.

After confirming differences in baseline expression of 

eAMPD2, we were interested whether expression patterns in 

PBMCs from RA patients also differed from healthy controls 

F I G U R E  5  AMPD2 surface expression on human PBMCs following immunomodulation. Cells were incubated for 21- 24 hours and surface 

expression of eAMPD2, CD39 and CD73 was measured by flow cytometry. Lymphocytes (A,C) and monocytes (B,D) were incubated in co- 

culture and gated according to Figure S1E for analysis. ratio gMFI represents the ratio of geometric mean fluorescence intensity of staining to 

secondary antibody control. A,B, PBMCs were treated with 1 µg/mL LPS ± 10−8 and 10−5 M dexamethasone, respectively (n = 8). C,D, PBMC co- 

cultures were incubated with 0.8 µM methotrexate and 1 µg/mL LPS, respectively, and a combination of both (n = 2). All boxplots show median, 

interquartile range, and minimum or maximum values, respectively. *P < .05, **P < .01, compared to untreated control; #P < .01, compared to 

LPS; Wilcoxon matched- pairs signed rank test
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in response to in vitro stimulation. Cells were incubated with 

LPS as before and surface expression of AMPD2, CD39 

and CD73 was assessed by flow cytometry after 24 hours. 

Overall, the response to LPS in PBMCs from RA patients 

resembled that of healthy controls (Figure  6B). However, 

contrary to corresponding samples from healthy controls, 

several patients did not exhibit an increase in monocytic sur-

face expression of AMPD2 (P =  .14) and CD39 (P =  .05). 

With respect to eAMPD2, we concluded that elevated surface 

expression in monocytes at baseline represents a counter- 

regulatory mechanism in response to the inflammatory state 

prevalent in RA. We assumed that this permanent upregu-

lation impedes any further increase in eAMPD2 expression 

upon in vitro stimulation. While changes in CD73 expression 

did not differ between stimulated monocytes from healthy 

controls and RA patients, we did nevertheless observe a strik-

ing difference compared with the expression pattern in our 

previous measurements where LPS stimulation generally in-

creased monocytic CD73 expression (Figure 4D). Comparing 

the characteristics of healthy donors in these experiments, it 

became evident that the age distribution was significantly dif-

ferent between the two groups (P = .003). For this reason, we 

reanalyzed our data by dividing the healthy donors into two 

groups (≤40 years and ≥50 years) (Table S5). Interestingly, 

we found that ectoenzyme expression in monocytes stimu-

lated with LPS was indeed regulated significantly differently 

in young and old donors (Figure S6B). In comparison with 

the younger group, monocytes from older individuals showed 

a significantly weaker upregulation of AMPD2, CD39 and 

CD73 surface expression. Differences between the two 

groups were also apparent at baseline (Figure S6A).

In conclusion, our data showed that eAMPD2 was dif-

ferentially regulated in both RA and aging— two states as-

sociated with distinct patterns of inflammation. We thus 

concluded that eAMPD2 might indeed exert an immunoreg-

ulatory function by modifying the extracellular balance of 

purine metabolites.

3.9 | Increased AMPD2 surface 
expression does not prevent extracellular 
adenosine production

According to our initial hypothesis, we assumed that 

eAMPD2 might in fact exhibit either a pro- inflammatory or 

an anti- inflammatory role in the extracellular space. By me-

tabolizing AMP to IMP, the deaminase processes the product 

of CD39 action, thereby shifting the balance of this reaction 

and enabling further degradation of ATP by the ectonucleoti-

dase. This reduction of pro- inflammatory ATP favors a pre-

dominantly anti- inflammatory role of surface AMPD2. On 

the other hand, AMP also represents the substrate of ADO 

generation by CD73. AMP depletion by AMPD2 might 

therefore equally cause a reduction in eADO— a very potent 

anti- inflammatory molecule.56 In order to evaluate the likeli-

hood of either scenario, we isolated CD14+ monocytes from 

PBMCs by magnetic cell separation and incubated the cells 

with 1 µg/mL LPS ±1 µg/mL BFA for 24 hours. Supernatants 

were collected after 24  hours and surface expression of 

eAMPD2, CD39 and CD73 was determined by flow cytom-

etry (Figure 4E). Fluorometric measurements of ADO in the 

supernatant revealed that an increase in eAMPD2 expression 

was not associated with a decrease in eADO (Figure  6C). 

In contrast, stimulation with LPS demonstrated maximal 

eAMPD2 expression (Figure  4E) and the highest levels of 

ADO in the supernatant (Figure 6C). CD73 expression was 

also at the maximum under these conditions and certainly 

contributed to the increase in eADO production. Similarly, a 

decrease in the ecto- 5′- nucleotidase was presumably respon-

sible for the reduction in eADO observed after Golgi trans-

port inhibition. Moreover, immune cell activation and death 

considerably affect extracellular purine metabolite levels so 

that immunostimulation might cause changes in eADO levels 

independent of ectoenzyme expression.9,16,18,19,99 However, 

the percentage of dead cells did not differ between cells 

stimulated with LPS only or a combination of LPS and BFA. 

While this assay is consequently not suitable to exclusively 

measure eAMPD2 action, the results nevertheless refute the 

hypothesis that enhanced expression of eAMPD2 on the cell 

T A B L E  3  Patient characteristics

Patients, n 15

Healthy controls 13

Female, n (%) 11 (73)

Healthy controls 8 (62)

Age [years], median (IQR) 61 (54- 73)

Healthy controls 56 (51- 75)

Disease duration [years], median (IQR) 17 (8.5- 32)

RF- positive, n (%) 10 (67)

Anti- CCP- positive, n (%) 10 (67)

CRP [mg/L], median (IQR) 5 (1.1- 6.5)a 

ESR 1st hour [mm/h], median (IQR) 18 (9.5- 35)b 

SJC [n/28], median (IQR) 2 (0.5- 3.5)b 

TJC [n/28], median (IQR) 1 (0- 4.5)b 

Receiving DMARDs, n (%) 12 (80)

Receiving GCs, n (%) 11 (73)

Current GC dose [mg/d PE], median (IQR) 5 (3- 10)c 

Abbreviations: CCP, cyclic citrullinated peptide; CRP, C- reactive protein; 

DMARDs, disease- modifying anti- rheumatic drugs; ESR, erythrocyte 

sedimentation rate; GC, glucocorticoids; IQR, interquartile range; PE, 

prednisone equivalent; RF, rheumatoid factor; SJC, swollen joint count; TJC, 

tender joint count.
aInformation available for 12/15.
bInformation available for 9/15.
cCalculated only for patients receiving glucocorticoids.
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F I G U R E  6  eAMPD2 expression on PBMCs from RA patients and functional assays suggest an anti- inflammatory potential of AMPD2 

surface expression. A, eAMPD2, CD39 and CD73 surface expression was analyzed by flow cytometry directly after isolation (n = 12). PBMCs 

were gated according to Figure S1E for analysis. ratio gMFI represents the ratio of geometric mean fluorescence intensity of staining to secondary 

antibody control. B, Flow cytometric analysis of eAMPD2, CD39 and CD73 surface expression after incubation with 1 µg/mL LPS for 21- 24 hours 

in co- culture (n = 10). PBMCs were gated according to Figure S1E for analysis. Modification by LPS stimulation is depicted in relation to 

untreated control samples. C, CD14+ monocytes were purified from human PBMCs by MACS technology and incubated with 1 µg/mL LPS ±1 µg/

mL BFA for 24 hours. The concentration of adenosine in the supernatant was determined using a fluorometric assay (n = 2). D, TNF- alpha release 

determined by ELISA. PBMCs were preincubated with 100 µM IMP for 30 minutes, 1 µg/mL LPS was added for another 2 hours (n = 6). Lines 

on scatter dot plot represent median. Boxplots show median, interquartile range, and minimum or maximum values, respectively. *P < .05, Mann 

Whitney test (A+B) and Wilcoxon matched- pairs signed rank test (C+D). IMP, inosine 5′- monophosphate

LPS LPS + IMP

0

100

200

300

400

500

p
g
/m

L

TNF-α

*

ctrl LPS LPS+BFA

0

1

2

3

4

p
m

o
l/
µ
L

Adenosine

eAMPD2 CD39 CD73

0.6

0.8

1.0

1.2

1.4

lymphocytes

fo
ld

 c
h
a
n
g
e
 t
o
 u

n
tr

e
a
te

d
 c

o
n
tr

o
l 

ra
ti
o
 g

M
F

I 
[s

ta
in

in
g
/c

o
n
tr

o
l]

eAMPD2 CD39 CD73

0

2

4

6

monocytes

p = 0.05

RA

HC

eAMPD2 CD39 CD73

0

2

4

6

8

lymphocytes

ra
ti
o
 g

M
F

I 
[s

ta
in

in
g
/c

o
n
tr

o
l]

* *

eAMPD2 CD39 CD73

0

5

10

15

monocytes

RA

HC
*

(A)

(B)

(C) (D)



18 of 25 |   EHLERS ET AL.

surface prevents production of anti- inflammatory ADO in the 

extracellular space.

3.10 | Inosine monophosphate— the 
product of AMPD2 action— exerts anti- 
inflammatory effects

In the system of extracellular purine metabolism regulated 

by the ectonucleotidases CD39 and CD73, the element that 

is newly introduced by the discovery of AMPD2 surface 

expression is the extracellular production of IMP. While 

the role of eATP and eADO has been studied in detail, the 

function of inosine derivatives in the interstitial space is less 

certain.6,13,56,100,101 For this reason, we aimed to examine the 

potential of excess extracellular IMP in balancing inflam-

mation. PBMCs were primed with low and high supraphysi-

ological concentrations of different purine metabolites and 

subsequently stimulated with 1 µg/mL LPS for two hours. 

Purine metabolites were applied at concentrations detected 

in the extracellular space under inflammatory conditions 

as described previously.102- 111 The ADO concentrations 

applied also corresponded with the levels measured in our 

own experiments in the supernatant of cultured immune 

cells (Figure  6C). TNF- alpha was measured in the super-

natants as an indicator of inflammatory activity. Prior incu-

bation with 100 µM IMP significantly reduced TNF- alpha 

release from PBMCs after LPS stimulation (Figure 6D). We 

therefore concluded that eAMPD2 exerts anti- inflammatory 

effects by production of extracellular IMP and is upregu-

lated upon immunoactivation to contain the inflammatory 

environment. As expected, ADO also exhibited highly ef-

ficient anti- inflammatory activity (P  =  .03). In compari-

son, inosine was less potent in reducing TNF- alpha release 

(P  =  .22). Surprisingly, ATP resulted in the strongest de-

crease in TNF- alpha release (P = .03). This effect was con-

trary to the pro- inflammatory activity usually attributed to 

eATP.102 Considering the ample expression of ectoenzymes 

in PBMCs, this finding can nevertheless be accounted for by 

an increase in ADO and IMP production by supplying ATP 

as a substrate.

4 |  DISCUSSION

In this study, we verified AMPD2 surface expression in 

primary human immune cells and assessed differences in 

expression in patients with RA. Through a combination of 

mass spectrometry from membrane fractions and surface 

staining procedures, we identified eAMPD2 as a novel ec-

toenzyme involved in the extracellular purine metabolism. 

Immunostimulation increased monocytic eAMPD2 expres-

sion and RA patients exhibited higher surface expression 

levels at baseline. This upregulation was not associated with 

a decrease in eADO levels in cell culture, while IMP exerted 

anti- inflammatory effects on immune cells.

By confirming AMPD2 surface expression in immune 

cells, we pursued a concept that was first discussed over 

50 years ago in muscle tissue.63,64 Contrary to Rao and Pipoly 

who described attachment of AMPD to the inner erythrocyte 

membrane,65,66 we found that AMPD2 is indeed expressed on 

the outer surface and consequently potentially relevant to the 

extracellular milieu. While CD39 and CD73 are integrated 

into the plasma membrane by transmembrane domains and 

a GPI anchor, respectively,112,113 UniProt and TMHMM que-

ries revealed no corresponding motifs in the AMPD2 pro-

tein sequence.80,81 In order to further elucidate membrane 

trafficking of eAMPD2, we analyzed surface expression 

after Golgi transport inhibition and observed a significant 

reduction suggesting involvement of the secretory pathway 

in the surface localization of eAMPD2. These results are in 

line with previous data locating AMPD in subcellular mem-

brane fractions.114,115 Sims et al identified pleckstrin homol-

ogy domains that might mediate membrane- association via 

phosphoinositide binding in both AMPD2 and AMPD3.116 

Similarly, our search identified a lipid- binding region in the 

AMPD2 protein sequence. These helical domains are char-

acteristic of amphitropic proteins— a class first described by 

Burn in 1988.84,117 This group of cytosolic proteins displays 

structural features that enable a reversible interaction with 

the plasma membrane.118,119 The presence of a lipid- binding 

helix therefore represents a potential mechanism permitting 

eAMPD2 to associate with the membrane. Further work will 

be needed to understand this process in detail.

Since the expression pattern of CD39 and CD73 differs 

between immune cell subsets, we determined eAMPD2 ex-

pression in various leukocyte populations.4 We found that 

eAMPD2 expression intensities resembled the distribution 

of CD39 described previously. These findings suggest that 

eAMPD2 might assist CD39 activity by shifting the ATP:AMP 

ratio and hence promoting hydrolysis of pro- inflammatory 

ATP by CD39. This theory is further supported by the fact 

that monocytic eAMPD2 expression correlated with CD39. 

Similarly, we observed an upregulation in both eAMPD2 and 

CD39 in monocytes upon TLR stimulation. According to our 

hypothesis, this upregulation under inflammatory conditions 

might be beneficial by containing ATP signaling and thereby 

attenuating a potentially detrimental inflammatory response. 

In accordance with this concept, CD39 deficient mice exhib-

ited increased levels of vascular inflammation.120 Conversely, 

transducing fibroblast- like synoviocytes with CD39 and 

CD73 resulted in reduced secretion of pro- inflammatory 

cytokines.121 Moreover, an induction of AMPD2 had been 

previously described in chondrocytes upon exposure to IL- 

1β.122 Since these changes in overall AMPD2 protein expres-

sion were reversed by incubation with immunomodulatory 
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agents, we evaluated whether eAMPD2 upregulation was 

also mitigated by anti- inflammatory therapeutics. Although 

Dex slightly attenuated the increase in eAMPD2 expression 

in monocytes upon stimulation with LPS, these changes were 

however not significant. Interestingly, exposure to therapeu-

tic concentrations of Dex alone significantly increased mono-

cytic eAMPD2 expression. We concluded that eAMPD2 

upregulation might thus mediate anti- inflammatory effects of 

Dex in the extracellular space. Indeed, AMPD2 and AMPD3 

have previously been recognized as genes addressed by glu-

cocorticoid receptor signaling.123,124 The discrepant effects 

of Dex on monocytic eAMPD2 expression observed in the 

presence and absence of concomitant immunostimulation 

might reflect the attenuation of the inflammatory stimuli 

in the first scenario as opposed to the direct impact of Dex 

on AMPD2 surface expression in the latter. A reduction in 

eAMPD2, CD39 and CD73 expression was observed in the 

lymphocyte population. In contrast, previous studies of spe-

cific lymphocyte subsets demonstrated an increase in both 

CD39 and CD73 expression caused by Dex treatment.125- 128 

Likewise, the mechanism of action of MTX has been at-

tributed to changes in AMPD activity.129,130 However, con-

trary to Dex, the anti- inflammatory effect in this context is 

not ascribed to a facilitation of ATP degradation, but rather to 

an inhibition of AMPD causing increased levels of eADO.95 

Correspondingly, polymorphisms causing reduced AMPD 

activity were associated with enhanced responsiveness to 

MTX, while low CD39 expression in Tregs caused the op-

posite.131,132 Bossennec et al found that MTX treatment was 

indeed associated with increased ADO production by TH 

cells from RA patients.96 Nevertheless, we did not observe 

changes in eAMPD2 expression after incubation with MTX. 

Importantly, it has to be considered that— in vivo— several 

immunomodulatory effects only manifest after up to three 

months of MTX therapy.133 Also, the proposed mechanism 

of MTX action only refers to cytosolic AMPD activity. While 

we focused on eAMPD2 expression, it would be desirable to 

perform analyses of eAMPD2 function under MTX treatment 

in the future.

Differences in ectonucleotidase expression have been 

observed in various immune- mediated diseases. On the one 

hand, an elevated expression of CD39, CD73 and A2AR, re-

spectively, has been described in neutrophils and monocytes 

from the synovial fluid of mice with collagen- induced ar-

thritis and the peripheral blood of patients with uveitis.38,51 

Also, FOXP3+CD39+ Tregs were found to be enriched in 

the synovial tissue of RA patients.134 On the other hand, de-

creased expression of CD39, A1R and A2BR was detected 

in patients with ankylosing spondylitis and CD73 was down-

regulated on Tregs from psoriasis patients.49,50 Likewise, a 

reduction in ADO formation was observed in the synovial 

fluid of patients with juvenile idiopathic arthritis.48 These 

diverging results indicate both a potential dysregulation of 

ectonucleotidase expression enhancing inflammation by 

impaired eADO production and a counter- regulatory in-

crease in CD39 and CD73 expression to attenuate the pro- 

inflammatory response in autoimmune diseases. Compared 

with sex-  and age- matched healthy controls we observed 

higher levels of eAMPD2 expression in both lymphocytes 

and monocytes from RA patients. Interestingly, monocytic 

CD39 expression did not differ in our cohort. In response to 

TLR4 stimulation, upregulation of eAMPD2 in monocytes 

was not significantly different in the two groups, although 

it tended to be lower in RA patients. This is in line with the 

increased baseline levels, preventing further upregulation 

following a pro- inflammatory stimulus. As stated before, 

increased levels of eAMPD2 expression might constitute a 

counter- regulatory mechanism, promoting the removal of im-

munostimulatory ATP and providing anti- inflammatory IMP. 

AMPD activity has indeed been shown to correlate inversely 

with ATP levels.135- 137 Importantly, our RA cohort comprises 

a diverse population that does not allow for the differential 

assessment of the impact of disease activity and current im-

munosuppressive therapy. Similarly, further experiments will 

be necessary to determine the relevance of the age- related 

differences observed in our cohort and ensure that the results 

were not caused by confounding factors like comorbidities. 

On the other hand, eAMPD2 may equally represent an am-

biguous mediator of the extracellular ATP- adenosine balance 

by simultaneously reducing AMP supply and thereby impair-

ing eADO generation. In fact, contrary to our findings in RA 

patients, Guo et al detected decreased overall AMPD2 pro-

tein levels in SLE patients.138

Consequently, we aimed to evaluate whether modifying 

eAMPD2 expression was indeed associated with changes 

in extracellular eADO content. We did not observe a reduc-

tion in eADO concentrations under conditions of increased 

eAMPD2 expression. Thus, we concluded that impairing 

anti- inflammatory ectonucleotidase function does not seem 

to be the dominant role of eAMPD2. However, our approach 

only represents an approximation of eAMPD2 activity and 

does not exclude the action of other ectoenzymes present in 

the experimental setup. A more precise analysis of eAMPD2 

function will be advantageous to define the exact role of 

eAMPD2 in the extracellular purine metabolism: direct 

measurements of extracellular AMP and IMP levels and the 

use of specific inhibitors will be necessary to characterize 

the enzymatic function on the cell surface. In order to pro-

vide an initial concept of the immunoregulatory capacity of 

extracellular AMP deamination, we exploratorily examined 

the anti- inflammatory effects of IMP and inosine in com-

parison to adenine nucleot(s)ides. IMP was indeed capable 

of reducing TNF- alpha secretion from PBMCs upon TLR4 

stimulation, supporting the immunomodulatory potential of 

extracellular AMPD2 activity. Our results are in agreement 

with previous findings highlighting the anti- inflammatory 
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potency of inosine. Inosine has been shown to signal via 

ADO receptors.111,139- 141 Immunosuppressive effects of 

inosine have been observed in multiple leukocyte popula-

tions including T cells, monocytes, neutrophils and macro-

phages.109,142,143 Moreover, Qiu et al demonstrated that IMP 

exhibited anti- inflammatory potential by inhibiting neu-

trophil accumulation.144 The additional benefit of inosine 

derivatives in the extracellular space might consist in their 

longevity. Compared with the very short- lived ADO (half- 

life: 10  seconds), the half- life of inosine has been defined 

as 15 hours.145,146 While ADO might serve as an immediate 

regulator with strong anti- inflammatory potential, inosine 

nucleotides might permit a more prolonged modulation of 

the inflammatory environment.

In conclusion, we provide evidence of AMPD2 surface 

expression in human primary immune cells for the first time 

and thereby introduce a novel regulator of the extracellular 

purine metabolism that is differentially regulated under in-

flammatory conditions. We propose that an upregulation of 

eAMPD2 might enhance the removal of pro- inflammatory 

ATP from the extracellular space, although further work 

will be required to elucidate the precise function of this 

novel ectoenzyme in the inflammatory microenvironment. 

Considering the promising role of therapeutic agents in ad-

vancing the treatment of both immune- mediated and on-

cological diseases, we regard our findings as an important 

advancement expanding the system of immunoregulatory 

ectonucleotidases.
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APPENDIX 

Monocytic expression of CD73 is dependent on cell cul-

ture conditions

Besides our main findings, we observed a strong increase in 

monocytic CD73 expression during cell culture. Interestingly, 

this effect was only observed in cultures containing human 

serum while CD73 expression remained low in monocytes  

cultured in medium supplemented with FCS (Appendix  

Figure A1). As a marked expression of CD73 has been de-

scribed as a characteristic feature of M2 macrophages, we 

hypothesised that the presence of human serum promoted 

monocyte adhesion and thereby differentiation towards a mac-

rophage phenotype.1- 3 As a side note, CD73 was also consid-

erably upregulated in THP- 1 cells incubated with PMA. While 

this activation was likewise associated with cell adhesion even 

in the absence of human serum, the cells remained in suspen-

sion upon stimulation with LPS and did not show an upregula-

tion of CD73 under these conditions (Appendix Figure A2). 

The abundance of CD73 in macrophages as a tissue- resident 

cell type is consistent with the fact that adenosine as the prod-

uct of this ectonucleotidase has a very short half- life in com-

parison with other purine metabolites.4,5 Its action is therefore 

confined to its production site, which is in accordance with the 

low expression of CD73 in circulating monocytes.
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FIGURE A1 PBMCs were co- cultured in RPMI supplemented with 

either FCS or human AB serum for 24 hours. Monocytic CD73 surface 

expression was determined by flow cytometry. Monocytes were gated 

according to Supplementary Figure S1E for analysis. Lines on scatter 

dot plot represent median. ****P < .0001, Mann Whitney test.
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F I G U R E  A 2  Flow cytometric analysis of CD73 surface 

expression on THP- 1 cells stimulated with 1 μg/mL LPS or 10 ng/

mL PMA for 24 hours. Cells were gated according to Supplementary 

Figure S1F for analysis.
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Supplement 

Supplementary Figure S1 

 

Supplementary Figure S1: (A) Gating strategy. Human leukocytes were isolated by red blood cell lysis. DAPI 

was used to exclude dead cells. A forward-scatter and side-scatter plot served to identify the different leukocyte 

subsets. CD4+ T cell subsets were subdivided into Type 1 helper (TH1) cells, Type 2 helper (TH2) cells and IL-17-

producing T helper (TH17) cells. TH1 cells were identified by the expression of CXCR3 in the absence of CCR4 

and CCR6. TH2 cells were defined as CCR4+CXCR3-CCR6-, while TH17 cells co-expressed CCR4 and CCR6 in 

the absence of CXCR3. CD4+CD25+CD127low cells were defined as Tregs.
1
 Cytotoxic T cells and B cells were 

identified by the expression of CD8 and CD19, respectively. (B,C) Gating strategy. CD14+ monocytes (B) and 

CD15+ neutrophil granulocytes (C) were sorted by magnetic cell separation. Purity of > 97% was revealed by 

surface staining of CD14 and CD15, respectively. Cells were gated using a forward-scatter and side-scatter plot. 

Doublets were excluded according to the forward-scatter area and height pattern and 7-AAD was used to exclude 

dead cells. (D) AMPD2 surface expression on CD14+ monocytes and CD15+ neutrophil granulocytes sorted by 
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magnetic cell separation. The cells were gated according to Supplementary Figures S1B and S1C. r gMFI 

represents the ratio of geometric mean fluorescence intensity of staining to secondary antibody control. (E) 

PBMCs were gated using a forward-scatter and side-scatter plot. Doublets were excluded according to the 

forward-scatter area and height pattern and 7-AAD was used to exclude dead cells. r gMFI represents the ratio of 

geometric mean fluorescence intensity of staining to streptavidin control. The staining was successfully blocked 

by adding 25-fold excess unconjugated antibody. Classical (CD14+ CD16-), intermediate (CD14+ CD16+) and 

non-classical (CD14- CD16+) monocytes were analyzed individually. The lines on scatter dot plot indicate 

median. Wilcoxon matched-pairs signed rank test. (F) Gating strategy. Cell lines were gated using a forward-

scatter and side-scatter plot. Doublets were excluded according to the forward-scatter area and height pattern 

and DAPI was used to exclude dead cells. 

 

Supplementary Figure S2 
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Supplementary Figure S2: (A) Flow cytometric analysis of intracellular (upper row) and surface (lower row) 

AMPD2 expression in HEK293, HMEC-1, Jurkat, THP-1 and U-937 cell lines. r gMFI represents the ratio of 

geometric mean fluorescence intensity of staining to secondary antibody control and staining to streptavidin 

control for intracellular and surface stainings, respectively. The surface staining was successfully blocked by 

adding 25-fold excess unconjugated antibody. (B) Western blot analysis of HEK293 cytosolic and membrane 

fractions. The samples on the right were concentrated with the help of centrifugal filters to increase to amount of 

protein analyzed by SDS-PAGE. AMPD2 was detected by the mouse monoclonal anti-AMPD2 antibody clone 

QQ13. Purity of cytosolic and membrane fractions was verified by analyzing pan Cadherin and GAPDH. 

Uncropped images are provided in Supplementary Figure S7. (C) Top 10 proteins enriched by IP from HEK293 

whole cell lysates and membrane fractions using anti-AMPD2 antibodies QQ13 and PA5, respectively, identified 

by mass spectrometric analyses. Enrichment is depicted as fold change of LFQ intensity compared to isotype 

control and was evaluated statistically using two-sample Student’s t test. (D) Characterization of HEK293 and U-

937 cytosolic and membrane fractions by western blot. Uncropped images are provided in Supplementary Figure 

S7. (E) Western blot analysis of U-937 cells after surface biotinylation. Intact U-937 cells were biotinylated at 4°C 

and subsequently lyzed and subjected to streptavidin-based enrichment of biotinylated proteins. Whole cell 

lysates (whole) were generated by adding Laemmli sample buffer. Biotinylated cell lysates (input) and flow-

through (FT) samples of protein not captured by the NeutrAvidin beads were analyzed in parallel. “streptavidin” 

represents a non-biotinylated control sample that was subjected to streptavidin-based pull-down, while the 

“surface” sample was prepared by pull-down following surface biotinylation. (F) eAMPD2 expression and surface 

biotinylation of U-937 cells analyzed by flow cytometry. U-937 cells were fixed after surface biotinylation and 

stained an anti-AMPD2-antibody (PA5) and streptavidin. Non-biotinylated cells were measured in parallel. The 

gating strategy is depicted in Supplementary Figure S1F. (G) AMPD2 surface expression in HMEC-1 cells is 

reduced by hypoxia. Western blot analysis of HMEC-1 whole cell lysate and surface protein enriched by surface 

biotinylation followed by streptavidin-based pull-down. Cells were cultured under normoxic (18% O2) or hypoxic 

(1% O2) conditions for 24 hours. AMPD2 protein expression was semiquantified relative to pan Cadherin by 

image analysis and reduction by hypoxia is depicted in relation to normoxic control. Uncropped images are 

provided in Supplementary Figure S7. The bar graphs show surface expression of eAMPD2 and CD73 under 

hypoxic conditions analyzed by flow cytometry (n=2). Doublets and dead cells were excluded for analysis as 

shown in Supplementary Figure S1F. The data are depicted as change in r gMFI (geometric mean fluorescence 

intensity of staining to streptavidin control) in relation to samples cultured under normoxic conditions. (H) The 

secondary protein structure of AMPD2 was analyzed by the PSIPRED server to identify helical areas (highlighted 

in pink).
2
 The graph on the right depicts the lipid-binding helix predicted by the HeliQuest webserver represented 

as a helical wheel with the hydrophobic face at the bottom.
3
 (I) Golgi inhibition by incubation with 1 µg/mL 

brefeldin A and 0.5 µg/mL monensin, respectively, for 24 hours reduced AMPD2 surface expression in HEK293 

and U-937 cells analyzed by flow cytometry (n=8-9). Doublets and dead cells were excluded for analysis as 

shown in Supplementary Figure S1F. The data are depicted as change in r gMFI (geometric mean fluorescence 

intensity of staining to secondary antibody control) in relation to untreated control samples. 

Bar graphs depict median and range. **p<0.01, compared to untreated control; Wilcoxon matched-pairs signed 

rank test. 

BFA, brefeldin A; MN, monensin 

 



 4 

Supplementary Figure S3 

 

Supplementary Figure S3: (A) Localization of AMPD2 on the cell surface of PBMCs identified by 

immunofluorescence microscopy. Cells were stained for AMPD2 (green), actin (red) and DAPI (blue). Polyclonal 

rabbit IgG served as isotype control for the AMPD2 staining antibody. (B) AMPD2 surface expression on CD15+ 

neutrophil granulocytes sorted by magnetic cell separation. Cells were incubated for 24 hours with 1 µg/mL LPS 

and expression of eAMPD2, CD39 and CD73 was measured by flow cytometry (n=1). The gating strategy from 

Supplementary Figure S1C was applied. r gMFI represents the ratio of geometric mean fluorescence intensity of 

staining to secondary antibody control. (C) AMPD2 surface expression on lymphocytes following stimulation. 

PBMCs were treated with 10 ng/mL PMA + 1 µg/mL ionomycin for 24 hours and expression of eAMPD2, CD39 

and CD73 was measured by flow cytometry (n=2). Lymphocytes were gated according to Supplementary Figure 

S1E for analysis. r gMFI represents the ratio of geometric mean fluorescence intensity of staining to secondary 

antibody control. (D) Proof of lymphocyte activation. Expression of CD25 and CD69 was measured by flow 

cytometry after 24-hour stimulation with 10 ng/mL PMA + 1 µg/mL ionomycin compared to untreated control. Cells 

were incubated in PBMC co-culture and lymphocytes were gated according to Supplementary Figure S1E for 

analysis. (E) Kinetics of AMPD2 surface expression in human PBMC co-culture after incubation with 1 µg/mL LPS 

or 5 µg/mL PHA determined by flow cytometric analysis. The gating strategy from Supplementary Figure S1E was 

applied. Data are expressed as mean (n=2) ratio to untreated control. (F) The effect of apoptosis on eAMPD2 

staining on human monocytes from PBMC co-culture treated with LPS. Apoptotic cells were identified with the 

help of annexin V. The gating strategy is depicted in Supplementary Figure S1E. In the right-hand approach 

apoptotic cells were removed by dead cell removal (DCR) after incubation. Apoptosis does not significantly 

influence AMPD2 surface expression. (G) AMPD2 surface staining on primary human monocytes analyzed by 

flow cytometry. PBMCs were incubated for 24 hours with or without 1 µg/mL LPS. Monocytes were gated 

according to Supplementary Figure S1E for analysis. r gMFI represents the ratio of geometric mean fluorescence 

intensity of staining to secondary antibody control. 

Box plots show median and range. The lines on scatter dot plot indicate median. Wilcoxon matched-pairs signed 

rank test. 
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Supplementary Figure S4 

 

Supplementary Figure S4: Flow cytometric analysis of eAMPD2, CD39 and CD73 expression on primary human 

immune cell populations at baseline. Correlation between eAMPD2 and ectonucleotidase expression in  

(A) lymphocytes and (B) monocytes from healthy donors after PBMC isolation. eAMPD2, CD39 and CD73 

expression was determined by flow cytometry. The gating strategy from Supplementary Figure S1E was applied. 

Expression is depicted as ratio of geometric mean fluorescence intensity of staining to secondary antibody 

control. eAMPD2 correlates with CD39 surface expression in monocytes. Spearman's Rank-Order Correlation. 

(C) PBMCs were gated using a forward-scatter and side-scatter plot. Doublets were excluded according to the 

forward-scatter area and height pattern and leukocytes were identified by the expression of CD45. Lymphocytes 

and monocytes were gated according to their distinctive appearance in a forward-scatter and side-scatter plot. 

Lymphocytes were subdivided depending on the surface expression of CD4 and CD8. CD4+CD25+CD127low 

cells were defined as regulatory T cells. CD19+ B cells and CD14+ monocytes were evaluated separately. (D) 

CD73 surface expression on immune cells subdivided according to Supplementary Figure S4C. (E,F) AMPD2 

surface expression on human PBMCs is reduced by Golgi transport inhibition. Cells were treated with 1 µg/mL 

LPS with or without 0.5 µg/mL monensin (MN) (n=2) for 21-24 hours and surface expression of AMPD2, CD39 

and CD73 was measured by flow cytometry. Lymphocytes (E) and monocytes (F) were incubated in co-culture 

and gated according to Supplementary Figure S1E for analysis. r gMFI represents the ratio of geometric mean 

fluorescence intensity of staining to secondary antibody control.  

All boxplots show median and minimum or maximum values, respectively. 
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Supplementary Figure S5 

Supplementary Figure S5: AMPD2 surface 

expression on human PBMCs following 

immunomodulation. Cells were treated with 10
-8

 M and 

10
-5

 dexamethasone, respectively (n=8). Surface 

expression of eAMPD2, CD39 and CD73 was 

measured by flow cytometry. (A) Lymphocytes and 

(B) monocytes were incubated in co-culture and gated 

according to Supplementary Figure S1E for analysis.  

All boxplots show median, interquartile range, and 

minimum or maximum values, respectively. *p<0.05, 

**p<0.01; Wilcoxon matched-pairs signed rank test.  

 

 

 

 

 

 

 

 

Supplementary Figure S6 

 

Supplementary Figure S6: eAMPD2, CD39 and 

CD73 expression depending on donor age. 

PBMCs were isolated from heparinized blood 

samples of young (≤40 years) and old (≥50 years) 

healthy donors. (A) eAMPD2, CD39 and CD73 

expression was analyzed by flow cytometry 

directly after isolation (n=11-12). PBMCs were 

gated according to Supplementary Figure S1E for 

analysis. (B) Flow cytometric analysis of 

eAMPD2, CD39 and CD73 expression after 

incubation with 1 µg/mL LPS for 21-24 hours in 

co-culture (n=11-12). PBMCs were gated 

according to Supplementary Figure S1E for 

analysis. Modification by LPS stimulation is 

depicted in relation to untreated control samples.  

Lines on scatter dot plot represent median. **p<0.01, ***p<0.001, ****p<0.0001, Mann Whitney test. 
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Supplementary Figure S7 

 

Supplementary Figure S7: Uncropped western blot images corresponding to (A) Figure 2B, (B) Figure 2C, (C) 

Supplementary Figure S2E, (D) Figure 2E, (E) Figure 3C, (F) Figure 4F, (G) Supplementary Figure S2B, (H) 

Supplementary Figure S2D, and (I) Supplementary Figure S2G. (J) Protein standard used for all western blots. 

  

anti-AMPD2 (QQ13) + anti-mouse-HRP 

Standard |  18% O2 |   18% O2 |   1% O2

Mark input |    surface fraction

anti-pan Cadherin (CH-19) + anti-mouse-HRP 

Standard |  18% O2 |   18% O2 |   1% O2

Mark input |    surface fraction

anti-AMPD2 (QQ13) + anti-mouse-HRP anti-pan Cadherin (CH-19) + anti-mouse-HRP anti-alpha Tubulin + anti-rabbit-HRP 

Standard |      lysate | IP AMPD2  |    IP IgG |     lysate | IP AMPD2  |   IP IgG |      lysate | IP AMPD2  |    IP IgG

Marker whole cell lysate cytosolic fraction membrane fraction

Standard |      lysate | IP AMPD2  |    IP IgG |     lysate | IP AMPD2  |   IP IgG |      lysate | IP AMPD2  |    IP IgG

Marker whole cell lysate cytosolic fraction membrane fraction

Standard |      lysate | IP AMPD2  |    IP IgG |     lysate | IP AMPD2  |   IP IgG |      lysate | IP AMPD2  |    IP IgG

Marker whole cell lysate cytosolic fraction membrane fraction

A

D
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Standard |        WT        |     pLKO |        scr |       sh3       |       sh8

Marker whole cell lysate
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E
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Supplementary Table S1: Mass spectrometric analyses of top 10 proteins immunoprecipitated from 

HEK293 samples using anti-AMPD2 antibodies 

 

IP from HEK293 whole cell lysates (total) and membrane fractions (membrane) was performed using anti-AMPD2 

antibodies QQ13 and PA5, respectively. Differential protein abundance compared to isotype control was 

calculated using two-sample Student’s t test. 

 

Supplementary Table S2: Mass spectrometric analysis of surface-enriched protein from HMEC-1 

cells 

  

Top abundant proteins and enrichment of AMPD2 by surface biotinylation. Surface-enriched samples were 

obtained by surface biotinylation of HMEC-1 cells followed by streptavidin-based pull-down. Differential protein 

Gene name Peptides Unique peptides Student's t test  

Difference LFQ intensity 

Student's t-test  

p-value (-log10) LFQ intensity 

Median intensity Intensity rank 

total: IP QQ13 

AMPD2 47 1 16,303 5,516 90290000000 1 

SHCBP1 3 3 7,703 2,805 338410000 60 

RFC2 21 21 7,267 4,166 373610000 54 

TXNRD2 11 10 6,774 0,925 3809600000 7 

DMD 8 7 6,560 0,931 1460400000 15 

HDLBP 81 81 5,936 3,519 18038000 319 

HBZ 1 1 5,792 1,342 306520000 66 

TRRAP 15 15 5,686 3,199 84882000 163 

AMPD3 5 4 5,491 5,041 67224000 191 

ALDH7A1 43 43 5,258 3,076 38252000 232 

total: IP PA5 

AMPD2 47 1 11,237 6,215 4961800000 5 

EML3 24 24 9,992 5,077 1539000000 21 

MDC1 35 35 9,269 5,789 790850000 43 

CLCC1 22 22 9,144 2,917 1159600000 27 

C4A;C4B 7 6 8,266 4,654 452350000 84 

TIMM8B 9 9 8,226 5,364 294480000 114 

TIMM13 8 8 8,044 2,908 584640000 62 

MAPRE1 34 31 7,755 4,784 315370000 106 

PAFAH1B2 15 15 7,539 6,233 611770000 59 

ALDOA 60 53 7,346 2,374 227920000 136 

membrane: IP QQ13 

AMPD2 47 1 5,815 3,849 311700000 34 

HBB;HBD 3 2 4,658 3,967 30926000 185 

UBE2O 33 33 4,557 1,156 32560000 181 

NOL11 22 22 4,392 1,494 18015000 257 

MRPS27 27 27 4,349 1,114 81540000 89 

ARFGEF1 4 4 4,204 1,158 35380000 164 

RBMX 40 15 4,179 2,062 43027000 147 

MRPS9 29 29 4,114 2,713 54771000 124 

MRPS26 23 23 4,086 0,811 23443000 221 

DVL2 8 6 4,041 1,285 45793000 142 

AMPD2 

Peptides 23 

Unique peptides 23 

Sequence coverage [%] 25,4 

Unique sequence coverage [%] 25,4 

Molecular weight [kDa] 100,69 

Q-value 0 

Score 30,278 

Intensity 978860000 

iBAQ 20827000 

MS/MS count 64 

LFQ: surface enrichment vs. non-biotinylated control 

t test Difference (log2) 3,6998 

p-value (-log10) 2,0048 

LFQ: surface enrichment vs. input 

t test Difference (log2) 3,1967 

p-value (-log10) 4,2404 
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abundance compared to non-biotinylated samples undergoing streptavidin-based pull-down (non-biotinylated 

control) and biotinylated whole cell lysate (input) was determined using two-sample Student’s t test. 

† Plasma membrane annotation according to the Gene Ontology project.
4, 5

 

 

Supplementary Table S3: Search for lipid-binding helices according to the HeliQuest decision tree 

 

Helical domains present in AMPD2 protein sequence as identified by the PSIPRED server (shown in 

Supplementary Figure 2H) were submitted to the HeliQuest webserver.
2, 3

 D was calculated as follows: 

D = 0.944(<µH>) + 0.33(z). Lipid-binding helix were defined by D > 1.34 (highlighted in green), 

possible lipid-binding helices were defined by 0.68 < D < 1.34 (highlighted in yellow). 

µH, hydrophobic moment; z, net charge; D, discrimination factor 

 

Supplementary Table S4: Mass spectrometric analyses of top 10 proteins immunoprecipitated from 

CD14+ monocyte samples by anti-AMPD2 antibody (QQ13) 

 

CD14+ monocytes were isolated by MACS. IP from membrane fractions was performed using anti-AMPD2 

antibody QQ13. Differential protein abundance compared to isotype control was calculated using two-sample 

Student’s t test. 

 

Gene name Peptides Unique peptides Student's t test  
Difference LFQ intensity 

Student's t test  
p-value (-log 10) LFQ intensity 

Intensity 

RAB5C 8 6 7,833 3,858 3500500000 

PRKAA1 2 2 7,738 2,826 2328900000 

LPCAT2 2 2 6,740 4,248 1221300000 

GNAI2 13 7 5,932 3,962 1741800000 

AMPD2 8 8 4,239 2,869 195980000 

SPTBN 2 2 3,969 1,921 131030000 

GNPAT 1 1 3,954 2,940 219120000 

TRPV2 5 5 3,876 2,898 215710000 

IDH2 11 11 3,646 3,273 1720800000 

CLIP1 1 1 2,899 0,368 10001000000 
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Supplementary Table S5: Characteristics of donors divided into age-related groups 

 

IQR, interquartile range 
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young old 

donors, n 12 11 

age [years], median (IQR) 27 (26-31.75) 61 (55-78) 

age [years], range 25-40 50-86 

female, n (%) 9 (82) 7 (64) 
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