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Abstract

Abstract

Macrophages possess immune regulatory functions that can be exploited by helminth
parasites to evade the host immune system. Helminths can induce the production of
anti-inflammatory mediators in macrophages to establish chronic infections. This thesis has
provided new insights into the regulation of macrophage-mediated host defense and repair
during helminth infections and during treatment with an immunomodulatory helminth
molecule. In a mouse model of chronic intestinal helminth infection, we identified helminthic
glutamate dehydrogenase (heGDH) as an indispensable factor for parasite chronicity by
means of antibody-mediated neutralization or treatment with exogenous recombinant
heGDH. Host macrophages efficiently internalize heGDH and represent key target cells of
the enzyme in vivo. Mechanistically, the induction of PGE;, as a primary immune regulatory
mechanism of heGDH and of further immune regulatory factors (such as IL-12 family
cytokines and IDO1) by heGDH requires the p300-mediated acetylation of histones. While
we show the catalytic activity of heGDH to be dispensable for the p300-triggered induction
of regulatory genes, an N-terminal handle-like structure, distinct from mammalian GDHs,
may facilitate the interaction of heGDH with its targets. Furthermore, heGDH reprograms
the macrophage metabolism, resulting in a phenotype with an increased glycolytic activity
and the production of a specific amino acid and TCA metabolite profile, which enabled
leukotriene suppression. Therefore, helminths employ a ubiquitous metabolic enzyme to

epigenetically and metabolically target macrophages in order to evade host immunity.

Monocyte-derived macrophages (MDM) play a pivotal role in instigating the inflammatory
response to severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), and they
serve as a source for eicosanoids in airway inflammation. Investigation of transcriptional
and eicosanoid reprogramming in MDM from convalescent COVID-19 patients
demonstrated that individuals who experienced a mild course of COVID-19 retain a
persistent transcriptional and metabolic imprint between 3-5 months after the infection. This
imprint is characterized by an increase in the production of pro-inflammatory
5-lipoxygenase (5-LOX) metabolites and the downregulation of pro-resolving factors.
Leukotriene synthesis is further enhanced by glucocorticoid treatment and remains elevated
for 3-5 months but returned to baseline levels at 12 months post infection. MDM from
convalescent SARS-CoV-2 infected individuals which are stimulated with either the SARS-
CoV-2 spike protein or LPS, show an exaggerated prostanoid, type | interferon, and
chemokine response. These results suggest an epigenetic reprogramming that leads to

long-term modification of the innate immune compartment after SARS-CoV-2 infections.



Abstract

Interleukins are an essential group of mediators that enable communication between the
innate and adaptive immune system and play vital roles in regulating host immunity. One
notable subset of cytokines is the interleukin 12 family, characterized by their heterodimeric
nature and sharing of signaling receptors and cytokine subunits. Each IL-12 family member
is a glycoprotein, although the precise impact of glycosylation on their biogenesis and
function remained elusive. Identification of the specific glycosylation sites within human IL-
12 family subunits that undergo modification upon secretion demonstrated that
glycosylation is not necessary for the secretion of human IL-12 family cytokines, except for
IL-35. Additionally, glycosylation has differing impacts on the functionality of IL-12 family
cytokines, with IL-27 being most strongly affected. Taken together, this comprehensive
analysis uncovers the impact of glycosylation on the biogenesis and function of IL-12 family
cytokines, thereby laying the foundation for selectively modulating their secretion via
targeted glycosylation modification.
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Makrophagen besitzen wichtige immunregulatorische Funktionen, die von Parasiten und
deren Molekilen ausgenutzt werden kénnen, um das Immunsystem des Wirts zu umgehen.
Helminthen konnen die Produktion von entzindungshemmenden Mediatoren in
Makrophagen induzieren, um somit chronische Infektionen zu etablieren. Im Rahmen
dieser Arbeit konnten neue Erkenntnisse Uber die Regulation der Makrophagen-
vermittelten  Wirtsabwehr und  Gewebsreparatur ~ wahrend  unterschiedlicher
Helmintheninfektionen gewonnen werden. Im Mausmodell fur chronische intestinale
Helmintheninfektionen wurde eine parasitdre Glutamat Dehydrogenase (GDH) als
unverzichtbarer Faktor fir die Immunevasion von Wurmparasiten identifiziert. Dies wurde
zum Einen mittels Antikdrper-vermittelter Neutralisierung und zum Anderen mittels
Behandlung mit dem exogenen Protein bestatigt. Des Weiteren unterstrich die effektive
Aufnahme der parasitiren GDH durch Wirtsmakrophagen deren Bedeutsamkeit.
Mechanistisch konnte gezeigt werden, dass die p300-vermittelte Acetylierung von Histonen
eine entscheidende Rolle bei der Induktion von PGE; als primarer immunregulatorischer
Mechanismus der parasitaren GDH sowie weiterer immunregulatorischer Faktoren (wie
Zytokine der IL-12-Familie und IDO1) spielt. Die katalytische Aktivitat der parasitdren GDH
war fur die p300-vermittelte Geninduktion jedoch nicht erforderlich. Unsere Daten weisen
zudem daraufhin, dass eine N-terminale ,schlisselartige® Struktur, welche sich von der
GDH beim Menschen unterscheidet, die Mdoglichkeit bietet, mit Rezeptoren oder
Bindungspartnern innerhalb der Makrophagen zu interagieren. Weiterhin wurde gezeigt,
dass die parasitire GDH - teilweise durch ihre Kkatalytische Aktivitdt - zu einer
Umprogrammierung des Makrophagen-Stoffwechsels fuihrt, welche durch eine erhohte
glykolytische  Aktivitat und die  Produktion spezifischer ~Aminosduren und
Krebszyklusintermediaten gekennzeichnet ist. Zusatzlich zur Umprogrammierung zeigte
eines der induzierten Stoffwechselprodukte einen supprimierenden Effekt auf die Bildung
pro-entztindlichen Leukotriene. Zusammenfassend nutzen Helminthen also ein ubiquitares
Stoffwechselenzym, um Makrophagen epigenetisch und metabolisch so zu beeinflussen,
dass eine reduzierte Immunantwort des Wirts und somit eine chronische Infektion induziert

wird.

Makrophagen, die aus Monozyten differenzieren (MDM) spielen eine zentrale Rolle bei der
Entstehung von Entziindungsreaktionen wie zum Beispiel wahrend der Infektion mit SARS-
CoV-2. Zudem dienen MDMs bei der Entziindung der Atemwege als signifikante Quelle fur

Eikosanoide. Mittels Analysen von Transkriptions- und Eikosanoidprofilien von MDMs



Zusammenfassung

konnten wir zeigen, dass Personen, die einen milden Verlauf von COVID-19 hatten, auch
3 bis 5 Monate nach Beginn der Infektion eine anhaltende transkriptionelle und
metabolische Pragung aufweisen. Diese Pragung war durch einen Anstieg der Produktion
von  entzindungsférdernden  5-Lipoxygenase  Metaboliten und  durch  die
Herunterregulierung von entzindungsauflosenden Faktoren gekennzeichnet. Eine
Steroidbehandlung der MDMs in vitro flhrte zu einer weiteren Steigerung der Leukotrien-
Synthese, welche fir 3 bis 5 Monate erhoht blieb, jedoch 12 Monate nach der Infektion auf
das Ausgangsniveau zuriickkehrte. Wenn MDM von rekonvaleszenten SARS-CoV-2-
Infizierten entweder mit dem SARS-CoV-2 Spike-Protein oder mit LPS stimuliert wurden,
kam es zu Ubersteigerten Prostanoid-, Typ-I-Interferon- und Chemokin-Reaktionen.
Zusammenfassend deuten diese Ergebnisse auf eine epigenetische Umprogrammierung
des innaten Immunsystems hin, welche nach einer COVID-19 Erkrankung zu langfristigen
pro-entzundlichen Veranderungen fuhrt.

Interleukine sind eine bedeutende Gruppe von Mediatoren, welche eine entscheidende
Rolle bei der Regulation der Wirtsimmunitat spielen, indem sie insbesondere die
Kommunikation zwischen dem angeborenen und dem adaptiven Immunsystem
ermdglichen. Eine bemerkenswerte Untergruppe von Zytokinen ist die Interleukin-12-
Familie, welche durch ihre heterodimere Natur und die gemeinsame Nutzung von
Signalrezeptoren und Zytokin-Untereinheiten gekennzeichnet ist. Zudem ist jedes bekannte
Mitglied der IL-12-Familie ein Glykoprotein. Da die genauen Auswirkungen der
Glykosylierung auf ihre Biogenese und Funktion noch nicht vollstandig charakterisiert
waren, wurden im Rahmen dieser Arbeit die spezifischen Glykosylierungsstellen in den
Untereinheiten der menschlichen IL-12-Familie identifiziert und funktional charakterisiert.
Es konnte gezeigt werden, dass die Glykosylierung fiir die Sekretion der Zytokine der IL-
12-Familie mit Ausnahme von IL-35 nicht erforderlich ist. Dartiber hinaus hat die
Glykosylierung unterschiedliche Auswirkungen auf die Funktionalitéat der Zytokine, wobei
IL-27 am starksten von dieser posttranslationalen Modifikation betroffen ist. Insgesamt
liefert diese umfassende Analyse eine Grundlage, um die Auswirkungen der Glykosylierung
auf die Biogenese und Funktion einer zentralen Zytokinfamilie zu charakterisieren und

damit therapeutisch nutzbar zu machen.
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Introduction

1 Introduction

1.1 Hostimmune response to infectious disease

Despite the great medical progress in recent decades, infections still represent a major
threat. Especially the last few years, in particular the pandemic triggered by "coronavirus
disease 2019" (COVID-19), have again made it very clear to all of us what power pathogens
can have. The statistics of the World Health Organization (WHO), aside from the current
Corona pandemic, also show the relevance of infectious diseases caused by bacteria,
viruses, and parasites worldwide. The top ten causes of death around the globe include
several infectious diseases or infectious groups [1]. Therefore, it is important to understand
what kind of disease the pathogen triggers, the mechanisms our immune system uses to
fight the invader and at the same time, which mechanisms the pathogen exploits to evade
the host’s immune response. Based on this we can pay close attention to the risks of
serious infections and develop new therapeutic approaches that help to prevent the

detrimental consequences of infectious diseases.

1.1.1 Type 1 immunity- viral infections

Our body is constantly exposed to the external environment, and therefore, must be
equipped to respond to and eliminate pathogens. Viral clearance and resolution of infection
requires a complex, multi-faceted immune response, which is often referred as a “Type 1
immune response”. It is initiated by epithelial cells and innate immune cells which
subsequently activate the adaptive immune system. The ultimate goal of the immune
response is to eliminate the infection and protect the host from future infections with the

same (or similar) viruses.
Viral- (pathogen-) sensing via the innate immune system

Our body has evolved several defense mechanisms to protect us against viral infections.
Among the first line of defense are the epithelial cells. They are critical in limiting virus
spread and alerting the immune system to respond to the infection. The immune system
responds to several kind of infections at forefront with the innate (“non-specific”) response
often associated with inflammation to block or inhibit initial infection, to protect cells from
infection, or to eliminate virus-infected cells, and occur well before the onset of adaptive
(“specific’) immunity. The cellular innate immune system consisting of granulocytes,

monocytes, macrophages, mast cells, dendritic cells (DCs), innate lymphoid cells (ILCs)
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and natural killer (NK) cells reside at various anatomical barriers such as skin and mucous
membranes to directly detect and target entering viruses. Despite mechanical or chemical
barriers, including antimicrobial peptides, viruses can invade the body tissue. Epithelial cells
as well as professional phagocytes like macrophages, but also DCs can sense pathogen-
associated molecular patterns (PAMPSs) including viral nucleic acids and viral membrane
particles or danger- associated molecular patterns (DAMPS) of infiltrated or even dead cells
through their cognate pattern recognition receptors (PRRs). PRRs that are important for
pathogen recognition include membrane-bound Toll-like receptors (TLRsS), cytoplasmic
nucleotide oligomerization domain (NOD)-like receptors (NLRs), absent in melanoma 2
(AIM2)-like receptors (ALR), C-type lectin receptors (CLR), retinoic acid-inducible gene
(RIG)-I-like receptors (RLRs), and other cytosolic sensors (Table 1). After recognition and
signaling through these receptors, the host cells start to express different inflammatory
mediators including cytokines, chemokines and lipids, induce cell death and clear infected
cells by phagocytosis.

Table 1: Pattern recognition receptors and cytosolic sensors for pathogen recognition and initiation of host
immune responses

Family Receptor Ligand Location Function Ref.
TLR3 dsRNA Endosomal Signaling via MyD88  [2]
TLR7/8 ssRNA Endosomal  Or TRIF followed by [3-6]
Hypomethylated activation of NFxB,
TLR TLR9 CpG DNA Endosomal MAPKSs and IRFEs to [7,8]
Virus coat Plasma induce cytokine and
TLR2/4 proteins/bacteria  membrane interferon response [9-12]
RIG-I/MDA5  dsRNA Cytosolic Initiate the release of [13-16]
RLR regulating the inflammatory
LGP2 function of RIG-I Cytosolic cytokines and type | [17]
and MDA5S interferons (IFNs)
RAF1- and ERK —
MR/ MAPKSs and NFxB
CLR DC-siGn  Scosylated Flasma  signaling > [18-21]
L-SIGN etc. b inflammatory
cytokine response
NLRP3 dsRNA Cytosolic Inflammasome [22]
activation
o
NOD2 SsSRNA Cytosolic and nrK [23]
pathway to induce
cytokine responses
ALR AIM2 dsDNA Cytosolic and Inflammasome 24]
IFI16 RNA/DNA nuclear activation [25—28]
Activation of STING
. . pathway to induce
cGAS cGAS Microbial and Cytosolic proinflammatory [29]

cytosolic DNA

cytokines and type |

IFNs
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Interferon response as a key pathway to limit viral infections

Interferons (IFNs) are a specialized group of cytokines mediating the host antiviral immune
response. They can be divided in three different groups. Type | (encompassing IFN-a., -3,
-w, -&, -K, -T and -3) and type Il (IFN-A) IFNs are produced by most cell types and their
secretion is triggered by the activation of PRRs, whereas type Il IFNs (IFN-y) are induced
by other cytokines like IL-12 and the expression is restricted to T cells and NK cells [30,31]
(Figure 1 and 2). Binding of type I, type Il and type Ill IFNs to their respective receptors
initiates a signaling cascade that results in the expression of interferon-stimulated genes
(ISGs). Type | IFNSs ligate the heterodimeric receptor IFNAR1/IFNARZ2, which is expressed
on all cells, while type Il IFNs bind to IFNGR1/IFNGR2 and type 11l IFNs signal through the
IL-10R2/IFNLR1 heterodimer [32]. Activation of these receptors triggers the
phosphorylation of STAT1/2 by Janus kinase 1 (JAK1) and tyrosine kinase 2 (TYK2), the
recruitment of IRF9, leading to the formation of the ISGF3 complex, which in turn
translocates to the nucleus to active the expression of ISGs [32,33] (Figure 2). ISGs are
crucial in antiviral immunity by inhibiting viral entry or replication, inducing apoptosis, and

recruiting other immune cells to the site of infection.
Activation of the adaptive immunity to viral infections

Additionally, to their direct antiviral activity, type | IFNs also play a role in initiating the
adaptive immune response by the activation of DCs via upregulation of major
histocompatibility complexes (MHC) and co-stimulatory molecules, while they can also
directly act on CD4" and CD8"* T cells, inducing T cell polarization to Tul or cytotoxic T cells
[34] (Figure 1). Antigen presenting cells (APCs), including macrophages, DCs and B cells
play a crucial role in activating naive T cells by presenting phagocytosed antigenic material
on their surface within their MHC molecules to their specific T cell receptor (TCR) [35,36].
Their direct recognition of antigens within the MHCI or MHCII complexes and the expression
of either CD4* or CD8" receptors initiate their differentiation into functionally distinct T cell
subsets, including T helper cells (Tw, CD4%), cytotoxic T cells (Tc; CD8*), and T regulatory
cells (Tregs; CD4") [37,38]. Depending on the nature of the pathogen, helper T cells are
functionally subdivided in Tul, Tu2 or Tul7 cells [39,40]. Induction of signal transducer and
activator of transcription (STAT)-4 followed by IL-12 signalling activates
T-bet and results in Tyl cell differentiation, characterized by IFN-y secretion [41,42]. As
mentioned earlier, Tul cells are crucial in removing intracellular pathogens such as viruses
and become generated when DCs secrete IL-12 and IFN-y cytokines, which in turn

stimulates the secretion of their own cytokines (IFN-y and TNF-B). The production of Tul
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cytokines leads to the recruitment and activation of phagocytic cells such as macrophages
and neutrophils, induce B cell antibody switching as well as activates CD8* T effector cell
responses [43]. The activation of CD8" cytotoxic T cells via MHC class | molecules results
in the elimination of pathogens and infected host cells by releasing cytotoxins such as
perforin and granzymes. Next to cytotoxic T cells, NK cells (as a part of the innate immune
system) can directly target infected cells, without the necessity of the MHCI complex
binding. This attribute of NK cells puts them in an offensive position even against
intracellular pathogens that evade CD8* cells by interfering with MHCI molecule expression
[44,45] (Figure 1). After the viral infection has been efficiently contained by the various
effector immune cells, it is important to prevent aberrant immune responses. Tregs are
crucial mediators of immune homeostasis by their ability to dampen excessive immune
responses. Foxp3 expressing Tregs are generated in the thymus or in the periphery and
are characterized by the secretion of anti-inflammatory cytokines including IL-10, TGF-$
and IL-35 [46].

The activation of CD4* naive T cells by antigens can also lead to migration from the T cell
zone to germinal centers where they become T follicular helper cells (Tth) upon the
secretion of IL-6 and IL-21. Interaction of Tfth with follicular B cells triggers several processes
such as isotype switching, somatic hypermutation, and rapid cellular division to seed
germinal centers. B cells develop in the bone marrow and possess a unique B cell receptor
consisting of a membrane bound Ig molecule and a signal transduction moiety that can
efficiently bind to viral antigens [47]. Upon contact with the antigen, the B cell undergoes
division to differentiate into two types: longlived plasma cells that produce high-affinity
antibodies to directly neutralize the virus in the blood stream or germinal center-dependent
memory B cells that react more rapidly to the same viral antigen upon secondary encounter
[48] (Figure 1). Like for T cells, a small population of B cells also exhibit immunosuppressive
functions and is referred to as regulatory B cells (Bregs). Together with Treg, Bregs dampen
harmful immune responses and maintain tissue homeostasis via the production of inhibitory

cytokines.
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1.1.2 The immune response to SARS-CoV-2 infection

In 2019, SARS-CoV-2 emerged as a new pathogen that resulted in the COVID-19
pandemic, rapidly spreading throughout the world and leading to an ongoing public health
crisis with over 750 million infections and 6.8 million deaths (WHO, March 2023). SARS-
CoV-2 causes upper and lower respiratory tract infections that are often associated with
fever, cough and loss of smell and taste. Most infections cause mild symptoms, and up to
20-40% of patients are asymptomatic. However, some patients experience severe disease
and develop systemic inflammation, tissue damage, acute respiratory distress syndrome
(ARDS), thromboembolic complications, cardiac injury and/or cytokine storm, which can be
fatal [49-51]. Apart from the acute disease, SARS-CoV-2 infections can also lead to long-
term sequelae after virus clearance, reaching from fatigue and headache, to airway
dysfunction, including impaired pulmonary diffusion [52]. This pathological state is termed
as ,long-COVID*, with the persistence of more than 1 symptom for up to several weeks to
months [52-54].

SARS-CoV-2 entry and the induction of an inflammatory response in macrophages

The main entry route occurs via binding of the SARS-CoV-2 Spike (S) protein to its principal
cellular receptor, angiotensin-converting enzyme 2 (ACE2), while the host serine protease
TMPRSS?2 is important for proteolytic priming of the S-protein for receptor ligation and entry
[55] (Figure 2). Apart from signaling trough ACE2, SARS CoV-2 S-protein is highly
glycosylated and can also be recognized by C-type lectin receptors like L-SIGN and
DC-SIGN to induce inflammatory cytokine responses [56,57]. After the release of viral RNA;
MDAS5, LGP2 and RIG-I function as key regulators of antiviral type | IFN induction in
epithelial cells and macrophages following infection with SARS-CoV-2 [58]. Increased
evidence of further activation of the immune system by PRRs, especially TLRs has been
shown, as TLR2 on macrophages is able to sense the envelope (E-) protein of
SARS-CoV-2 to mount inflammatory responses [59]. The inflammatory response is
dominated by the production and subsequent release of IFNs resulting in the induction of
ISGs, with for example the production of Ly6E that can prevent SARS-CoV-2 entry and
members of the IFIT family (IFIT1,-3 and -5) which inhibit viral replication [60,61]. In line,
the SARS-CoV-2 E-protein triggered induction of TLR2 signaling concomitantly upregulates
expression of Nlrp3 and 111b in macrophages [59]. In keeping with the TLR2 studies, human
primary monocytes infected with SARS-CoV-2 show NLRP3-dependent caspase-1 and
GSDMD cleavage and IL-13 maturation [62,63]. NLRP3 leads to activation of caspase-1,

the production and release of bioactive IL-18 and IL-18 as well as cleavage of gasdermin
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(GSDM) D, which forms pores in the plasma membrane to drive membrane rupture and
pyroptotic cell death. Apart from the TLR2 induced expression of inflammasome genes,
several PAMPs, including the viral RNA, ORF3a, the nucleocapsid (N)- and S-protein are
implicated in NLRP3 inflammasome assembly and subsequent cytokine release [64—67].
Mechanistically, it has been proposed that SARS-CoV-2 infection causes an imbalance in
intracellular potassium efflux to drive NLRP3 inflammasome activation and the release of
IL-18 and IL-18 [63] (Figure 2). However, even if the inflammasome drives protection
against SARS-CoV-2 infection, increased levels of IL-18 and IL-18 in plasma are correlating
with disease severity and mortality in patients with COVID-19 [68,69].

Cytokine storms and cell death triggered by SARS-CoV-2

PRR signaling engaged by SARS-CoV-2 induces concurrent release of both IFNs and other
pro-inflammatory cytokines [70]. Expression of numerous pro-inflammatory cytokines,
chemokines and IFNs are elevated in patients with COVID-19, including that of IL-1p,
IL-18, IL-6, TNF, IL-12, IFN-B, IFN-y, CCL2 and others [71] (Figure 2). These cytokines aid
in clearing infections by the activation of immune cells, but also maintain cellular
homeostasis and thus play a critical role in acute infections [72]. However, severe clinical
outcomes are characterized by a slow decline in viral load as well as early and sustained
release of pro-inflammatory cytokines during SARS-CoV-2 infection, contributing to
cytokine storms [51]. In the context of COVID-19, the combination of TNF and IFN-y leads
to disease pathogenesis by signaling cooperatively in an STAT1 and IRF1 dependent
manner to induce inflammatory cell death (PANoptosis) [73,74], suggesting that a positive
feedback loop, in which cytokine secretion causes cell death results in more cytokine
release, culminating in a cytokine storm that causes life-threatening damage to host tissues
and organs. Overall, while cytokines are critical for the innate immune response and
successful clearance of viral infections, their release must be controlled to prevent systemic

cytokine storms and pathogenic inflammation during SARS-CoV-2 infection.
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Cellular and humoral immune response to SARS-CoV-2

The magnitude of the initial viral load and the efficacy of the innate immune response,
particularly that mediated by type | IFNs seem to be critical in setting the platform for both
the subsequent adaptive response and the clinical outcome. Early development of a
cytotoxic CD8* T cell response, typically observed within 7 days of symptoms and peaking
at 14 days, is correlated with effective viral clearance, mild disease and is in line with similar
kinetics for humoral responses [75-77]. Effective viral control is associated with a Tyl CD4*
phenotype, whereas a type 2 profile is often seen in those with severe disease [75,78]. High
expression levels of effector molecules by CD8* T cells in acute COVID-19 are associated
with moderate illness [79]. Almost all viral proteins of SARS-CoV-2 can induce CD4* and
CD8* T cell responses via the presentation on MHC molecules expressed by APCs [80]
(Figure 2), whereas the S-protein induced T cell response is dominated by CD4* T cells.
Furthermore, S-protein can support antibody generation, with Tfh cells correlating with
humoral immunity in the memory phase [81,82]. After the infection has been successfully
warded off, a part of the defensive strategy is a long-term immune response for the future
in the form of memory T cells. This is confirmed by the observation of SARS-CoV-2-specific
memory T cell responses that are maintained in COVID-19 convalescent patients for up to
10 months post-symptom onset regardless of disease severity [83]. Also, long-lived CD8*
T memory responses, characterized by a CD45RA* phenotype are identified after SARS-
CoV-2 infection, suggesting that T cells play an important role in limiting the severity of

reinfection [84].

Apart from cellular adaptive immune responses fulfilled by T cells, the humoral response
against SARS-CoV-2 is similar to that against other coronavirus infections, involving the
characteristic IgM and IgA production 5 days after the onset of symptoms and IgG
production 14 days after the onset with specific neutralizing capacities for the S- or N-protein
[85]. Particularly, secretory IgA can limit the transmission of SARS-CoV-2 through the
airways in the first weeks to months post infection, whereas IgG is more stable than IgM
and IgA antibodies over time [86]. However, a delayed humoral response and high titers of
neutralizing antibodies reflect immunological imbalances that correlate with poor clinical
outcomes [87—89]. Also the depletion of germinal centers in the spleen and lymph node,
limiting B cell affinity maturation, isotype switching and production of mature antibodies,
have been associated with increased mortality in COVID-19 patients [90,91], suggesting
that an early onset of the adaptive immune response without aberrant activation is

necessary for a protective host immune response against SARS-CoV-2 infection.
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1.1.3 Type 2 immunity- parasite infections

Type 2 immunity is the host immune response that generates a protective immune
response to multicellular helminth parasites and enables regenerative repair processes
after tissue injury. In contrast, unnecessary type 2 immune activation in response to
harmless environmental antigens, like allergens and venoms causes allergic reactions and
tissue damage as well as chronic inflammatory diseases such as asthma and atopic
dermatitis. Upon recognition of allergens or helminth infection, epithelial cells, stromal cells,
glial cells, enteric neurons, tuft cells or DCs start to produce and release alarmins, including
IL-25, IL-33, thymic stromal lymphopoietin (TSLP), neuropeptides (e.g. neuromedin U
(NMU)) and bioactive lipid mediators (e.g. prostaglandin D, leukotrienes)
[92—-96] (Figure 3). Sentinel-derived alarmins and inflammatory mediators are involved in
the recruitment and activation of further APCs as well as the expansion and/or differentiation
of Gata3-expressing ILC2s and Ty2 cells [97-102] (Figure 3). Thus, these type 2 inducing
cells act as sensory cells for the environment due to their proximity to the mucosal surface.

Alarmins as initiators of an effective type 2 immune response against helminths

Once secreted into the extracellular space by epithelial cells or DCs, IL-33 is processed by
mast cell (MC)- and neutrophil-derived proteases, before binding to the IL-33R, termed ST2
on ILC2s, basophils, mast cells and Tu2 cells [103], thus enhancing type 2 cytokine
responses and the expulsion of helminth parasites [104—106]. Similarly, IL-25 promotes
worm expulsion and stimulates the differentiation of ILC2s, thereby promoting a potent
type 2 cytokine response after helminth infection [107-110]. Tuft cell produced IL-25 can
lead to increased production of IL-13 by ILC2s during helminth infection, which stimulates
epithelial cell turn over and mucus production, resulting in worm clearance and tissue repair
at the site of infection [94,111,112]. Like IL-25 and IL-33, epithelial derived TSLP promotes
type 2 cytokine responses via regulation the polarization of Tn2 cells by suppressing IL-12[3
production and surface expression of OX40L in DCs [113]. In addition to epithelial derived
alarmins, neuron-derived signals play a pivotal role in regulating type 2 immune response
during helminth infection. Specifically, NMU, which can be released by enteric cholinergic
neuros upon activation via helminth-derived products, signals through its receptor, which is
exclusively expressed by ILC2s and thereby promotes worm expulsion [114-116]. In a more
recently published study, this is explained in an ILC2 and AREG-dependent manner [117].
Taken together, there is a complex relationship that exists between the mucosal epithelium
and the nervous, endocrine, and immune system to initiate and regulate host-protective

responses to helminth parasites.
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ILC2s - first critical responders in type 2 immunity

Activated ILC2s and Tu2 cells secrete type 2 cytokines such as IL-4, -5, -9 and -13, which
promote specific antihelminth responses including eosinophil recruitment, polarization of
macrophages towards the alternative state and mucus production by goblet cells [118]
(Figure 3). In line, in a more recent study, specific deletion of ILC2s uncovered the need for
an appropriate eosinophil development, maturation, and recruitment and thus the
requirement for orchestrating type 2 inflammation [119]. ILC2s have a non-redundant
function in resistance to worm infections and in allergic lung inflammation [119]. Next to the
more prominent type 2 cytokines (IL-4, -5 and -13), IL-9 enhances cytokine production and
survival of ILC2s in an autocrine manner, leading to worm expulsion and tissue repair
following helminth infection [120,121]. Furthermore, MHCII expressing ILC2s interact with
antigen-specific T cells to promote autocrine IL-13 production and expulsion of parasites
[122]. In line, ILC2-derived IL-13 licenses DCs to produce CCL17, which further potentiates
the recruitment of Tu2 cells, suggesting that ILC2s are essential in the establishment of an

adaptive immune response to helminth parasites [123].
Granulocytes, effective cells during helminth infection

Next to ILC2s, granulocytes, including eosinophils, neutrophils and basophils are important
cell types during helminth infection (Figure 3). Eosinophils are recruited by eotaxin-1, which
is regulated by ILC2s [124]. However, the central cytokine for eosinophil differentiation,
extravasation from the bone marrow, survival and increased responsiveness towards
eotaxin-1 is the type 2 cytokine, IL-5 [125]. Upon recruitment and activation, eosinophils
mediate a rapid and potent response to diverse stimuli by releasing granules containing
preformed cationic proteins, cytokines, chemokines, lipid mediators as well as growth
factors like TGFB and VEGF [126]. Collectively, these soluble mediators activate anti-
helminth mechanisms such as the secretion of mucus and the contraction of smooth muscle
cells [125]. Furthermore, serum-activated eosinophils can interact with the parasite cuticle
to directly release their granule content into the helminth or promote parasite clearance via
the direct killing of larvae’s after serum-activation in vitro [127-129]. In line, eosinophil
deficiency can result in an increased worm burden which correlates with a diminished T2
cell infiltration and elevated nos2 (iNOS) expression [130,131]. However, eosinophils are
not essential for the type 2 immune response against all helminth parasites as e.g.
eosinophil deficient mice infected with Heligmosomoides polygyrus bakeri (H. polygyrus)

show similar worm burdens during primary and challenge infection [132].
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Neutrophils accumulate during parasite infections, e.g. via the Ym-1 (a chitinase like protein
(CLP)) dependent production of IL-17 form yd T cells or via CXCR2-mediated recruitment
[133-135]. After recruitment and activation, neutrophil-derived IL-13 can induce
alternatively activated macrophages (AAM) and thereby license macrophages to directly
attach to and damage the parasitic larvae [133]. During a secondary infection, neutrophil
trained macrophages as well as eosinophils surround the larvae, forming highly organized
granulomas which are essential to confine the invading parasite and limit extensive host
damage. Thus, neutrophils, macrophages and eosinophils cooperate to limit helminth
survival. Furthermore, neutrophil extracellular DNA traps (NETSs) are released and required
for parasite killing [136,137]. Associated with NET formation is the facilitated and prolonged
exposure of intracellular contents such as myeloperoxidase (MPO). In line, neutrophils and
eosinophils require MPO and major basic protein (MBP) to kill helminth larvae in vitro and
patients which were infected with the same parasite exhibit elevated serum levels of
granular proteins [138,139], suggesting that NET formation is required for host defense

against parasitic infections.

Although basophils constitute less than 1% of blood leukocytes under homeostatic
conditions, peripheral basophilia is a hallmark of helminth infections. Similarly, as
neutrophils and eosinophils, basophils are cytokine-producing granulocytes that contribute
to type 2 responses via their secretion of IL-4, IL-6 and IL-13, as well as inflammatory lipid
mediators including leukotrienes and prostaglandins that activate distinct components of
anti-helminth immunity such as AAM macrophage polarization [140]. Furthermore,
infiltrating basophils appear to be required for granuloma formation, contributing to acquired
resistance [141]. However, it is also well known that basophils express the high-affinity IgE
receptor FceR1, which can bind antigen-specific IgE and become activated upon secondary
exposure to antigens via FceR1 cross-linking. Although IgE-mediated activation of
basophils during primary infection is irrelevant for the expulsion of parasites, it is required

for optimal Tw2 polarization and protective immunity after reinfection [142—-144].

Mast cells (MCs) are tissue-resident granulocytes that, similar to basophils, are capable of
contributing to anti-helminth immunity by crosslinking IgE and via the release of type 2
cytokines and effector molecules. Upon activation, MCs degranulate and release
inflammatory mediators like histamine, eicosanoids, type 2 cytokines as well as the
proteases mcptl and mcpt2 [145]. These effector molecules in turn induce the polarization
of AAM macrophages, activate smooth muscle cell contraction, promote mucus production
and increase the permeability of the intestinal epithelium leading to the expulsion of parasitic

larvae [145,146]. Additionally, MCs might directly attack the parasites or prevent their
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attachment to the epithelium by their release of mcpt2 and glycosaminoglycans [147-149].
Furthermore, MCs can also respond to signals released following helminth-induced
epithelial cell damage such as ATP and activate ILC2s through their secretion of alarmins
and PGD- [150-152]. In turn, ILC2s can promote MC survival and cytokine expression via
the production of IL-9 [153,154] (Figure 3).

Macrophages as key effector cells during helminth infection

The importance of macrophages and their functions in resistance to parasites has been
highlighted within the frame of this dissertation in the review “Macrophage regulation &
function in helminth infection” (V) [155]. It is well appreciated that the strong type 2 cytokine
response to helminths, characterized by the production of IL-4 and IL-13, results in the
polarization of AAM or M2 macrophages, which are characterized by their expression of
e.g. argl, fizzl(retnla), ym1(chil3) and mrc1(cd206) [156,157] (Figure 3). Apart from IL-4
and IL-13 induced AAM polarization, macrophages are activated via helminth specific
antibodies which can bind to FceR (CD64) independently of IL-4Ra and STAT6 signaling,
to directly trap parasitic larvae as well as drive the recruitment of myofibroblasts to
granulomas, thus mediating tissue repair following helminth infection [158—-160]. However,
beyond type 2 cytokines and antibodies, ‘tissue-specific’ collectins, such as surfactant
protein A (SP-A) and SP-D, the first component of the complement pathway Clq, as well
as the phagocytosis of apoptotic cells can contribute to the activation of M2 macrophages
following helminth infection [161-163]. Macrophages can further respond to chitin, which is
an abundant biopolymer in eggs and cuticle of helminth parasites. Recognition of chitin
drives an AAM phenotype that produces high levels of leukotriene B, thereby driving
eosinophil recruitment, whereas the type 2 cytokine-mediated production of host-derived
chitinases negatively regulates macrophage chemotaxis [164] (Figure 3). After activation,
AAMs can directly act on helminth trapping and killing via the expression of their M2
polarization markers, such as Arginase 1 (Argl), Chil3 and RELMa . For instance, a prime
example is Argl, which metabolically converts arginine into L-ornithine. In turn, L-ornithine
and the polyamines spermidine, spermine and putrescine directly limit the motility of
helminth larvae in vitro [158]. Furthermore, Argl activity contributes to parasite expulsion
by increasing smooth muscle constriction [165], whereas further conversion of L-ornithine
to proline and hydroxyproline promotes collagen-dependent tissue repair [166]. In keeping
with these studies, Chil3 is implicated in the recruitment of eosinophils, which contributes
to parasite killing in some helminth infections [167,168], while the activation of both RELMa
and Chil3 correlates with tissue repair after infection with helminth parasites [169]. Indeed,

compartmentalization of RELMa expressing macrophages specifically supports tissue
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repair, extracellular matrix turnover and homeostasis, while providing protection during the
infection with parasites in the lung [170]. Thus, in addition to priming macrophages for the
direct trapping or damage of helminth larvae, the induction of a long-lived AAM phenotype
provides mechanisms for reparative processes and thereby limit aberrant type 2

immunopathology.

The adaptive immune response to helminth infections: T- and B- cells

Downstream of the innate immune response to helminth infection, helminths potently induce
the development of effector Tu2 cells via upregulating the transcription of type 2 cytokines
in an STAT6 and GATA3 dependent manner. During helminth infection, naive CD4* T cells
are primed via classical MHC class-ll-mediated antigen presentation by DCs [101]
(Figure 3). Primed T cells are activated to proliferate and differentiate to effector Tn2 cells,
whereby IL-2 mediates initial Tu2 cell differentiation and IL-4 is required for expansion of
antigen-specific Tu2 cells, which can in turn — in an autocrine feedback loop — produce IL-4
to further support Tu2 cell differentiation and expansion during helminth infection [171]. In
the tissue, Th2 cells orchestrate the activation and expansion of leukocytes primarily
through the production of their cytokines, whereas IL-4 and IL-13 can also directly affect
cell populations that express IL-4R but that are not derived from the bone marrow (BM),
such as smooth-muscle cells, epithelial cells and myenteric neurons [172]. Activation of
these non-hematopoietic cells increases smooth-muscle contractility, mucus production,
and enhances fluids in the gut lumen, suggesting that T»2 cell derived IL-4 and IL-13 can
contribute to the ‘weep and sweep’ response that is characteristic of many intestinal
helminth infections, in which increased luminal fluids (weep) and muscle contractility
(sweep) are speculated to decrease adult worms and increase the likelihood of live parasite
expulsion [173-175]. Apart from affecting weep and sweep reactions, IL-4 can mediate IgE
or 1gG1 class-switching in B cells, which in turn triggers mast cell and basophil
degranulation. Although B cells do not provide complete protection or sterilizing immunity
in some helminth infections, their various functions are arguably necessary to provide some
level of type 2 anti-helminth immunity [176]. B cells are highly versatile due to their abilities
to act as APCs and provide costimulatory signals, such as CD80/86, OX40L and ICOSL
that are necessary for cell fate decisions of Tn2 cells during primary and secondary helminth
infections [177-186]. In addition to directly promoting Tw2 cell polarization by priming naive
CD4" T cells, B cells inhibit the capacity of DCs in producing Tul-associated IL-12 and thus
indirectly promote IL-4 associated T2 responses [187]. Furthermore, B cells generate
follicles and reorganize follicular dendritic cells (FDCs) in an IL-4Ra dependent manner to

provide the optimal platform for the development of the protective immunity against helminth
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parasites [188,189] (Figure 3). Next to promoting the differentiation of Tu2 cells, B cell
derived antibodies mediate protection by activating eosinophils, macrophages, neutrophils,
basophils and mast cells at the effector site (Figure 3). The roles of protective antibodies
are more apparent during challenge infection, where antibodies are more specific, thereby
triggering secretion of granulocyte-derived proteins which impairs migratory abilities of
larvae to the tissue [190,191]. Apart from activating innate immune cells to directly or
indirectly attack parasites, antibodies can impair the production of eggs and reduce the
reproductive fitness of some worms [192,193], suggesting that B cells and antibodies can
affect innate as well as adaptive immune cell responses to directly act on parasite

development and invasion of tissues.
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1.2 Macrophages as essential players during infectious disease

Macrophages (from Greek pakpdg (makrés) = large, payeiv (phagein) = to eat) , first
described by Metchnikoff in the 19" century, are specialised cells involved in the detection,
phagocytosis and destruction of infectious pathogens and other harmful organisms. In
addition, they can also present antigens to T cells and initiate inflammation by releasing
molecules, including cytokines, chemokines and bioactive lipid mediators to activate and

recruit other immune cells (see section 1.1).

1.2.1 Monocyte, macrophage ontogeny and differentiation during infections

Ontologically, macrophages arise from macrophage precursors, which can be found in most
tissues. However, there are also macrophage populations that can proliferate and maintain
locally within the tissue independently of circulating precursors. For instance, macrophages
within the epidermis, the central nervous system and the lung have the capacity to
proliferate although they are terminally differentiated [194-197]. These macrophages, at
least in mice, first develop on embryonic day 8 from the primitive ectoderm of the yolk sac
and give rise to tissue-resident macrophages [198] (Figure 4). For instance, yolk-sac
derived macrophages seed the embryonal lung on embryonal day 12.5, CD45* cells expand
on day 18.5 and finally fetal monocytes, but not fetal macrophages develop to alveolar
macrophages during the first week of life [196]. Subsequently, the full development depends
on a perinatal wave of epithelial derived GM-CSF, TGFp as well as PPARy, while

maintenance needs persistent signaling of the first two [196,199,200].

Apart from fetal macrophage development, macrophages can arise during hematopoiesis
(Figure 4). Definitive hematopoiesis begins in the fetal liver, which is first colonized by
hematopoietic progenitor cells from the yolk sac and later from the hematogenous
endothelium of the aorta gonadal mesonephros region of the embryo. Thereafter, the fetal
liver is the source of definitive hematopoiesis, which generates circulating monocytes during
embryogenesis. Coincident with postnatal bone formation, fetal liver hematopoiesis
declines and is replaced by bone marrow hematopoiesis [198]. In the bone marrow, the
predominant granulocyte-macrophage progenitor, under the influence of GATA2 and ZEB2,
transitions to a monocyte-macrophage/dendritic cell precursor. From there, monocytes
develop through the common monocyte precursor by expressing important transcription
factors such as PU.1, IRF8, GATA2, and KLF4 [201]. After exit from the bone marrow, which
depends on CCR2 in mice but is unclear in humans, monocytes comprise approximately

10% of circulating blood cells, whereas up to 90% of human blood monocytes exhibit the
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classical monocyte surface marker combination HLAII* CD14* and CD167, which
corresponds to Ly6C" "proinflammatory” mouse monocytes. An intermediate subset
(CD14* CD16" in humans or Ly6C™ in mice) appears to give rise to the nonclassical
"patrolling” CD14"° CD16* monocytes, which in mice correspond to Ly6C' monocytes
[201,202] (Figure 4). Classical monocytes can remain in the blood circulation for up to 72
hours before entering the respective organ to contribute to the predominant macrophage
population or become intermediate or non-classical monocytes, which can again remain in
the circulation for up to 7 days [201,203,204].

Although macrophages develop in several ways and show a divergent magnitude in their
responsiveness to inflammatory cues in different tissues, they can polarize in a similar way
(see also section 1.1). The simplified model of macrophage polarization includes the
“classical” or “M1” phenotype, with activation upon lipopolysaccharide (LPS) or INFy and
the secretion of pro-inflammatory cytokines like IL-6, -12, -13, TNF, CXCL9, -10 and -11 as
well as the production of reactive oxygen species (ROS) and nitric oxide (NO), whereas the
“alternative activated” or “M2” phenotype is induced by IL-4 and IL-13 resulting in the
secretion of IL-10 and in an advanced efferocytosis and tissue-reparative functions [205—
211]. Thus, M1 macrophages are crucial for the host defense against bacteria and viruses,
while M2 macrophages are characteristic for parasite infections or for the exposure to
allergens (Figure 4). The picture of M1 and M2 describes the end of the polarization
spectrum, because in between there are unlimited grades of polarization possibilities, which
are depending on the current inflammatory trigger, the tissue and presence or absence of
signaling molecules. For instance, M2 polarized macrophages include different
subcategories ranging from M2a to M2c. M2a macrophages are important for tissue
regeneration and show enhanced endocytic activity, which is identified by the IL-4 and
IL-13 dependent surface expression of mannose receptor MRC1 (CD206) with the
concomitant upregulation of Arg-1 and the production of proinflammatory cytokines and
chemokines. In contrast, M2b macrophages are activated upon the stimulation with immune
complexes and LPS, thus producing pro- as well as anti-inflammatory cytokines, including
IL-1, IL-6, IL-10 and TNFa. M2c macrophages are activated by IL-10, TGFB and
glucocorticoids, which in turn results in the production of IL-10 and TGF, leading to the
suppression of inflammatory responses [212]. Thus, macrophages are an ontogenetically
diverse and functionally versatile cell type that can respond quickly to inflammatory cues,

but at the same time repatriate homeostatic conditions.
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1.2.2 The metabolic signhature of macrophages during infections

Notably, macrophages must be plastic and coordinative and have to change their
activation state to diverse facets of immune responses. Thus, macrophages can functionally
adapt by reprogramming their metabolism. These metabolic changes are helpful to provide
energy but also sustain changes in function and phenotype [213]. Five major pathways are
used by most of cell types including macrophages to generate energy and to support the
immune response to infections: glycolysis, the tricarboxylic acid (TCA) cycle, the pentose-
phosphate pathway (PPP), fatty acid metabolism as well as the amino acid metabolism,
which are all closely linked to each other. In most cells, energy supply is provided by the
uptake of glucose. Once entering the cells through its transporters, glucose is metabolized
through the glycolytic pathway (glycolysis). Along all these different steps, glycolysis can be
exploited for the generation of amino acids or to provide intermediates for the PPP pathway,
but its primary fate is to feed the TCA cycle with acetyl-CoA, which finally results in oxidative
phosphorylation (OXPHOS) to generate energy in the form of ATP. Macrophages can
respond to inflammatory cues with different pathways to meet their need. In case of
classical, M1 activation, macrophages rely on increased glycolysis and the PPP, while
mitochondrial OXPHOS is impaired. This rapid need of energy will allow them to sustain
an inflammatory phenotype with increased phagocytosis, production of cytokines,
chemokines, ROS as well as NO and thereby enhance bacterial or viral killing. On the other
hand, alternative activation of macrophages is associated with the use of the TCA cycle,
which is fueled by the fatty acid oxidation (FAO) and finally results in OXPHOS to generate
energy. Generation of energy via OXPHOS promotes the glutamine metabolism as well as
arginase activity, leading to the expression of M2 polarization markers with pro-reparative

functions and the production of anti-inflammatory cytokines [214] (Figure 5).
Role of macrophage immunometabolism during viral infections in the lung

Similar to bacterial infections, macrophages adopt a more pro-inflammatory metabolic state
during viral infections but with the concomitant increase in the interferon response. Even if
macrophages are not the main producers of interferons, it is clear that they are able to
control viral infections trough the production of INFs with a dominant role for IFN-§ [215].
Indeed, during VSV (Vesicular stomatitis virus) infection, glycolysis is increased through a
type | IFN mediated pathway. Associated with increased glycolytic capacities, expression
of glycolysis activator genes such as PFKFB3 promote viral phagocytosis and protects the
mice during RSV infection [216]. In contrast, even if macrophages are highly glycolytic

during SARS-CoV-2 infection, macrophages favor viral replication by increased ROS
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production, which induces stabilization of hypoxia-inducible factor-1a (HIF-1a) and
consequently promotes glycolysis (Figure 5). HIF-1a-induced changes in monocyte
metabolism by SARS-CoV-2 infection are associated with the direct inhibition of T cell
response and reduced epithelial cell survival [217]. Thus, viruses can hijack host glycolysis
(and metabolism in general) in an attempt to use these nutrients to sustain their replication
and survival in the host as well as limit adaptive immunity [218,219]. Apart from affecting
glycolysis, SARS-CoV-2 infection is linked to a reprogramming in lipid metabolism, where
especially cholesterol is a point of entry into the cells [220]. In line, SARS-CoV-2 infected
macrophages exhibit increased expression of several lipid synthesis modulators (including
SREBP1/2, CD36, PPARy or DGAT-1) leading to the production of cholesterol and lipid
droplets. In contrast to that, the host immune response to SARS-CoV-2 infection can limit
viral infection by the induction of the interferon-inducible enzyme cholesterol
25-hydroxylase (CH25H), depleting cholesterol on the plasma membrane [221,222]. Thus,
blockade of the cholesterol pathway can decrease both the viral replication and the
inflammatory response induced by SARS-CoV-2 [223,224]. While little is known about the
effect of virus infection on the PPP and TCA cycle in macrophages, the activation of
macrophages by viral infections can affect the amino acid metabolism. Arginine is a critical
metabolite for the replication of the virus and inhibition of Argl reduces viral replication and
the ability to infect the host, however it might also be important in tissue repair after viral
infection [225,226]. In contrast to arginine, viral infections enable macrophages to produce
NO [227] (Figure 5). On the basis of this, some viruses like the Sendai virus try to restrain
the production of NO as a mechanism to escape host immunity [228]. In fact, while bengficial
at first, a sustained production of NO over time will lead to damage of host tissues and

thereby to a decreased Tx1 response [227,229].
Macrophage metabolism during helminth infection

Although viral infections induce a more classical polarization of macrophages, and the
glycolytic pathway is predominant, alternatively activated macrophages also manage to
direct their metabolism towards glycolysis in an IL-4-dependent manner (Figure 5). In line,
loss of the IL-4 induced signaling pathway consisting of AKT-mTORC2-IRF4 during
helminth infection prevents AAM polarization and their ability to clear the infection [230].
Although glycolysis inhibition by the usage of the 2-Deoxyglucose (2-DG) can suppress
AAM polarization by modulating the ATP levels and the JAK-STAT6 signaling, the
application of this inhibitor also impacts cellular respiration [231]. In contrast to that, glucose
depletion or galactose treatment without affecting OXPHOS does not affect AAM

polarization [231]. Inhibition of other metabolic pathways during helminth infection, including
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FAO, or the respiratory chain impacts several aspects of AAM polarization such as RELMa
expression, while CD36 (scavenger receptor for fatty acid uptake) expression remains intact
[231,232]. Apart from glycolysis, IL-4 activation can restrict the PPP in macrophages
increasing the expression of the CARKL (Carbohydrate kinase-like) kinase that limits the
production of sedoheptulose-7-phosphate, thus promoting an alternative activation [233]
(Figure 5). A crucial regulator of AAM polarization is the protein LAMTOR1 (Late
endosomal/lysosomal adaptor and MAPK and mTOR activator 1), which is necessary for
the recruitment of mMTORC1 to the lysosome in response to amino acid stimulation [234].
Importantly, macrophages deficient for LAMTORZ1 or depleted in amino acids in the media
are completely unable to express AAM polarization markers including Argl, CD206 or
RELMa, suggesting a crucial role for amino acids in the induction of AAM polarization [235].
The AAM effector molecule arginase 1 produces ornithine, which AAMs convert to hypusine
used to post-transcriptionally modify a translation initiation factor, elF5A. Polyamine-elF5-
hypusine regulates mitochondrial function and OXPHOS in AAMs and blockage of this
pathway inhibits protective effects during helminth infection [236] (Figure 5). Thus, helminth
infection can directly or indirectly induce metabolic programs that enable AAM activation

and effector functions.

1.2.3 Metabolic and epigenetic reprogramming as a source for trained immunity

As mentioned, macrophage polarization induces a shift in metabolism. The increase in
glycolysis during M1 polarization disrupts the TCA cycle at a point where isocitrate
(aconitate) is converted into oa-ketoglutarate (a-KG) [237]. This break influences the
inflammatory output of macrophages by the accumulation of TCA intermediates. As a direct
consequence, citrate accumulation results in the increased capacity to be converted to
acetyl-CoA via ATP-citrate lyase (ACLY), thus leading to histone acetylation, which in turn
facilitates polymerase binding and gene transcription [238,239]. Alternatively, citrate is
exported via the citrate transporter and contributes to fatty acid or eicosanoid synthesis.
Furthermore, accumulation of the TCA intermediate aconitate is metabolized via immune-
responsive gene 1 (IRG1) to itaconate. In turn, itaconate is able to inhibit succinate
dehydrogenase (SDH) which contributes to succinate accumulation, while at the same time
showing anti-inflammatory functions with for instance the regulation of type | interferons
during viral infection [240]. An increased succinate/a-KG ratio contributes to HIF-1la
stabilization in the nucleus and thus to an increased IL-1p production [241]. Stabilization of
HIF-1a is further promoted by the concomitant increase of ROS, formed via NADPH

production in the PPP or directly in the mitochondria due to the TCA cycle disruption

21



Introduction

[242,243] (Figure 5). In contrast to M1, AAMs have an intact TCA cycle and mainly meet
their energy demand via fatty acid oxidation and oxidative phosphorylation. The rely on
OXPHOS in AAMs could also be explained by the reciprocal ratio of a-KG to succinate due
to increased glutaminolysis [244]. As already explained for histone acetylation by the
increased production of acetyl-CoA, there is an intricate link between metabolic activity and
epigenetic remodeling, where metabolites function as important cofactors for histone
modifying enzymes [239,244,245]. For instance, a-KG and O, provide help for
dioxygenases like the HIF-degrading prolyl hydroxylases or lysine demethylases such as
KDMS5 [246]. In contrast, 2-hydroxygluatarate which is a further downstream metabolite of
a-KG inhibits histone demethylases and TET 5-methylcytosine hydroxylases [247,248]. A
role in histone madification also during helminth infection has been described for Jmjd3, a
H3K27 demethylase which is necessary for AAM polarization in an IRF4-dependent manner
[249] (Figure 5). More general, AAM activation is regulated by IL-4 and STAT6 signaling,
leading to repression of selective enhancers, diminished p300 histonacetyltransferase
activity and increased histondeacetylase (HDAC) binding which further reduces the
inflammatory response [250]. In contrast, an attribution for HDAC3 in the negative regulation
of AAM polarization has been shown [251]. However, another study uncovered IL-4-
triggered H3K27ac at enhancer regions of AAM genes (e.g. argl) [252], suggesting a
central role for H3K27 modification in AAM polarization and functions during helminth

infections.
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In addition to the acute regulation of macrophage activation, helminth infections can have
anti-inflammatory long-term effects due to metabolic and epigenetic reprogramming in
hematopoietic precursors which differentiate into hyporesponsive monocytes [253,254].
Indeed, the long-term reprogramming of monocytes and macrophages can result in lasting
protection against infectious diseases without activating the adaptive immune system. Such
unspecific immune memory, evident in macrophages and other innate immune cells is
termed “trained immunity”. One of the first studies showed that monocytes “trained” with
the polysaccharide B-glucan can induce protection against Staphylococcus aureus [255].
When subjected to a lethal dose of Candida albicans after “training” of monocytes with -
glucan, mice without an adaptive immune response were protected, which correlated with
an increase in histone methylation (H3K4me3) and acetylation (H3K27ac) at promoter
regions of glycolytic genes, enhanced glycolysis and inflammatory cytokine production
[256,257]. To enable long-time memory in rather short-lived cells like monocytes, metabolic
or epigenetic reprogramming has to take place at the progenitor level, which is termed
“central trained immunity” [258]. Central trained immunity can for instance be provoked by
vaccination with Bacillus Calmette—Guérin (BCG), enabling protection against tuberculosis.
BCG can enter the bone marrow and impact methylation patterns in hematopoietic stem
cells (HSCs), which are giving rise to bone marrow derived macrophages (BMDM) and
CD14* monocytes, showing increased antimycobacterial activity [259—261]. In contrast to
enhanced innate immune responses, trained immunity can also lead to tolerance for
instance by stimulation with LPS. LPS-induced hyporesponsivness results from an increase
in histone acetylation leading to an increased expression of IRG1 with the associated
production of itaconate, whereas in sepsis, tolerogenic responses are dependent on
cyclooxygenase activity [262,263]. Apart from central trained immunity, peripheral trained
immunity is induced in local cells. Viral infections are able to induce a state of trained
immunity in resident alveolar macrophages with the help of CD8" T cells, enhancing
antibacterial defense in the lung [264]. Taken together, epigenetic reprogramming of BM-
derived, recruited and resident proliferating macrophages may result in diverse and
persistent alterations of macrophage effector functions, particularly following chronic

infections.
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1.3 Helminths as modulators of type 2 immunity

Soil transmitted helminths (STHs), such as whipworms, roundworms, and hookworms, are
among the most prevalent parasites in humans. Of note, around one billion people are still
infected with one of those species worldwide (Table 2), primarily in tropical and subtropical
regions where exposure to infective larvae is common [265]. Although infections by these
pathogens are generally not fatal, they are associated with high rates of morbidity, with
repeated infections that can lead to anemia, malnourishment, and impaired cognitive
development. Once they have infected the host, adult STHs reside in their niches and often
establish chronic infections, which can last for many years, with the presence of adult worms
being well tolerated by the host immune cells at mucosal sites [265]. In this setting almost
every facet of the immune system is modified or even recalibrated, with infected subjects
displaying a state of immune hyporesponsiveness that can be considered as a form of

immunologic tolerance.

Table 2: Helminth classification. This table includes all helminths mentioned in this thesis

Phylum Order/Class Host Scientific name
Carnivores/ Rabbits Taenia pisiformis/ crassiceps
Cestoda . . .
Flatworm Humans/ Pigs Taenia solium
(platyhelminths)  Rhabditida Humans Onchocerca volvulus
1 Fish-eating mammals/ L :
y Clonorchis sinensis
Humans
Trematoda Wild ruminants/ Humans  Fasciola hepatica

Trichocephalida

Wild mammals/ Humans

Schistosoma japonicum/
mansoni

Trichinella spiralis

Carnivores/ Humans

Toxocara canis

Ascaridida Humans/ Pigs Ascaris lumbricoides/ suum
Round / Carnivores Ancylostoma caninum/
V?/l:\r'] worm ceylanicum
|pv¥o:jm Carnivores/ (Humans) Dirofilaria immitis
(r;;eima ode) Brugia malayi
@{@% Humans Necator americanus
00~ - Strongyloides stercoralis
T . .
(%@5@ Rhabditida Acanthocheilonema viteae
Heligmosomoides polygyrus
keri
Rodents bake

Litomosoides sigmodontis

Nippostrongylus brasiliensis

Strongyloides venezuelensis

Trichocephalida

Humans/ Pigs

Trichuris suis
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Several mouse models of parasitic infection have been used to study how the host's
immune system responds to tissue-migrating parasites and how chronic infection leads to
tolerance. The most commonly used parasites include Nippostrongylus brasiliensis and
Heligmosomoides polygyrus bakeri (Hpb). N. brasiliensis goes through a life cycle that
involves skin penetration, tissue migration to the lungs, colonization of the gut, and egg
reproduction before being expelled by the host [266]. In contrast, the strictly enteric

H. polygyrus is a chronic infection that persists for several months in the rodent host by

oral uptake
of L3

establishing itself in the small intestine [266,267] (Figure 6).
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Figure 6: Model infection with N. brasiliensis or H. polygyrus (created with BioRender.com)

1.3.1 Helminth-induced immune evasion by parasite-derived effector molecules

To study the ways in which helminths influence the immune system, it is important to focus
on the mechanisms involved in their removal from the body, as these are likely to be the
main targets of modulation. Thus, it is becoming clear that parasites have evolved strategies
to manipulate, undermine, or evade any aspect of the host immune response by a spectrum
of immunomodulatory molecules that are now beginning to be defined. Recent advances in
helminth genomics and proteomics have uncovered a wealth of such immunomodulatory
products (Table 3).

Parasite-derived molecules neutralize factors form the first line of defense

After invading the body and activating epithelial cells by tissue injury, parasite infections
result in the release of “alarmin” cytokines such as IL-33. The murine intestinal nematode
H. polygyrus has evolved an alarmin release inhibitor (HpARI) within its excretory secretory
(ES) products to suppress IL-33 release [268,269] (Figure 7). HpARI contains three

domains, with the first binding to DNA, while the second and third domain are binding to
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active IL-33. Attachment and tethering in the nucleus of necrotic cells impedes the
interaction of the complex with the IL-33 receptor ST2. During N. brasiliensis infection,
HpARI administration suppresses the host type 2 immune response, thus abrogating the
expulsion of adult worms from the intestinal lumen. Crucially, HpARI prevents IL-33 release
from human lung explants and blocks human IL-33 release in a transgenic mouse model
[269]. Apart from binding of IL-33, H. polygyrus can interfere with the IL-33 pathway at
multiple levels. The recently discovered Binds Alarmin Receptor and Inhibits (HpBARI)
protein blocks the ST2 receptor in men and mice [270] (Figure 7). Another undefined
H. polygyrus product further downregulates IL-33 production through induction of IL-1B
resulting in parasite chronicity, whereas the release of H. polygyrus-derived exosomes can
suppress the transcription of ST2 [271-273] (Figure 7). Exosomes are small membrane-
enclosed structures which can transport cargo such as microRNAs (miRNA), proteins or
metabolites. Several other studies describe an involvement of helminth-derived
extracellular vesicles in modulating host immunity and especially macrophage polarization.
Delivery of Fasciola hepatica-derived miRNA, fhe-miR-125b downregulates classical
activation of macrophages by inhibiting traf [274]. In line, macrophage classical activation
is also suppressed by Taenia pisiformis exosomes, which deliver the miRNA let7-5p to
inhibit macrophage Cebpd mRNA and thus reduce il12 and nos2 gene expression [275]. In
contrast, although the mechanism is unclear, Schistosoma japonicum-derived exosomes
could promote M1 polarization, whereas preventing of AAM polarization and reduction of
IL-10 is triggered by H. polygyrus-shuttled exosomes, suggesting that it is beneficial for
parasites to target the activation and polarization of macrophages [273,276] (Figure 7).
Different stages of parasites lifecycle can require specific conditions in order to thrive in

different tissue settings and efficiently evade host immunity.

Helminth-derived factors modulating the innate immune response by targeting

macrophages and DCs

Macrophages adopt a dominant role during parasite infections, and they are producers of a
broad repertoire of effector molecules which can be targeted by helminth parasites (see
also section before). Based on this, a review on “Macrophage regulation and function in

helminth infection” (V) is published as part of this dissertation.

A crucial point is the recognition of and reaction to pathogen molecules by PRRs on myeloid
cells (see section 1.1). These reactions can be targeted by helminth molecules, with for
instance the blockage of TLR ligand-induced DC and macrophage activation, interfering

with receptors and their signaling, as well as antigen presentation and downstream effector
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mechanisms. One of the earliest identified helminth molecules, ES-62, secreted from the
filarial nematode Acanthocheilonema viteae carries immunomodulatory phosphorylcholine
(PC) moieties, that induce sequestration of the MyD88 signaling protein, leading to
suppression of TLR and IL-33 signaling [277-280]. A different mechanism is deployed by
the immunomodulatory fatty acid binding protein Fh12 (and its recombinant form, Fh15)
from the liver fluke F. hepatica. Both proteins can induce alternative activation in human
monocyte-derived macrophages (MDMSs), in part by downregulating the coreceptor CD14,
which leads to the suppression of the TLR4 signaling cascade (p38, ERK, JNK) and thus
ultimately to diminished IL-12 and IL-1p levels [281]. Furthermore, cysteine proteases from
F. hepatica (FhCL1) and Schistosoma mansoni (SmCB1) directly suppress myeloid cell
TLR signaling by the intracellular degradation of TLR3 and TLR4 [282]. In contrast, some
helminth-derived molecules can actually stimulate the activity of TLRs or CTLs instead of
inhibiting them. For instance, the phospholipid lysophosphatidylserine (lyso-PS), which is
enriched in the tegument of S. mansoni adult worms [283] can act as a TLR2 agonist. On
the basis of this, lyso-PS has the ability to foster DC maturation, which affects the activation
of IL-10 producing Treg cells, ultimately leading to the suppression of effector T cell
proliferation [284]. In contrast, the 66-amino acid mucin-like polypeptide from F. hepatica
(Fhmuc) is not directly activating TLR4 signaling, but it enhances LPS-induced TLR4

activation of DCs, resulting in a Tul cell response [285,286].

When host myeloid cells are activated through one of their cognate PRRs, they initiate the
proteolytic processing of exogenous antigens as well as start to express a large variety of
stimulatory surface receptors and mediators. Helminths can counter regulate these
processes with an arsenal of protein modulators, ranging from protease inhibitors to
receptor ligands. Among the inhibitors, cystatins interfere with cysteine proteases involved
in antigen processing, such as lysosomal cathepsins and asparaginyl endopeptidase
(AEP). Several helminth-derived cystatins have been discovered, including CPI-2 from
Brugia malayi, LsCystatin from Litomosoides sigmodontis, Onchocystatin from Onchocerca
volvulus, AvCystatin from A. viteae, Nippocystatin from N. brasiliensis as well as cystatins
from S. japonicum, Ascaris lumbricoides, Trichinella spiralis and the liver fluke Clonorchis
sinensis [287-296]. The filarial cystatin, CPI-2 from B. malayi, specifically inhibits AEP in
human cells, thereby blocking antigen processing, while LsCystatin reduces nitric oxide-
and antigen-specific proliferative responses [287,288]. Studies have also demonstrated that
Onchocystatin, AvCystatin, and other helminth cystatins, possess broad
immunomodulatory properties, such as the induction of IL-10 from human monocytes and

macrophages, as well as downregulation of MHCII and CD86 [291-296]. The specific
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physiological target of these cystatins in vivo has yet to be identified, but cystatin- induced
upregulation of IL-10 in macrophages is mediated via MyD88 (TLR2 and TLR4) signaling
[297]. This may suggest that TLR-signaling is likely involved in the cystatin-triggered
induction of IL-10 producing macrophages, which on the one hand can inhibit inflammation

and on the other hand drive helminth-induced immune evasion.

Apart from signaling through PRRs, helminths can modulate myeloid cells through the
mimicry of host cytokines. Specifically, macrophage migration inhibitory factor (MIF)
proteins, which are evolutionarily ancient and which can activate myeloid cells in mammals,
have been found to have homologs in nematodes such as B. malayi and T. spiralis [298—
300]. However, in helminth infection, endogenous MIF plays a protective role in reducing
parasite burden through stimulation of both innate and adaptive immune cells in a STAT3-
dependent manner [301,302]. Parasite-derived homologs mirror the activity of the host
protein, inducing the release of interleukin-8 from monocytes. Additionally, MIF from
B. malayi potentiate alternative activation of macrophages in synergy with IL-4 [303],
suggesting that the mimicry does not always adopt the host cytokine function. Similarly,
F. hepatica can secret a protein termed helminth defense molecule, or FRHDM-1, which is
a mimicry of the mammalian cathelicidin-like host defense peptide. FnHDM-1 binds LPS
and thus prevents TLR4- dependent macrophage activation [304]. It can further be
internalized by the endosomal pathway leading to degradation by cathepsin L which
releases a short C-terminal peptide, which in turn prevents antigen processing by
acidification and NLRP3 inflammasome inactivation [305,306]. Furthermore, FhHDM-1
influences macrophage metabolism towards the induction of glutaminolysis and the

accumulation of a-ketoglutarate, resulting in the inhibition of inflammatory functions [307].

Apart from signaling pathways and antigen processing, helminth molecules, such as
Omega-1, a glycoprotein released by S. mansoni eggs, and its homolog CP1412 from
S. japonicum can significantly impact myeloid cell protein expression. Omega-1 is a T2
ribonuclease that is recognized through the mannose receptor (MR) on DCs via binding to
its glycan moiety, Lewis-X. After being taken up, Omega-1 causes the global degradation
of RNA within the cell, thereby suppressing the activation and maturation of DCs, blocking
the upregulation of CD86 and MHCII as well as the synthesis of IL-12 in response to CD40
ligation. This ultimately favors the induction of both Tu2 cells and regulatory T cells [308—
313]. In contrast, Omega-1 acts on multiple PRRs, including the CTL receptor dectin-1 and
TLR2, resulting in the secretion of the inflammasome-dependent IL-1p in peritoneal
macrophages [314]. Additionally, recent studies have highlighted the beneficial effects of

helminth infection on host metabolism, which can be replicated by helminth products such
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as S. mansoni egg antigen (SEA) or recombinant Omega-1. Injection of Omega-1 into
obese mice improves insulin sensitivity through the release of IL-33 from white adipose
tissue, which in turn induces ILC2 activation and M2 macrophage differentiation. The
mechanism behind this effect is thought to involve the RNase activity of omega-1 and the
ligation of the MR [224-228].

Another example of manipulation of myeloid cell signaling by helminth-derived molecules
includes the abundant larval transcript (ALT) protein from B. malayi, where upon
transfection in macrophages, ALT is found to induce upregulation of SOCS1, a potent
inhibitor of IFN-y signaling during inflammatory responses [320]. Apart from that, some
helminth proteins contain a nuclear localization signal (NLS) for rapid translocation to the
nucleus, including the S. japonicum-derived molecule Sj16, which induces IL-10 and inhibits
DC maturation following nuclear translocation [321]. Thus, macrophages and DCs
represent an attractive target for helminths and their immunomodulatory products, which
often lead to upregulation of anti-inflammatory mediators and tolerized T cell responses
(Figure 7).

Helminth-derived products defeat granulocyte function

Granulocytes, specifically eosinophils and neutrophils, have the ability to migrate towards
the site of infection and eliminate pathogens through a range of mechanisms, including the
release of toxic compounds, deprivation of essential nutrients, and alteration of the parasitic
microenvironment (see section 1.1). In order to evade granulocyte-mediated host defense,
parasites may secrete molecules that inhibit the recruitment and function of these effector
cells, thus promoting their survival (Figure 7). For instance, hookworms, such as Necator
americanus can secret metalloproteinases which can specifically cleave eotaxin-1 (CCL1),
but not IL-8, eotaxin-2 or LTBa, thereby inhibiting the eotaxin-mediated recruitment and
activation of eosinophils [322]. Neutrophils contribute to helminth damage and worm
expulsion by promoting the development of AAMs [133]. Parasites have evolved different
strategies to modulate neutrophil migration. Interestingly, S. mansoni eggs can secrete a
chemokine binding protein (SmCKBP) that has the ability to bind and block IL-8, CCL2,
CCL3, CCL5, and CX3CL1, which leads to the missing activation of chemokine receptors
and finally to reduced neutrophil migration. In contrast, blocking of SmCKBP in vivo results
in increased neutrophilia in S. mansoni egg-induced granulomas [323]. In concert with
chemokines, the process of cell migration also involves engagement with integrins, such as
CD11b/CD18, to enable extravasation. A protein found in Ancylostoma caninum, referred

to as NIF, binds to this integrin in conjunction with fibrinogen, thus hindering the binding of
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human neutrophils to vascular endothelial cells [324]. Lastly, a more recent study has
uncovered a deoxyribonuclease (DNAse Il) to degrade NET formation and thus evade host

immune response to the larval state [137].
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Figure 7: The early host immune response is modulated by helminth molecules (created with Biorender.com)

Adaptive immune response is targeted on multiple levels by helminth effector molecules

Manipulation of adaptive immune responses has the potential to elicit long-term effects in
the host organism, such as the establishment of memory responses that recognize the
parasite as a part of the host which leads to chronicity. Parasitic helminths possess a variety
of mechanisms for suppressing effector responses and promoting the induction of

regulatory responses, including regulatory T- and B-cells (Table 3).

A prime example of both homologous and de novo-generated immunomodulatory
molecules from helminth parasites can be found in the parasite ligands of the TGFp3
receptor. The consequences of host TGFB signaling is largely immunosuppressive,
resulting in the generation of inducible Treg cells, inhibition of DCs, macrophage, effector
T cells and a shift towards the production of IgA antibodies [325]. Therefore, activation of
the TGFB pathway would be beneficial for a parasite that seeks to evade the host's immune

response. Indeed, several parasitic TGFf homologues have been identified. The B. malayi
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TGH-2 protein signals through the TGFBR [326], while extracts from the parasite
L. sigmodontis can bind the TGFBR in a manner that cannot be blocked by antibodies
specific to TGFB [327]. In contrast, the F. hepatica-derived protein Fh'TLM can bind host
receptors with lower affinity and its activity can be inhibited by anti-TGF3 antibodies.
Immunologically, FhTLM stimulates the production of IL-10 in macrophages, indicative for
an immune-regulatory function [328]. Another striking example, which affects the TGFf
pathway is derived from H. polygyrus. Studies have demonstrated that secreted products
(HES) from this parasite activate the TGFB signaling pathway by phosphorylation of
SMAD-2/3 to induce regulatory T cells in vitro, even in the presence of pro-inflammatory
cytokines, and to a similar extent as TGFp itself [329]. More recently, the factor responsible
for this activity is characterized as the unrelated protein called TGM (TGF mimic), which is
able to bind with high affinity to both TGFp receptor | and Il [330]. While the TGF pathway
directly induces regulatory T cells, other helminth-derived molecules exploit indirect
pathways to modulate host T cell responses. The secreted anti-inflammatory protein 2
(AIP-2) from A. caninum directly licenses DCs to promote the induction of Treg and IL-10
responses, and it is able to reduce the levels of inflammatory cytokines by altering DC
function [331]. Similarly, PAS-1 from Ascaris suum induces an expansion of CD25" Treg
cells, while it can induce CD8ydTCR T cells [332]. Apart from inducing regulatory T cells,
AcK1 found in A. caninum and Ancylostoma ceylanicum, as well as BmK1, discovered in
B. malayi are peptides that inhibit primarily the proliferation of memory T cells without
affecting naive or central memory subsets by targeting the voltage-gated potassium (Kv)
1.3 channel [333].

Another relevant target for helminth parasites is the host B cell response, which is known
to be crucial for parasite ejection [334]. Next to modulating TLR function on myeloid cells,
ES-62 is also able to uncouple the B-cell receptor (BCR) machinery, leading to
unresponsiveness [335]. Ancylostoma secreted protein 2 from N. americanus (Na-ASP-2)
can bind CD79A, a component of the BCR that leads to downregulation of mMRNA
expression of proteins involved in signaling and transendothelial migration [336]. Finally,
IPSE from S. mansoni induces IL-10 producing B cells, while S.mansoni-derived SM22.6
and PIII trigger the expansion of CD4" Foxp3* T cells [337,338], suggesting that the same

parasite can affect T- and B-cell responses.

Thus, the adaptive response during helminth infection then determines effector cell
responses and whether the outcome of infection is inflammation, resolution, parasite

ejection, or tolerance. Taken together, the discovery of all these helminth molecules
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(Table 3) shows a potent modulation of the innate- as well as adaptive immune system often

by their capacities to shift pro-inflammatory responses towards anti-inflammatory or

regulatory mechanisms which allows the parasites to survive within the host. This has the

potential both to transform our understanding of parasite adaptation to the host and to

develop possible therapies for type 2 inflammatory diseases, such as asthma and allergy.

Table 3: Immune-regulatory molecules produced by helminths and their cellular mechanisms to drive evasion

Helminth Abb. Species Function and physiological Ref.
molecule consequences
Modulation of the early host immune response by helminth effector molecules
Alarmin
release HpARI H. polygyrus  Blocking of I1L-33 [269]
inhibitor
Binds Alarmin
Receptor and  HpBARI H. polygyrus  Blocking of ST2 receptor [270]
Inhibits
Contains miRNAs that target
EV H. polygyrus  epithelial cells and macrophages [272,273]
- loss of ST2
. Contains fhe-miR-125b miRNA
Exosome EV F. hepatica that targets Traf [274]
Contains let7-5p miRNA that
EV T. pisiformis  targets Cebpd - reduction of [275]
1112 and Nos2 gene expression
EV S. japonicum  Promote M1 differentiation [276]
Modulates myeloid cell
Excretory- responses by suppressing TLR [277-
secretory ES-62 A. viteae signaling, uncoupling of BCR 280,335
product 62 machinery form the MAPK Erk '
pathway
F . Induction of AAMs; suppress
atty acid Fh12/15 F. hepatica LPS-induced activation via [281]
binding protein -hep I
binding to CD14
Cath.epsm L FhCL1 F. hepatica Degrades TLR3 [282]
peptidases
Lyso- TLR2 agonist, induces DC
phosphatidyl-  Lyso-PS S. mansoni maturation and activation of [283,284]
serine IL-10 producing T cells
Mucin-like _ Enhanpes LPS-induced TLR4
) Fhmuc F. hepatica activation of DCs and Tu1 cell [285,286]
polypeptide : X
induction
CPI-2 B. malayi [287]
LSCystatin L. sigmodonti [288]
Onchocystatin =~ O. volvulus [289]
AvCystatin A.vitae [291]
Cystatins Nippocystatin ’t;lr.asiliensis IndLécti(_)n of regular':ory IL-10 [296]
rSjCystatin S. japonicum producing macrophages 292
. A.
rAI-CPI lumbricoides [293]
rCsStefin-1 C. sinensis [294]
TsCstN T. spiralis [295]
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Macrophage Induce IL-8 release from
Migration B. malayi; o [298—
- MIF-1 Y monocytes and AAM polarization
Inhibitory Factor T. spiralis . . 300,303]
in synergy with IL-4
homolog-1
Can bind LPS which prevents
Helminth defense FAHDM-1  F. hepatica TLR4 signaling anq NI'_PR3. [304-307]
molecule-1 inflammasome activation via
acidification
-1 S. mansoni Ribonuclease degrades mRNA
after uptake via MR, thus primes
Omega-1 . . DCs for enhanced Tn2 cell [308-314]
CP1412 S- Japonicum response; IL-1pB secretion from
macrophages
Abundant Larval : Upregulation of SOCS1 which
Transcript ALT B. malayi inhibits IFN-y signaling [320]
16 kDa . : . Translocates to the nucleus and
polypeptide SI16 S- Japonicum induces IL-10 production in DCs [321]
C_hemoklne _ SMCKBP  S. mansoni Inh|b|ts_ neutrophil _recrmtr_n(_ent and [323]
binding protein neutralize chemokine activity
_Neyt_rophll NIE A caninum B_Ioc_ks neu_troph_ll extravasation by [324]
inhibitory factor binding to integrins
Deoxy- DNAsell N Degradation of NETs [137]
ribonuclease brasiliensis
Modulation of the adaptive host immune response by helminth effector molecules
Binds to TGFBR which leads to
TGF- homolog-2 TGH-2 B. malayi suppression of T effector cell [326]
responses
TGF-like molecule FhTLM F. hepatica Binds to TGFBR and induces [328]
IL-10 production in macrophages
o Binds to TGFBR which leads to
TGF-B mimic TGM H. polygyrus induction of Treg cells [329,330]
anti-inflammatory AlP-2 N. Treg cell induction [331]
protein 2 americanus
. . Induction of IL-10 producing Treg
SPS?J'[:]"} of Ascaris PAS-1 A. suum cells and IFN-y producing [332]
CD8y3TCR T cells
Inhlbltqr of BmK1 B. malayi Suppress the proliferation of
potassium AcK1 A. caninum memory T cells [333]
channel : y
Ancylostoma i N. Binding to CD79A on B cells,
secreted protein-2 NaASP-2 americanus inhibiting BCR signaling [336]
IL-4 inducing Induces IL-10 in B cells and
principle from S. IPSE S. mansoni enhances their capacity to induce  [337,338]

mansoni eggs

Treg cells
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1.3.2 Protection from allergy and autoimmunity (“Hygiene hypothesis”)

An overview of the relationship between parasite infections, helminth-derived molecules
and allergic diseases is discussed in the scope of this dissertation within the review: "What
Can Parasites Tell Us About the Pathogenesis and Treatment of Asthma and Allergic
Diseases" (VI) [339].

The health conditions in different countries around the globe show significant contrasts, with
low-income countries experiencing high rates of parasite infections due to worse public
health, housing and sanitation conditions, while developed societies see a rise in allergic
and autoimmune disorders such as asthma, type 1 diabetes and inflammatory bowel
disease (IBD) [340—-343]. 15-30 % of the population in urban areas are affected by allergic
diseases and asthma, whereas the prevalence of asthma and allergic disorders appears to
be low in rural areas [341,344]. The “hygiene hypothesis” links the increased hygiene
conditions as well as the use of antibiotics and vaccines in developed countries to an
overreaction of the immune system to harmless substances including those from the
environment or from our own body with the reduction in the exposure to microbes, such as
parasites [345,346]. However, the protective role of parasite infections in type 2
inflammatory disorders, such as allergy could not be demonstrated in all studies. For
instance, infection with A. lumbricoides, Strongyloides stercoralis or Toxocara parasites
correlates with an increased asthma prevalence, sensitization to allergens, allergic airway
inflammation and parasite-specific IgE titers [347—353]. In contrast, other epidemiological
studies show that the presence of parasites, in particular Schistosoma species may help
prevent these overreactions. Especially, the treatment of people with anti-helminthics
increase the susceptibility for allergic reactions and the overall responsiveness [354—359].
Allergy-protective effects of helminths are related to the intensity and chronicity of the
infection, parasite burden, as well as the lower amount of inflammatory type 2 cytokines
and the increase of IL-10 [357,359-361], leading to the possibility that parasites can be
used as treatment options for type 2 inflammatory disorders. However, little is known about
the correct dose or duration of live parasite infection required for protective effects in
humans. Safety concerns about detrimental effects of parasite infection limit clinical trials,
and high immunological variation, e.g., due to different genetic background, age and
immunological status of the patients, complicates the interpretation of data. Concerns
regarding the safety and efficacy of helminth infections may be overcome by helminth-
derived anti-inflammatory molecules as well as the identification and characterization of

cellular and molecular targets within the host.
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1.3.3 Interplay between helminths and respiratory viral infections

Since helminths share a long coevolutionary history with humans, and as already mentioned
their eradication is thought to have caused changes to host physiology, metabolism, and
immunity, helminths are major modulators of host susceptibility to other infectious diseases,
such as viral infections. One of the earlier studies uncovered that a coinfection of mice with
A. suum or N. brasiliensis and influenza virus results in adverse clinical outcomes. In
comparison to mice infected with influenza virus alone, coinfection leads to an increased
mortality [362,363], suggesting that a coinfection with helminths that traverse through the
lungs and a simultaneous respiratory viral infection can be detrimental to the host
(Figure 8). Thus, infection of the same tissue may exacerbate physical damage thereby
compromising its integrity. However, the precise mechanisms by which these lung-dwelling
helminths impact the pathogenesis of respiratory viruses and the timepoint of viral infection,
i.e., during or after the lung-dwelling stage of helminth infection, need to be further
investigated.

Conversely, enteric helminth infections appear to be protective against respiratory viral
infections. Coinfection of mice with H. polygyrus and influenza virus (IAV) decreases the
pulmonary consolidation and shows a tendency towards decreased viral titers [363,364].
Corroborating evidence that helminths limit lung immunopathology but at the same time
support viral infections by mitigating the infiltration of immune cells came from a study
showing that enteric helminth infection can reduce the activation and the trafficking of
several immune cells types [365]. Coinfection with T. spiralis and IAV reduces the number
of neutrophils, NK cells as well as T cells in the lung [366]. Theoretically, attenuated
recruitment of immune cells could also prevent the accumulation of protective cells, such
as CD8" T cells in the lung, which ultimately leads to impairment of the host antiviral
response. However, coinfection with H. polygyrus or T. spiralis results in only minor changes
in viral load, suggesting that a few protective virus specific CD8* T cells are sufficient for
the clearance of influenza virus in the lung [366,367]. Although CD8" T cells are not directly
involved in anti-helminth immunity, helminth-induced type 2 cytokines can cause bystander
activation of naive CD8" T cells. These activated CD44°CD8" T cells resemble virtual
memory T cells (TVM cells) that are implicated in protection against viral infections
[368,369]. In line, S. mansoni infection induces TVM-like CD8" T cells to boost antiviral T
cell responses and protect mice against murine gamma herpesvirus (MHV)-68 infection
[370]. Whether accumulation of TVM-like CD8* T cells during other helminth infections, such

as H. polygyrus, can contribute to the protective effects seen with influenza virus coinfection
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remains elusive. Apart from inducing TVM cells, coinfection with S. mansoni protected mice
against an influenza, paramyxovirus, pneumonia (PVM), and a model of human respiratory
syncytial virus (RSV) infection by TNFa mediated goblet cell hyperplasia and mucus
secretion [371] (Figure 8).

Type | IFN induction is another mechanism which helminths can use to protect against viral
infections. Although helminths are generally not associated with the direct regulation of type
I IFNs, H. polygyrus infection upregulates type | IFNs in the lung and protect mice against
RSV. Interestingly, protective effects of H. polygyrus are not dependent on adaptive
immunity (RAG1 -/-) or on type 2 cytokine signaling (IL-4Ra-/-), while when mice lacking
receptors for type | IFNs (IFNAR1-/-), protective effects disappeared. However, germ-free
mice did not recapitulate the beneficial effects of enteric helminth coinfection in preventing
RSV disease [372], suggesting that enteric helminths may impact IFN signaling via changes
in the composition of commensal bacteria [373,374]. Furthermore, type | IFN signaling in
DCs can support Ty2 induction in response to SEA, while at the same time SEA-induced
type | IFNs could induce regulatory B cells, which both could affect anti-viral immunity
[375,376] (Figure 8). In addition to type 2 immune responses, helminths can induce an anti-
inflammatory or regulatory response characterized by the induction of regulatory T cells that
suppress inflammation via production of cytokines such as IL-10 and TGFB. For instance,
the suppression on neutralizing antibodies to an influenza vaccine by infection with
L. sigmodontis is associated with a systemic and sustained expansion of IL-10 producing

Treg cells, even after clearance of the parasite [377].

Possible effects of helminth infection on the current pandemic caused by SARS-CoV-2 have
been extensively discussed [378—381]. Unlike some respiratory viruses that are confined to
the lungs, SARS-CoV-2 affects multiple organs including the GI tract [382]. Since the
immune response and pathogenesis of SARS-CoV-2 is systemic, the outcome of
coinfection is difficult to predict. However, a recent study showed that parasite-induced
regulatory mechanisms are associated with decreased severity of COVID-19 in a cohort of
African patients [383]. In line, a further study supports this concept and shows that a
previous infection with lung migrating helminths can limit disease severity during SARS-
CoV-2 infection by enhancing anti-viral CD8* T cell responses in a macrophage-dependent
manner [384]. Thus, enteric helminths may mediate host resistance to respiratory viral
infections and disease pathogenesis by several potential mechanisms, but the timing of
viral infection relative to the helminth life cycle and tissue compartmentalization must be

considered.
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Figure 8: Helminths in their enteric phase can often protect against respiratory viruses (created with
Biorender.com)

1.4 Eicosanoids as key mediators during infection

The immune system's response to infections involves a complex system of molecular
signaling molecules which are rapidly coordinated, and which can often trigger opposing
actions. Next to cytokines, a group of bioactive lipids can cover these requirements.
Eicosanoids (from Greek ¢ikool, "twenty") are a group of hydrophobic hormone-like
substances derived primarily from the membrane-associated 20-carbon, »-6 fatty acid,
arachidonic acid (AA). Numerous enzymes can metabolize AA into four eicosanoid
subfamilies with distinct biological functions: prostanoids, leukotrienes (LTS),
hydroxyeicosatetraenoic acids (HETES) and epoxyeicosatrienoic acids (EETS) (Figure 9).

1.4.1 The arachidonic acid metabolism

Starting point of eicosanoid biosynthesis is the cleavage of AA from membrane
phospholipids by phospholipase A2, followed by metabolization into a variety of powerful
eicosanoids [385,386]. The two most well-known pathways are the 5-lipoxygenase (5-LOX)
pathway giving rise to the leukotrienes and the cyclooxygenase (COX) pathway resulting in

the formation of prostanoids [387—389].
The 5-lipoxygenase (5-LOX) pathway

The 5-LOX and 5-LOX activating protein (FLAP) oxidize AA to 5-HETE or LTA4 which can
either be metabolized to LTB4, by the LTAs hydrolase or to LTCs by the glutathione
transferase LTC,4 synthase [390,391]. LTC, belongs to the cysteinyl leukotrienes (cysLTs)
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and can be further converted into LTD4 by y-glutamyl transferase (GGT) and to LTE4 by the
membrane-bound dipeptidase (MBD) [392,393]. LTs are predominantly produced by
myeloid cells and can exert chemotactic functions on neutrophils, eosinophils and T cells
(LTB4), regulate immune cell activation and survival, vascular permeabilization, smooth
muscle contraction and airway remodeling [388,394—-398]. In addition to hematopoietic
cells, tuft cells have been identified as a new source of cysLTs, contributing to host defense
against helminth parasites or allergic airway inflammation [399,400]. Different cell types can
form different LT metabolites. Murine neutrophils produce mainly LTB4, while murine
eosinophils produce higher levels of cysLTs [401]. In humans, eosinophils produce both
LTB4 as well as cysLTs [402,403]. However, platelets for example do not express the
5-LOX, but can convert neutrophil-secreted LTA; into cysLTs [404]. CysLTs can signal via
their G-protein coupled receptors (GPCR) CysLTR1 and CysLTR2, whereas two new
receptors for LTE4 have been discovered more recently, including the GRP99/0XGR1 and
P2Yi, [405-408]. For LTB4, two receptors (BLT1 and BLT2) with high- and low-affinity
binding are described [409,410].

The cyclooxygenase (COX) pathway

In contrast to the leukotriene pathway, the cyclooxygenase pathway can convert AA to the
pre-courser PGH,. Two isoforms of the cyclooxygenase exist: the constitutively active
COX-1, which is expressed in most cells and the COX-2, which is induced under
inflammatory conditions [411,412]. The non-steroidal anti-inflammatory drugs (NSAIDs)
such as aspirin, ibuprofen, indomethacin can non-specifically inhibit both COX-1 and
COX-2 while the COXIBs such as celecoxib and valdecoxib are COX-2 specific inhibitors.
Upon activation of the cyclooxygenase pathway, PGH- is quickly metabolized into the
prostanoids: prostaglandin (PG)D,, PGE,, PGF,,, PGl (also known as prostacyclin) and
thromboxane A2 (TXAy) by their respective PG synthases [413-416]. TXA: is an unstable
metabolite and therefore directly hydrolyzed to TXB.. Immediately after synthesis,
prostanoids are released from the cell and exert their effects, like the leukotrienes, through
binding of GPCRs on the target cell. TXB for example can induce vasoconstriction and
platelet aggregation, whereas prostacyclin signaling prevents the formation of blood clots,
induce vasodilation and promote leukocyte adhesion [417-419]. Thus, a delicate balance
in the levels of PGl and TXA; is very critical in the maintenance of proper vascular function.
PGF2« as another prostanoids derives mainly from COX-1 in the female reproductive
system, where it plays an important role in uterine contraction, ovulation and initiation of

parturition [420,421]. Furthermore, it is involved in vascular biology, pain and acute
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inflammation [422,423]. In contrast to that, PGD; exerts both pro- and anti-inflammatory
properties depending on the receptor to which it binds. For instance, PGD; promotes viral-
induced bronchiolitis via binding to DP2 receptor [424]. However, the more known function
of DP2 signaling by allergic stimuli results in chemotaxis of eosinophils, neutrophil
recruitment and the release of Tu2 cytokines [425-428]. On the other hand, PGD- exerts
anti-inflammatory activity via DP1 signaling, resulting in the amelioration of lung
inflammation [429,430]. Similarly, PGE; can have various effects depending on the binding
to one of its four E-prostanoid receptors, EP1-4. PGE; is known to suppress Tn1 responses
and shifts towards Tw2 responses resulting in an ineffective development of the antiviral
immune response. Moreover, PGE, can modulate DC maturation and the balance of Treg
cells to Th17 responses, whereas it was found to affect the immune response to infections
such as RSV and IAV enabling increased replication and viral dissemination [431-436].
Thus, depending on the EP receptor profiles of individual cell types and tissues, PGE- can
have diverse effects with e.g modulating the immune system by shifting Tu responses and
thus affect the interplay between innate and adaptive immunity.

12-/15-lipoxygenase, lipoxins and specialized pro-resolving mediators (SPMs)

Additionally, 5-/12-/15-LOX can convert AA to 12-/15- HETEs or lipoxins (LXs) depending
on the host species (e.g. human vs mice), cell type and enzyme isoforms [437]. Lipoxins
are part of the specialized pro-resolving lipid mediators (SPM). Maresins and docosanoids
(0-3 fatty acids derivatives), formed from eicosapentaenoic acid (EPA), which leads to
E-series resolvins or docosahexaenoic acid (DHA), resulting in D-series protectins, are
primarily responsible for anti-inflammatory functions and the resolution of inflammation
[438,439]. However, even it is known that macrophages form the enzymes needed to
produce SPMs, only tiny amounts under non-physiological conditions are detectable. On
the basis this, signaling and occurrence of SPMs challenge their role as endogenous

mediators of the resolution of inflammation [440].

Cytochrome P450 metabolism of AA

Apart from the pathways described above, polyunsaturated fatty acids (PUFAS) can
undergo auto-oxidation or can be metabolized by cytochrome P450 (CYP) enzymes, which
convert AAto EETs and 20-HETE [441]. EETs are associated with anti-inflammatory effects
by attenuating the cytokine-mediated activation of NF-kB and the adherence of leukocytes
to the blood vessel wall [442]. Inhibition of the soluble epoxide hydrolase, which further

converts epoxides to their corresponding diols, is assessed as a new treatment option for
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inflammation [443]. In contrast, 20-HETE can activate NF-kB signaling and increase the

expression of molecules and cytokines that promote inflammation [444].
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Figure 9: Eicosanoid biosynthesis pathway and receptor signaling (created with BioRender.com)

1.4.2 Role of eicosanoids during respiratory viral infections

Eicosanoids are immunomodulatory and thus also impact viral replication and the host’s
antiviral response. Apart from IAV and RSV infection, SARS-CoV-2 infection results in
increased levels of ®-3 and ®»-6 fatty acids and their derivatives in different body fluids,
which is associated with increased numbers of infiltrating immune cells [445,446]. Thus,
unmasking the eicosanoid storm that may occur in severe COVID-19 as well as other viral
disease has made this pathway an attractive target for treatment of respiratory viral
infections [447—-449].

The cyclooxygenase pathway and the impact on respiratory viral infections

Genetic deletion or pharmacologic inhibition of COX-2 is associated with a decrease in the
production of pro-inflammatory cytokines and pulmonary inflammation, thus improving
mortality in mouse models of IAV infection [450-454]. However, mortality is higher in
COX1 -/- mice as well as in mice treated with a selective COX-1 inhibitor [450,451]. Of note,
PGE; and PGD; are the most studied prostanoids during respiratory viral infection. Inhibition
of PGE: production or genetic deletion of mMPGES-1 improves antiviral immunity and
survival of mice after IAV infection by permitting greater infiltration of myeloid cells into the
lung. This is accompanied by an increased capacity for apoptosis and IFN-B production in

macrophages, ultimately leading to the activation of adaptive immunity. PGE> suppresses
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the innate and adaptive immune response to IAV infection in an EP2/EP4 and type |
interferon—dependent manner [436]. In contrast, inhibition of MPGES-1 exhibits anti-viral
effects by suppressing the induction of pro-inflammatory genes (TNFa, IL-8, CCL5, and
CXCL10) in IAV-infected cells [455] . However, the accumulation of PGE: after IAV infection
leads to the expression of IL-27, which in turn is responsible for the STAT1/2 mediated
inhibition of viral replication. Furthermore, clinical analysis showed that IL-27 levels are
significantly elevated in a cohort of patients infected with 1AV and that circulating IL-27
correlated positively with PGE: levels [456]. Like IAV, RSV induces the release of PGE: in
vitro, in animal models, and in lungs of infants with RSV bronchiolitis [431,457-459].
Treatment with COX inhibitors decreases the RSV replication in vitro and diminishes
immunopathology in vivo, whereas it suppresses transcription and production of the
proinflammatory cytokines, including IL-8 and RANTES (CCL5), leading to the suppression
of IRF and NF-kB [431]. As IAV and RSV hijack the PGE; pathway to suppress innate and
adaptive immunity, a significant immunosuppressive or immune regulatory role of PGE:
during SARS-CoV-2 infection is possible. Increased levels of PGE, were found and
correlated positively with COVID-19 severity [460]. Moreover, an interaction between
PTGES and nsp7, which is conserved among MERS-CoV, SARS-CoV, and SARS-CoV-2
has been described [461]. Compared to PGE_, the role of PGD- production and signaling in
COVID-19 has been characterized in more detail: Middle-aged mice lacking expression of
DP1 or phospholipase A2 are protected from severe disease, whereas treatment with a
DP1 antagonist protected the mice from lethal infection [462]. This could be due to the
delayed migration of DCs to the lung and lymph nodes via downregulation of the chemokine
CCRY7, because the impact of DP1 signaling and delayed DC migration on adaptive immune
responses appears to be age dependent [463,464]. Interestingly, DP1 inhibition enhances
DC migration as well as T cell proliferation and increases survival in older mice after
SARS-CoV and IAV infection [464]. Furthermore, PGD. also contributes to the
pathogenesis of RSV bronchiolitis in a DP2-dependent manner resulting in an increased
viral load and morbidity after IFN-A downregulation [424]. This effect is recapitulated by
treatment with a DP1 agonist, suggesting that the two receptors for PGD, have different
roles in the regulation of antiviral responses. Even if Prostacyclin (PGl;) has not been well
studied in context of viral infection, one study showed that mice overexpressing PGIS in
airway epithelial cells display lower viral titers after RSV infection. In contrast, mice lacking
the IP exhibit higher viral titers, suggesting that PGl> may enhance the antiviral response
and improve viral clearance [465]. In general, COX inhibition or deficiency seems to be
associated with less exuberant inflammation and infection. Even if PGFx and TXA; have

not been investigated with respect to modulation of viral clearance or host response to viral
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infection, the role of PGE, and PGD,; as immunomodulatory mediators in balancing
proinflammatory actions with suppressive effects on innate and adaptive immune function

to evade host immune response have been extensively characterized (Table 4).
Respiratory viral infections and the lipoxygenase pathway

The products of the 5-LOX pathway include diverse roles on respiratory viral infections, with
LTB4 as the protective mediator, whereas cysLTs engage detrimental functions. LTB4
exhibits antiviral activity in both in vitro and in vivo models of viral infections through various
mechanisms, such as promoting the release of antimicrobial peptides [466—468] and
activating the NOD2 pathway, which leads to an increase in the production of interferons
[469]. LTB4 administration in mice after infection with IAV reduces the viral load as well as
lung pathology [467]. Additionally, LTB4 promotes disease tolerance to IAV infection by the
release of IFN-a, which further decreases the proliferation of inflammatory macrophages
and reduces lung injury via signaling through BLT1 [470]. Furthermore, LTB, treatment
triggers an enhanced antiviral response in primary human neutrophils by increasing
myeloperoxidase (MPO) activity and a-defensin production, resulting in an improved
virucidal activity against influenza virus, human coronavirus, and RSV [468]. Thus, the
effects of LTB4 on neutrophils are similar in both men and mice. In contrast, signaling of
cysLTs through their CysLT1 receptor increases susceptibility of alveolar epithelial cells to
influenza virus infection and treatment with a CysLT1 antagonist improves survival [471].
Furthermore, CysLT1 receptor antagonism decreases airway hyper-responsiveness in mice
challenged with RSV [472] and also attenuates airway hyper-responsiveness, infiltration of
inflammatory cells, and excessive mucus production upon reinfection [473]. An increase of
5-LOX products in the serum of severely infected COVID-19 patients is accompanied by an
increase of 5-LOX expression in monocytes, macrophages, as well as, neutrophils [474]. In
line, patients with COVID-19 who were hospitalized and received a leukotriene receptor
antagonist showed lower risk of their condition worsening ( as measured by an increase in
the COVID-19 ordinal scale form day 1 to day 3 of hospitalization) compared to those who
did not receive the treatment [475]. Thus, anti-viral immunity is regulated by the signaling
of LTs, which can in general either have adverse or beneficial effects on the immune

system's ability to fend off respiratory viruses (Table 4).
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Table 4: Role of eicosanoids during IAV, RSV and SARS infection

Pathway  Mediator

infection

Function and physiological consequences

Ref.

COX-2

IAV

1 Mortality
1 Pro-inflammatory cytokines and
inflammation

[450-454]

COX

RSV

1 Immune pathology
1 Replication
1 IRF, NF-kB and pro-inflammatory cytokines

[431]

PGE2
COX

IAV

tMortality and viral load
tPro-inflammatory genes as well as IL-27
LInfiltrating myeloid cells

LApoptosis and IFN-B production via
signaling through EP2/4 in macrophages
| CD4* and CD8* T cell activation

[436,455,
456]

SARS

1 Disease severity

[460]

PGD:

IAV/
SARS

Signaling via DP1 -> 1disease severity
DCs downregulate CCR7 - delayed
migration to lymph nodes - | T cell
proliferation

[462-464]

RSV

DP2- dependent downregulation of IFN-A >
1 viral load and morbidity

[424]

PGl

RSV

| Viral titer

[465]

LTBa4

LOX

IAVIRSV/
SARS

1 Antiviral activity

1 Antimicrobial peptides

1 Activation of NOD2 - 1 interferons

1 MPO activity, a-defensin production in
neutrophils

1 IFN-a release, | inflammatory
macrophages and

| Lung injury through signaling via BLT1
| Viral load

[466-470]

cysLTs

IAV

| Survival
1 Susceptibility to infection via signaling
through CysLTR1

[471]

RSV

1 Airway hyperresponsiveness
1 Inflammatory cells
1 mucus production

[472,473]

SPMs and their effect on SARS-CoV-2 infection

The role of cytochrome P450-derived eicosanoids in regulating the host response to viral

infections has not been studied to date. However, the increase of CYP-derived lipid

mediators correlates with the severity of SARS-CoV-2 infection [474]. In contrast to that, a

higher ratio of EPA + DHA to total erythrocyte fatty acids, is linked to a lower risk of death
in COVID-19 patients [476]. Based on this, omega-3 fatty acids EPA and DHA have been
proposed as a potential additive treatment for COVID-19 [447]. In line, a pilot study with

supplementing EPA + DHA and a case report of using icosapent ethyl in COVID-19 patients

also indicates potential benefits with regard to survival rate and cardiovascular disease risk

reduction [477,478].
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1.4.3 Eicosanoid function during helminth infection

During helminth infection, the host immune response activates inflammatory cells and
induces the secretion of lipid mediators to control the immune response, favour the
expulsion of the parasite as well as initiate tissue repair. However, these organisms can
develop survival strategies, including the regulation of lipid mediator pathways to evade the
host immune response. Important roles for both, LOX and COX metabolites are identified
in host defense against helminths. For instance, pharmacological inhibition of the COX
pathway or genetic deletion of the 5-LOX pathway results in an altered type 2 cytokine level
[479,480] during infection with Strongyloides venezuelensis, thus suggesting cross-
regulation of cytokine and eicosanoid pathways during type 2 immunity [481].

Prostaglandins in regulating immune response during helminth infection

Similar to viral infections, PGE; is one of the most studied prostanoids during parasite
infections. Thus, regulatory roles of macrophage-derived PGE: in helminths are discussed
in one of our published review articles (V) [155]. In the context of helminth infection, an
increase in the production of PGE: in monocytes and macrophages following the infection
with O. volvulus, H. polygyrus, Taenia solium, Taenia crassiceps or B.malayi could be
detected [482-486]. While one study reports no significant role of PGE: in the clearance of
the lung-dwelling parasite N.brasiliensis [487], several others describe helminth-induced
PGE; as a regulator of type 2 immune response both during helminth infection and in
allergic airway inflammation [484,488—-491]. However, few studies propose that PGE;
exhibit pro-inflammatory functions in the regulation of type 2 inflammation by altering the
balance of Tyl versus Tu2, which allows for the emergence of type 2 immunity [492,493].
For instance, SEA from S. mansoni, which is well known to drive potent Tu2 responses,
triggers DCs to produce PGE;, which subsequently—in an autocrine manner—induces
OX40 ligand (OX40L) expression to license these DCs to drive Tw2 responses [492].
Intestinal sections from mice exposed to a challenged infection with H. polygyrus show a
PGE--triggered increase in mucosal permeability and secretory response, while the sodium-
linked glucose absorption is reduced [174]. Thus, the pro- and anti-inflammatory function of
helminth induced PGE> might be regulated by the binding to different receptors and the
timing and stage of helminth infection. PGD., classically known as a driver of allergic airway
promotes Tw2 cytokine production and recruitment of ILC2s during allergic inflammation and
helminth infection [494—496]. However, recent findings could demonstrate that a PGD, and
DP2 axis leads to suppressive effects during N. brasiliensis infection by acting on small

intestinal epithelial cells with a decrease in worm clearance and goblet cell hyperplasia
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[497]. Moreover, PGD, as well as other prostanoids, including PGF,, and TXB; are
upregulated in the acute phase of N. brasiliensis infected lungs [498]. In contrast to that,
mice which are infected with B. malayi show a decrease in the secretion of PGD, from
splenic macrophages, whereas monocyte-derived macrophages treated with a H. polygyrus
L3 extract show an increase of prostanoids and thromboxanes [483,499]. In line, humans
infected with Dirofilaria immitis have significantly higher TXA; levels in the serum, although
it is not clear whether this is elicited by the helminth parasite or by the secondary infection
with Wolbachia bacteria [500]. Furthermore, PGl is discovered as the most abundant AAM-
derived eicosanoid during B. malayi infection [486]. Together, these data propose a more
dominant role for PGD: signaling during helminth infection, whereas the specific functions
for PGF24, PGI, and thromboxanes remain elusive.

In addition to the ability of parasites to induce prostanoid secretion in host cells, helminths
such as Schistosomes and Onchocerca spp. can produce prostaglandins themselves [501—
505]. S. mansoni can produce lipid mediators including prostaglandins at various stages of
its lifecycle [506,507]. For instance, PGD, production by schistosomes triggers
proinflammatory effects in the host, including activation of eosinophils [502], whereas
schistosome- derived PGE; induces the production of IL-10, thus promoting the migration
and survival of the parasite [488,492,503,506]. In line, Trichuris suis, a whipworm, is able
to produce PGE;that directly suppresses the production of cytokines in LPS-stimulated DCs
[508]. In addition, other helminth parasites, such as microfilaria B. malayi, produce a lot of
different prostanoids, which exert immunomodulatory roles such as the prevention of
platelet aggregation [509,510]. The functions of COX-derived lipid mediators during parasite

infections are summarized in Table 5.

The role of leukotrienes during helminth infection

Leukotrienes released from immune cells efficiently participate in protective immune
responses during helminth infections. This for instance has been shown by the increase of
LTBsand LTC4 in a gut homogenate of rats challenged with T. spiralis, which is associated
with the rapid expulsion of the parasite [511]. Rapid anti-helminth immunity is enabled by
tuft-cell derived cysLTs that activate type 2 immunity [400]. In line, hematopoetic stem cells
from granulomas of S. mansoni-infected mice exhibit an increased expression of 5-LOX as
well as LTC4S and a TGFp- regulated cysLT production [512]. Furthermore, the usage of
5-LOX deficient mice confirmed a contribution of LTs to S. mansoni-induced inflammation,
granuloma formation and tissue remodeling [513,514]. In contrast, an increase of LTB4, but

not LTC, in the lung and small intestine during infection with S. venezuelensis is associated
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with a decrease in larval recovery in the lung or worm burden in the intestine [480]. The
increase of LTB4 concentrations is often associated with a recruitment of mast cells,
eosinophils, macrophages and lymphocytes during helminth infection [515-517]. Based on
this, LT inhibition or knock out of the 5-LOX pathway results in a greater parasite burden, in
an increased production of IL-12 but also in a decreased number of eosinophils [480,518].
The clear impact on the recruitment of eosinophils and mast cells by LTs could be explained
by the upregulation of Mac-1 with late changes in VLA-4 profiles on both peritoneal cavity
and bronchoalveolar lavage fluids after Toxocara canis infection [518]. Thus, LTs might play
an important role in eosinophilic inflammation during parasite infections by inducing
leukocyte recruitment and modulating the expression of adhesion molecules. Apart from
that, LTB4 can enhance the ability of neutrophils and eosinophils to directly kill parasites in
a complement-dependent manner [519]. The cytotoxicity of eosinophils against helminths
has been associated with the expression of cellular receptors (high affinity IgE receptor,
FceRl), adhesion molecules, as well as the degranulation and release of cationic proteins
[520]. An in vitro assay confirmed that IgE-coated schistosomula can induce eosinophil
attachment under the concomitant release of LTC,, ultimately leading to the death of the
parasite [521]. In contrast to that, parasites, like A. lumbricoides and A. suum have evolved
a potential survival strategy by targeting fatty acids including LTs with their ABA-1 protein
[522-524]. Helminths, especially schistosomes and F. hepatica can produce LTs by
themselves [503,525], which for example could help in entering the host [507,526]. This
suggests that LT inhibition might influence liver remodeling and pathology after parasite
infection. In the context of parasite infection, both host- and parasite derived lipid mediators
dictate the outcomes of the host-pathogen interaction, including persistence versus

expulsion of the parasite and the extent of collateral damage to the host (Table 5).
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Table 5: Role of host- or parasite-derived eicosanoids during helminth infection

Function and physiological

Pathway  Mediator infection Ref.
conseguences
1 Eosinophils and type 2
COX S. venezuelensis  cytokines [479]
| Larvae and worm burden
N. brasiliensis No clearance [487]
T. solium/ 1 IL-10 and regulatory T cells by [484]
Host- EP2/EP4 signaling
dC%n;ed PGE. S. mansoni I ::;,\}?/ and IL-4 [488]
1 Mucosal permeability
H. polgyrus | Glucose absorption [174]
Signaling via CRTH2
PGD:2 N. brasiliensis | Worm clearance [497]
| Goblet cell hyperplasia
Produces a lot of different
prostanoids B. malayi prostanoids, e.g., for the [509,510]
prevention of platelet aggregation
Parasite- . 1 1L-10 [488,492,
derived S. mansoni 1 Migration and survival 502,506]
PGE> - . .
COX . | Pro-inflammatory cytokines in
T. suis [508]
DCs
PGD» S mansoni 1 Pro—_inflanjmatory effects [502]
1 Eosinophils
LTs T. canis 1 Mac-1 and changes in VLA-4 [518]
LTs A. lumbricoides oo pind LTs via ABA-1 [522-524]
A. suum
T. spiralis | Rapid expulsion of parasites [511]
| Larvae recovery and worm
: burden
S. venezuelensis L IL-12 [480]
LTBq 1 Eosinophils and L-5
Host- T. canis/ 1 Recruitment of mast cells,
derived N. brasiliensis/ eosinophils, macrophages, and [515-517]
LOX F. hepatica lymphocytes
S. mansoni 1 Direct kjlling by eosinophils and [519,521]
neutrophils
cysLTs T. spirf?\l_is/ _ _ _ _
N.brasiliensis/ 1 Rapid expulsion of parasites [400,511]
H. polygyrus
1 Inflammation
S. mansoni 1 Granuloma formation [512-514]
1 Tissue remodeling
Parasite- .
; S. mansoni/ . [503,507,
cLi%r)lzled LTs F. hepatica 1Entering the host 525,526]
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1.5 ThelL-12 family as important cytokines of the host immunity

Interleukins are small secreted proteins which are crucial for the communication between
various immune cell types and thus significant for the regulation of the immune system also
during infectious disease. Next to their ability to connect the innate with the adaptive
immune system they facilitate a wide variety of functions, including cell growth,
differentiation, and activation in an auto- and paracrine manner. Based on structural
similarities and receptor engagement more than 60 ILs are currently categorized into nine

families [527]. One group among the large variety of cytokines is the interleukin 12 family.

1.5.1 Functional diversity despite structural similarity

The interleukin 12 family is hallmarked by its heterodimeric nature, intriguing cross-
utilization of cytokine subunits and sharing of signaling receptors. Only five distinct subunits
are required to form this cytokine family which consists of at least four members: IL-12,
IL-23, IL-27 and IL-35. Each of these IL-12 family members is assembled by one - (four-
helical bundle) and one B-subunit (B-sheets that form fibronectin type 11l and Ig domains).
On the basis of this, IL-12 consist of IL-12a and IL-12, IL-23a and IL-12( give rise to IL-
23, IL-27a and EBI3 build IL-27 and IL-35 is formed by IL-12a and EBI3 [528]. Interestingly,
IL-12 and IL-23 are the only two that share the feature of an intermolecular disulfide bridge.
However, this disulfide bridge is dispensable for secretion of the heterodimer, but it may
stabilize the complex against dissociation once secreted [529]. The combinatorial
complexity is not only restricted to the interleukins, but it also applies to the IL-12
heterodimeric family receptors, where five different receptor chains can form four different
signaling complexes [530]. Despite structural similarities, the interleukin 12 family operates
on opposing sides of the immunological balance reaching from pro- to anti-inflammatory
functions. Upon binding of the corresponding IL, receptor subunits dimerize and induce
Jak/STAT signaling. As mentioned previously (see section 1.1), IL-12 is a cytokine, secreted
by APCs, that stimulates the pro-inflammatory functions of T cells and contributes to the
induction of Tul cells and CD8" Tc , which are essential for fighting viral infections [531].
On the other hand, IL-23, which is the most pro-inflammatory member of the IL-12 family,
is responsible for the induction of T17 cells with the concomitant production of IL-17, which
is in turn linked to inflammatory disorders and autoimmune diseases such as psoriasis
[532,533]. In contrast to that, IL-27 is an immune-modulatory cytokine that promotes Tul
and Treg cell differentiation, but suppresses pro-inflammatory Ty17 cells [534]. IL-35 is the

only member of the family with solely immune-inhibitory functions including the suppression
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of conventional T cells and their conversion into suppressive Treg cells [535]. The secretion
of unpaired IL-12 family members adds an additional layer of immune-regulatory functions
with for instance, the secretion of IL-123 monomers or homodimers which act as
antagonists in IL-12 and IL-23 signaling [536], while additionally promoting the migration of
macrophages and DCs during respiratory infections [537,538]. Thus, the IL-12 family
cytokines with their opposing immune functions play a pivotal role in balancing our immune

system.

Biogenesis and cytokine assembly of the IL-12 family

Like other secreted mammalian proteins, IL-12 family cytokines are produced in the
endoplasmic reticulum (ER), where they obtain their native structure and assemble into
heterodimeric complexes before being transported further along the secretory pathway
towards the cell surface for secretion. In contrast to the cytosol, the ER provides a perfect
oxidative environment for protein folding and oligomeric assembly and it serves as calcium
storage for proper chaperone function [539]. In order to ensure the accuracy of the
maturation process, the exit from the ER is tightly regulated by a stringent endoplasmic
reticulum quality control system (ERQC) which inhibits secretion of incompletely folded or
misfolded proteins with potential detrimental effects to the cell and the organism [540].
Permanently misfolded proteins are destroyed by the ubiquitin-proteasome system (UPS)
through a process called ER-associated degradation (ERAD) [541]. This process involves
the recognition of terminally misfolded proteins in the ER, their retrotranslocation through
the ER-membrane, and finally the degradation via the cytosolic UPS [542].

For the biogenesis of human IL-12 family cytokines, a clear picture or ER quality control has
emerged: On the one hand, a subunits are incompletely structured in isolation, and thus
hardly, if at all, secreted by themselves, whereas  subunits, which can also be secreted
alone, induce structure formation in their respective o subunit and thus regulate trafficking
and export of the heterodimeric cytokine [534,543-547]. Before forming secretion-
competent heterodimers, isolated o-subunits are retained within the ER by cellular
chaperone machineries such as BiP or proteindisulfid isomerases (PDI). Cysteines which
exist in all a-subunits can form non-native disulfide bonds or wrongly folded and assembled
oligomers, which are targeted for degradation. The correct formation of at least one internal
disulfide bridge in IL-12a and IL-23a is critical for correct folding and secretion with IL-12f3.
In contrast to that, IL-27a has only one cysteine and thus is not able to form intramolecular

disulfide bridges, but it exposes hydrophobic residues which causes BiP binding, resulting
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in ER retention and degradation. However, once assembled with their respective (-
subunits, chaperone binding sites are buried within the native structure, thus allowing for
the release from the ER to fulfill their function [529,532,545,547-551].

@ intramolecular disulfide bridge secretion competence of
human IL-12 family subunits
© intermolecular disulfide bridge ¥

@ unpaired cysteine IL-23a . @ @
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Figure 10: Secretion/ER quality principles and signaling of human IL-12 family cytokines (created with Pymol,
Affinity Designer and Biorender.com)
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1.5.2 Impact of glycosylation on biogenesis and function of interleukins

A further major chaperone family of the ER, that is crucial for ERQC, are the lectins. Lectins,
like calnexin (CNX) and calreticulin (CRT) sense a proteins glycosylation state in order to
assist folding by slowing down folding kinetics and preventing premature ER release [552—
554]. Substrate proteins, also including IL-12 family members, get N-glycosylated at their
NXS/T sequence, where X can be any amino acid residue except proline (Figure 11). The
oligosaccharyltransferase (OST)- dependent transfer of GlcsMangGIcNAC, units to the
asparagine residue in the target protein sequence affect protein folding at an early state
[555,556]. After the cleavage of two of the three glucose residues, the nascent glycoprotein
is capable of interacting with CNX or CRT. Additionally, CNX, which is anchored to the ER
membrane via its transmembrane domain, and CRT, a soluble protein, can recruit further
folding factors such as PDI ERp57 to assist in folding of the target protein [557]. The final
glucosidase cleavage releases the protein from the lectin cycle. If the protein remains
misfolded, UDP- glucose:glycoprotein glucosyltransferase (UGGT) can reverse this
process through glucosylation of the substrate, which allows for additional time for the
protein to attain its proper folded conformation [558]. However, if excessive cycles are
needed, ER mannosidase | and ER degradation-enhancing alpha-mannosidase-like
proteins (EDEMs) remove mannose residues, thereby preventing re-entry into the
CNX/CRT cycle and directing the protein towards degradation via ERAD and transfer to
UPS [542,559]. Correctly folded proteins which have passed the CNX-CRT quality control
cycle and are assembled with further subunits are transported via the ERGIC to the Golgi,
where further post-translational modifications like O-linked glycosylations are possible [560]
(Figure 11).

() Glucose

(O Mannose
[] N-Acetylglucosamine

N-X-S/T
Gle Il
a-glucosidase
(Glc) I/1
—_— ERMan |
EDEM

N X-S/T
N X- S/T N X-S/T —' UGGT ’U\

secretion
to Golgi
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Figure 11: The calnexin/calreticulin cycle in ER quality control for glycoproteins (created with Biorender.com)
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Carbohydrates can change physiological properties of interleukins or their receptors

Once secreted, hydrophilic carbohydrates of the sugar moiety can alter the biophysical
properties of the polypeptide as well as their function as signaling molecules. For instance,
extension of IL-2 with an extensively glycosylated hinge region amplifies the interleukins
half-life tremendously, enhancing the time of Treg induction, thereby leading to the
reduction on autoimmune disease progression [561]. Different N-glycan structures can
affect the lifetime individually, exemplified by the observation that 2,6-sialylated glycoforms
of IL-6 are cleared faster than the corresponding IL-6 with terminal galactose. However,
compared to the non-glycosylated form of IL-6, plasma clearance is delayed for almost all
glycosylated IL-6 isoforms [562]. On the basis of this, glycosylation as a posttranslational
modification can influence bioavailability by protecting against proteolysis [563], suggesting
that N-glycosylation increases solubility and stability by reducing backbone flexibility or
protecting proteins from proteolysis. However, protein engineering by adding complex
N-glycans to interleukins can also lead to a reduced binding capacity to their receptors
[564], thus making it necessary to probe the roles of N-glycans. Also naturally occurring
glycosylation’s or differentially glycosylated intermediates of the same interleukin can affect
the function and the outcome of a disease. For instance, diabetes resistance encoded by
Idd3 correlates with the production of unglycosylated and multiple glycosylated IL-2
molecules, whereas diabetes susceptibility is associated with primarily single glycosylated
species [565]. Furthermore, glycan chains can serve as molecular addresses, marking the
intra- or extracellular destination and thus play an important role in protein trafficking
[566,567]. In the case of administration of a glycoprotein as a therapy, this must be taken
into account, because different glycostructures can have an impact on tissue distribution,

as e.g. demonstrated for an antibody-IL-12 fusion protein [568].

In line with the N-glycan dependent increase in stability, N-linked glycosylation is also
essential for the stability of cytokine receptors [569]. A study on the IL-11 receptor by using
site-directed mutagenesis uncovered a role for N-glycosylation sites which differently
control maturation, trafficking and proteolysis of the signal transducer [570]. Both studies,
including the IL-6 as well as the IL-11 receptor suggested that N-glycosylation does not
affect the signaling function, however glycosylation of the IL-1 receptor is required for
optimal binding of IL-1 [571], suggesting that every aspect from maturation, solubility,
stability, trafficking, proteolysis as well as biological function can be influenced by a protein’s

glycosylation state.
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2 Aims

This thesis aims to address three different research objectives that focus in general on the
regulation of the host immune response during infection and inflammation. The major
overarching aim of the first two studies was to define how infectious diseases modulate
macrophage activation and function. As a third aim, this thesis explored how the
glycosylation status of host-derived immune mediators (interleukins) determines signaling

and immune cell function.

The main goal of the first publication (I) was to understand how a glutamate dehydrogenase
(GDH) derived from the parasite H. polygyrus bakeri (Hpb) can suppress host defense via
modulation of macrophage effector functions. We therefore aimed to investigate the
mechanism of immune evasion by assessing global changes in gene expression of
helminthic GDH (heGDH)-treated macrophages as well as by characterizing effects of
heGDH on the metabolism, epigenetic landscape, and effector functions of human
macrophages in vitro. To further confirm results achieved in human macrophage cultures,
effects on immune evasion of this parasitic enzyme were assessed during different murine
models of parasite infections. As macrophages not only play pivotal roles during parasite
infections, but they are also potent producers of eicosanoids (key mediators during type 2
inflammation), a particular interest was to study the roles of the arachidonic acid (AA)

metabolic pathway in parasitic GDH-driven immune evasion.

Apart from their effector functions in type 2 immunity, monocytes and macrophages are also
important inflammatory drivers during acute viral infections, such as during SARS-CoV-2
infection. However, how monocyte- and macrophage-derived inflammatory mediators
persist after resolved respiratory viral infection with SARS-CoV-2 and how these cells react
to a secondary trigger remained unanswered. Thus, we aimed to investigate in the second
publication (Il) if alterations in monocyte- and macrophage metabolism (AA-metabolism) as
well as inflammatory cytokine production persists in convalescent COVID-19 patients and
moreover if these inflammatory mediators are affected by treatment with glucocorticoids.
Furthermore, to assess how monocyte-derived macrophages from these recovered patients
react to a secondary inflammatory insult; gene expression, eicosanoid and
cytokine/chemokine production was assessed after stimulation with SARS-CoV-2 spike

protein or bacterial derived LPS.
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The IL-12 family has a unique immunological role during infectious diseases and is
increasingly relevant in immunotherapy. Despite its importance, the glycosylation pattern of
this family of proteins, a key structural modification, remains largely undefined. The
objective of the third part (Ill) of this thesis was to determine the common and unique
principles of protein glycosylation for each member of the IL-12 family. A particular focus
was set on cytokine assembly and secretion in order to determine if glycosylation is
necessary for the formation of heterodimers and their subsequent secretion. Additionally,
the functionality of glycosylation-deficient mutants was analyzed in relevant cell types to
compare the impact of glycosylation of every single I1L-12 family member.
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3 Methods

Details about materials and manufacturers used for experimental procedures within this
dissertation can be found in each “Materials and Methods” section of the individual
publications. All methods, which are described in the publications but are not mentioned
here, were performed without technical assistance from my side. A brief method description
is appended below, while a more detailed version of all the methods can be found in the

enclosed manuscripts, shown by the roman numbering in brackets.

3.1 Helminth infection and treatment with heGDH (l)

1° Hpb 2° Hpb

200 L3 heGDH i.p. sacrifice  heGDHi.p.  sacrifice 20003 heGDHip.  sacrifice
— L4l } : — Ly
@""Q do d4 d8 di12 d14 d21 d28 d35 d49 d53 d57 d61 d63

N tt ~

%’ deworming %’

L4 in L5in L4 in L5in
mucosa lumen mucosa lumen

Figure 12: Infection with Hpb and further treatment with heGDH for different time points (created with Affinity
Designer and Biorender.com)

All animal experiments were approved by the local authorities (Regierung von Oberbayern).
Mice were infected with Hpb by oral gavage with 200 L3 stage larvae diluted in sterile PBS.
Control animals received the same amount of PBS. Mice were sacrificed at the indicated
time points (14 days post primary and secondary infection or 28 days post primary infection)
(Figure 12). heGDH treatment was performed intraperitoneally at day 4, 8 and 12 for the
14-days primary infection experiment. When mice were sacrificed at 28 days post primary
infection, mice were treated at days 4, 8 and 21. For secondary infection experiment, mice
were infected with 200 Hpb larvae and two courses of antihelminthic were administered at
days 28 and 35 p.i. Mice were re-infected with 200 larvae at day 49 and heGDH injection
was performed at day 53, 57 and 61. In the absence of heGDH treatment, mice received
PBS.
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1° Nb For infection with N. brasiliensis (Nb), mice were infected
500 L3 sacrifice

H s.c. with 500 infectious third-stage larvae (L3). Intranasal
chQ do d2 ¢4 d6 {reatment with heGDH was performed at day 0, 2 and 4

rrt

heGDH i.p. (Figure 13). 6 days post infection, the airways of the mice
W were lavaged five times. Cell-free bronchoalveolar lavage
) mal

Llain a5 fluid (BALF) was frozen immediately with or without equal

lung intestine

volumes of methanol. Small intestine (SI) of Hpb or Nb

Figure 13: Infection with Nb and jnfected mice was removed and opened to count adult
treatment with heGDH (created

with  Affinity  Designer  and worms at the luminal surface.
Biorender.com)

3.2 Blocking of heGDH using mAb treatment during infection with Hpb (I)

1° Hpb - ;
100 L3 L4 in L5in
mucosa lumen
— F_AY’_A\
({Q d0 d1 d2 d4 d6 d8 d14

rrr ot !

a-heGDH ab/ \Wr/ sacrifice
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v

Figure 14: Infection with Hpb and further treatment with mAb against heGDH (created with Affinity Designer and
Biorender.com)

For blocking experiments, a-heGDH monoclonal antibody (mAb) or isotype control antibody
was administered intraperitoneally on day 0-2, 4 and 6 (Figure 14). Mice were sacrificed at

day 14 post infection and adult worms in the Sl were counted.

3.3 Histology of tissues (I, I)

For histology, the proximal 5 cm of the small intestine of Nb- or Hpb-infected mice was freed
from mucus, extensively washed with cold PBS supplemented with double antibiotics, then
rolled into “Swiss rolls®. Lung of Nb experiments and Swiss rolls of Hpb- an Nb-infected
mice were placed in a tissue cassette and fixed in 3.7% formaldehyde before standard
formalin-fixed, paraffin-embedded (FFPE) processing or in OCT medium for cyrosections.
For publication II, ALI cells were fixed in 4% formaldehyde and embedded in paraffin.
Sections of all tissues were cut and stained with hematoxylin and eosin at the Histology
Core Laboratory of the Dermatology Clinic (Klinikum Rechts der Isar). Images were
recorded with the EVOS system. Linear means intercept (Lmi) was quantified as a score of

N. brasiliensis-driven lung damage, as described previously [134].
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3.4 BAL and peritoneal macrophage culture (I)

Peritoneal cells were obtained by peritoneal lavage with RPMI medium, whereas alveolar
macrophages within the procedure of BALF. Total murine peritoneal cells as well as BAL
cells were incubated at 37°C and 5% CO; for 4-5 hours, before rigorous washing with warm
PBS and medium replenishment. Adherent macrophages were stimulated with calcium
ionophore at 37°C and centrifuged at 4°C for harvest of supernatants for EIA and ELISA.

Cells pellets were collected, lysed, and stored as described for MDM and BMDM.

35 Intestinal culture supernatants (1)

1-2 cm of the duodenal part of the Sl from infected mice was incubated for 6 hours (Nb) or
overnight (Hpb) in medium with double antibiotics at 37°C before supernatants were
harvested and analyzed by LC-MS/MS.

3.6 Peripheral blood mononuclear cell (PBMC) isolation and culture (I-1)

All human experiments were approved by the local ethics committee at the Klinikum Rechts
der Isar of the TUM. After written informed consent, blood from healthy human donors or
SARS-CoV-2 seropositive patients was used for the isolation of PBMCs via density gradient
centrifugation. Monocytes from the PBMC section were enriched via CD14 positive
selection. CD14 negative PBMCs were frozen in FBS containing 10% DMSO. Thawed
CD14 negative PBMCs were culture in RPMI and stimulated with the supernatants of
transfected HEK293T cells expressing the IL-12 or IL-23 constructs for 24 and 72 hours,
respectively. After harvesting, cells were washed once with PBS prior to lysis in RLT buffer
supplemented with 1% B-mercaptoethanol (B-Me), while supernatants were frozen for

cytokine analysis.

3.7 Cell culture of HEK 239T cells, transient transfection and de-glycosylation

experiments (Ill)

Human embryonic kidney (HEK) 293T cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with FBS and antibiotics at 37 °C and 5% CO.. Transient
transfections were carried out in poly D-lysine dishes using GeneCellin according to the

manufacturer’s protocol. A total DNA amount of 2 pg (p35) or 4 ug (p60) was used.
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The a-subunit DNA was co-transfected with the B-subunit DNA or empty vector in a ratio of
1:2 for IL-23. For secretion and de-glycosylation experiments, cells were transfected for
8 hours and then supplemented with fresh medium for another 16 hours. To analyze
secreted proteins, the medium was centrifuged and supplemented with 0.1 volumes of
500 mM Tris/HCI, pH 7.5, 1.5 M NaCl, complemented with protease inhibitor. Cells were
lysed after washing twice with ice-cold PBS. Cell lysis was carried out in RIPA buffer on ice.
Samples were de-glycosylated with PNGase F or a mix of O- Glycosidase and a2-2,6,8

Neuraminidase according to the manufacturer’s protocol.

3.8 Monocyte-derived (MDM) or bone-marrow derived (BMDM) macrophage
culture (I, 1)

CD14* PBMCs were used to differentiate monocyte-derived macrophages (MDM). Alveolar-
like MDM were cultured for 6-7 days in the presence of GM-CSF and TGFf. Bone marrow
derived macrophages (BMDM) from bone marrow of wildtype C57BL/6 or EP2” mice were
isolated and cultured for 6 days in the presence of M-CSF. For both MDM and BMDM,
exchange of medium and replenishment of cytokines on the third day was performed. After
6 days incubation, cells were harvested and stimulated. For publication I, MDMs (from post-
COVID-19 and seronegative patients) were stimulated for 24 hours with LPS,
SARS-CoV-2 spike protein, HDM extract, FP or dexamethasone (DXM). When indicated for
publication I, cells were treated for 24 hours with heGDH, mutant heGDHK!26A D204N gy for
30 min, 3 hours, or 24 hours with AF488-fluorochrome labeled heGDH. To compare
endotoxin dependent effects, MDM were stimulated with LPS. For p300 inhibitor studies,
p300 inhibitor was added 1 hour prior to heGDH stimulation. MDM were harvested after 24
hours and BMDM after 6 hours stimulation with p300 inhibitor. For experiments with
neutralizing antibodies, MDM were incubated with anti-human IL-12/IL-23 (p40) antibody,
the respective isotype control antibody or anti-heGDH mAb before heGDH was added.
Stimulation of M2 polarized MDM with heGDH was done after 48 hours pre-incubation with
IL-4 and IL-13. Wildtype BMDM were incubated with anti-mouse IL-12 p40 or isotype control
antibody. To test effects of p40, MDM were treated with recombinantly produced human
IL-12p for 24 hours. TCA-metabolite effects were assessed by stimulation of MDM with
D-2-hydroxygluarate (HG), L-2-HG, itaconate or a-KG. PUFA production was elicited by
stimulating cells with ionophore for 10 min at 37°C during harvesting. Cells were not treated
with ionophore when they were used for FACS analysis. Supernatants of cells were stored
at-70°C in 50% MeOH for LC-MS/MS analysis or undiluted for cytokine analysis. Cell pellets

were lysed in RLT buffer with 1% B-Me and stored at -70°C for RNA extraction. For western
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blot analysis, cell pellets were lysed with RIPA buffer supplemented with complete protease

inhibitor cocktail and phosphatase inhibitor cocktail and stored at -70°C.

3.9 Immunofluorescence (IF)- and immunohistochemistry (IHC) staining (I)

Tissue for immunofluorescence and immunohistochemistry staining of Hpb-infected
intestine was first deparaffinized and rehydrated. To reduce the autofluorescence
background, autofluorescence reducing reagent was used. Before both staining’s, antigen
retrieval by repeated boiling in sodium-citrate buffer was performed. Subsequent, tissue
was permeabilized and blocked with BSA and donkey serum at room temperature. Tissues
for immunohistochemistry staining were further blocked with a Avidin/Biotin Blocking Kit.

For immunofluorescence staining of MDM or BMDM, cells were seeded on glass-chamber
slides and fixed for 15 minutes with 4% paraformaldehyde, followed by permeabilization
with acetone. After the same blocking procedure, cells or tissue were incubated with primary
antibodies overnight. Where indicated, blocking of anti-heGDH mAb with its antigen peptide
was performed in ratio of 1:1 overnight at 4°C while rotating. Fluorescence conjugated
secondary antibodies were used for detection of immunofluorescence staining. Before
images were recorded, cells were mounted and stained with Fluoroshield containing DAPI.
Detection and development of IHC staining’s were performed by applying ABC Peroxidase
Standard Staining and DAB Enhanced Liquid Substrate System. Before recording with the

EVOS system, nuclear counterstain and mounting was done.

3.10 Chromatin immunoprecipitation (ChIP) (1)

For the ChIP with formaldehyde crosslinking, MDM were washed once with warm PBS and
incubated for 30 min at 37°C and 5% CO; with accutase to detach the cells. ChIP protocol
steps were performed as previously described [572], except fragmentation of the chromatin,
which was carried out by using a focused-ultrasonicator for 15 min at 6°C with 140W peak
power, 5% duty factor and 200 cycles/burst. Instead of agarose beads, ChIP grade protein
A/G magnetic beads were added to the chromatin. Antibody mixture and incubation was
done for 2 hours at 4°C while rotating. DNA purification was performed with MinElute PCR
Purification Kit. Eluted DNA was either subjected to ChlP-seq or used for ChIP-gPCR
experiments. Input chromatin DNA was prepared from 1/4 of chromatin amount used for
ChlIP.
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3.11 ChlIP gquantitative real time-polymerase chain reaction (QRT-PCR) (1)

For all primer pairs, input chromatin DNA was used to generate standard curves and verify
amplification efficiency between 90-100%. gPCR was performed on a ViiA7 Real-Time
PCR System. Changes in enrichment at specific regions were normalized to 3 different
positive control regions which did not show changes in histone modifications during
stimulation with heGDH.

3.12 RNA isolation and gRT-PCR (I-llI)

RNA was extracted using a spin-column kit and transcribed into DNA using the
HighCapacity cDNA Reverse Transcription kit according to the manufacturer’s instructions
or submitted for total RNA sequencing. FastStart Universal or PowerUp SYBR Green
master mixes were used for 10 ng cDNA template and gPCR was performed on a ViiA7
Real-Time PCR or QuantStudio 5 System. All expression levels were normalized to house-
keeping genes and relative gene expression was represented as 274¢T

(ACT= ACT (gene)-CT (nousekeepen)- A list of primers is shown in every publication.

3.13 Flow-cytometry (FACS) (I, I)

Mesenteric lymph nodes (MLN) of Hpb infected mice were removed and transferred in RPMI
medium on ice until further processing for FACS analysis. Cells of MLN were forced through
a 70 um cell strainer using cold PBS to prepare a single cell suspension. T cell population
were stained extracellularly. After 30 min fixation and permeabilization using a
Fixation/Permeabilization kit, intracellular staining was performed. EP2”- BMDM as well as
MDM were stained extracellularly. Live/dead aqua stain was used for all cells to exclude

dead cells from the analysis. All samples were acquired in a BD LSRFortessa.

3.14 Metabolic flux analysis (seahorse assay) of MDM and BMDM (I)

MDM and BMDM were cultured on Seahorse Miniplates. On the day of the assay, medium
was exchanged to the Seahorse XF RPMI medium, pH 7.4 supplemented with glucose,
pyruvate and L-glutamine. Cell Mito Stress Test was performed according to the
manufacturer’s instructions with subsequent injections of oligomycin, FCCP (MDM: 1 uM,
BMDM: 5 uM) and rotenone and antimycin A. After the assay was performed, cells were

lysed in RIPA buffer and protein concentration was determined for normalization.
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3.15 LDH cytotoxicity assay (I)

Cellular cytotoxicity of stimulation with the p300 inhibitor in MDM and BMDM was quantified

using the LDH cytotoxicity assay kit, according to the manufacturer’s instructions.

3.16 EIA and ELISAs (I-I)

The concentration of cysLTs and PGE:; in culture supernatants was determined by using
commercially available enzyme immunoassay (EIA) kits, according to the manufacturer’s
instructions. MDM and PBMC supernatants were analyzed for different chemokine and

cytokine secretion. All ELISAs were used according to the manufacturer’s instructions.

3.17 Westernblot (I, Ill)

The protein concentration was determined by the BCA method for MDM and BMDM lysates,
which were diluted to equal concentrations between 12-20 pg. NUPAGE LDS Sample buffer
and NuPAGE Sample Reducing Agent was added to total MDM/BMDM lysates and heated
at 95 °C for 5 minutes. HEK supernatants from publication Il were supplemented with
0.2 volumes of 5x Laemmli buffer containing 3-Me. Samples were loaded on Bolt 4-12%
Bis-Tris Plus gels (I) or 12% SDS-PAGE gels (lll) and separated by electrophoresis.
Proteins were transferred to a PVDF membrane either 1 hour at RT () or overnight at 4°C
(1) with subsequent blocking in 5% nonfat dry milk in 1x TBS containing 0.05% Tween for
several hours. Membranes were incubated overnight with primary antibodies, washed and
incubated with the corresponding secondary horseradish peroxidase-conjugated antibody.
Detection was performed using enhanced chemiluminescence and recorded with the ECL

Chemocam Imager or Fusion Pulse 6 imager.

3.18 Expression and purification of heGDH (1)

The cloning, expression and purification of heGDH as previously published [483] was
initiated by me, but further improved and optimized by the Protein Expression and

Purification Facility at the Helmholtz Center Munich.

Briefly, heGDH expression constructs were transformed into E. coli strain BL21 (DE3) CC4
(overexpressing the (co-)chaparones GroEL, GroES, DnaK, Dnald, GrpE and ClpB) and

cultured overnight at 20°C containing auto-induction medium and antibiotics. Cells were
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harvested by centrifugation after reaching saturation, resuspended in lysis buffer and lysed
by sonication. The lysate was clarified by centrifugation and filtration. The supernatant was
applied to a 5-ml HiTrap Chelating column. Bound proteins were eluted with a linear
gradient from 50 to 300 mM imidazole. Fractions containing heGDH were pooled and
dialyzed overnight at 4°C. Next, 5 mM ATP and 1 mM MgCl, were added, and the solution
was incubated overnight at 4°C to detach bound chaperones. The solution was applied to
a 5-ml HiTrap Chelating HP column. Fractions containing heGDH were pooled and dialyzed
overnight at 4°C in the presence of His-tagged TEV protease. The cleaved off heGDH was
further purified by affinity chromatography as described above and the flow-through and
protein containing wash fractions were pooled and concentrated. Concentrated heGDH was
subsequently subjected to size exclusion chromatography using a HiLoad 16/600 Superdex
200 column. The fractions containing heGDH were pooled and dialyzed overnight against
PBS pH 7.4 at 4°C. Finally, the protein solution was concentrated to approx. 2 mg/ml and
stored in aliquots at -70°C.

3.19 Fluorochrome labeling of heGDH (I)

HeGDH was labeled with an Atto 488 Protein Labeling Kit according to the manufacturer’s
instructions. Subsequently, the fluorochrome conjugated protein was purified with a PD-10

desalting column.

3.20 GDH activity assay (I)

GDH activity of purified recombinant heGDH or mutant heGDH was determined both in the
direction of glutamate formation and utilization. Assays were carried out at 37 °C in an assay
mixture containing phosphate buffer and 5 ug protein. The enzyme activity of heGDH was
determined in the direction of glutamate utilization by the rate of production of NAD*/NADP*
or by the rate of utilization of NADH/NADPH in the direction of glutamate formation,
measured spectrophotometrically at 340 nm. The optimum pH was determined in both
directions with substrate concentrations of 0.5 mM a-ketoglutarate and 40 mM ammonia or
5 mM glutamate with the pH range 5.5-9.5. The optimum concentration of co-factors was
determined by using NAD(P)* concentrations from 0 to 3 mM with 4 mM glutamate or O to
0.8 mM NAD(P)H with 0.5 mM a-ketoglutarate and 10 mM ammonia. The Km for glutamate
was determined in reaction mixtures containing 0-15 mM glutamate and 3 mM NAD* and
the Km for a-ketoglutarate with 0-1 mM a-ketoglutarate, 10 mM ammonia and 0.4 mM

NADH. The Km for ammonia was determined with 0-100 mM ammonia, 0.5 mM
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a-ketoglutarate and 0.4 mM NADH. The inhibitory/stimulatory effects of GTP, bithionol and
a-heGDH mAb on GDH activity were determined in the direction of both glutamate utilization
and formation reaction with following concentrations: 3 mM NAD*, 0.4 mM NADH,

4 mM glutamate, 0.5 mM a-ketoglutarate and 10 mM ammonia.

3.21 iLite receptor activation assay (Ill)

For IL-12 and IL-23, a receptor activation assay was performed using IL-12 or IL-23 iLite®
reporter cells, according to the supplier's instruction. The cells were stimulated with
HEK293T supernatants containing 10 ng/ml secreted IL-12 or IL-23 constructs, previously
guantified via immunoblotting by comparing immunoblot signals to those of recombinant
IL-12 or IL-23 with known concentrations. The firefly and renilla luminescence signals were
detected via the Dual-Glo Luciferase Assay System in a multimode microplate reader.

3.22 Data analysis and statistics (I-l)

Immunofluorescence stainings and western blots were analyzed by Fiji. Additionally,
western blots were quantified by Fiji or Bio-1D software. Flow cytometry data was evaluated
with the Flowjo v10 software. Seahorse assays were analyzed with the help of Seahorse
Wave Desktop Software. Lmi quantification was done by Aperio eSlide Manager. Data of
all publications were analyzed by GraphPad Prism software. For LC-MS/MS (lipid mediator)
and ELISA (cytokines/ chemokines) data, missing values below the lower limit of detection
were interpolated using ¥ of the minimum value for each metabolite. Statistical analysis of
two group comparisons was performed using Mann-Whitney (unpaired), Wilcoxon test
(paired) or t test depending on normal distribution. For comparison of more groups, RM
one-way ANOVA, Friedmann test (paired) or Kruskal-Wallis test (unpaired) with Dunn
correction was used with correction for multiple comparisons. P < .05 was considered
statistically significant. Heat maps, except for RNA sequencing data, were generated by the

Broad Institute’s Morpheus software.
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4 Results

4.1 A helminth enzyme instigates immune evasion via a p300-prostaglandin axis in

host macrophages

Summary

We previously identified the glutamate dehydrogenase (GDH) within the larval extract of
H. polygyrus as a major immune regulatory protein that is able to suppress HDM-induced
allergic airway inflammation [483]. However, the exact mechanism of action as well as the

role of helminthic GDH (heGDH) during helminth infection remained unknown.

Investigation of the necessity of GDH for H. polygyrus during the infection with Hpb was
demonstrated by neutralizing heGDH with a specific mAb, which resulted in a lower worm
burden. This key result confirmed that heGDH is a central factor involved in the Hpb-
mediated suppression of type 2 immunity. To assess whether heGDH can affect
macrophages, MDM as well as BMDM were treated with a fluorochrome-labeled version of
heGDH to track cellular uptake. After confirming the uptake of heGDH into macrophages,
we performed RNA sequencing, which revealed broad changes in transcriptional profiles
with a strong induction of immune-regulatory genes including IDO1, PTGES, PTGS2, IL12B
and EBI3 in heGDH-treated MDMs compared to untreated or LPS stimulated cells. We
further found PGE: synthetic enzymes (PTGES, PTGS2) as well as IL12B to be
epigenetically controlled by the recruitment of the p300 histonacetyltransferase (HAT) using
pharmacological inhibition and knock down of p300 during stimulation with heGDH. The
increase of PGEx-synthetic enzymes found by RNAseq was further confirmed by the
guantification of oxylipins in MDMs following treatment with heGDH. In keeping with our
previous work [483], heGDH reprogrammed macrophages to an immunomodulatory
phenotype with the suppression of type-2 inducing leukotrienes and the induction of
regulatory prostanoids and cytokines. Further investigation of the role of heGDH and the
induction of prostanoids in vivo during infection with Hpb and treatment with heGDH
confirmed the correlation between immune regulation by heGDH and the p300-mediated
PGE: production in host macrophages. Thus, heGDH led to an increase in worm burdens,
the suppression of AAM polarization in an EP2-dependent manner and a decrease in
inflammatory T2 cells. Moreover, translation of mouse to human studies showed that the
abundance of SEA-induced Tw2 cells as well as SEA-induced IL-4 production in human

PBMC cultures was suppressed by heGDH treatment. In contrast, heGDH increased the
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percentage of regulatory T cells in human PBMCs in the dependency on PGE; production
by monocytes. However, the full and IL-4/IL-13 dependent development of a type 2 immune
response overruled the heGDH driven immune evasion as shown during challenge infection
with Hpb and primary infection with N. brasilensis. Nevertheless, heGDH still induced
prostanoid production in host macrophages and improved pulmonary tissue repair following

infection with Nb.

The induction of the prostanoid pathway was dependent on structure elements provided by
heGDH, as a catalytically inactive mutant of heGDH displayed an unaltered prostanoid
inducing function. Structure determination by electron microscopy and X-ray
crystallography revealed the N-terminal domain as the most different part compared to
human GDH, suggesting that the p300-prostaglandin axis is mediated via N-terminal
binding to potential interaction partners in macrophages. In contrast, the catalytic activity
was necessary for suppression of LTs. This was partially mediated via downstream
products of heGDH. L-2-HG, found at elevated levels in macrophages following heGDH
stimulation, was shown to suppress cysLT production. Metabolic shifts induced by heGDH
were not restricted to the eicosanoid pathway, but also affected glycolysis, TCA cycle and
amino acid metabolism. The p300-dependent upregulation of the glycolysis activator gene
PFKFB3 resulted in an increased glycolysis, further confirming the prevention of M2
polarization by heGDH. Thus, heGDH was identified and characterized as an
immunomodulatory candidate protein, mediating immune evasion by affecting macrophage
metabolism and T cell function, particularly through induction of the p300-prostaglandin

axis.
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4.2 Mild COVID-19 imprints a long-term inflammatory eicosanoid- and chemokine

memory in monocyte-derived macrophages

Summary

After more than three years into the pandemic, it has become clear that the innate immune
system and in particular monocytes and macrophages are crucially linked to the
heterogeneity of the COVID-19 disease courses. However, even if the pandemic will be
under control due to world-wide vaccination programs and other medical measures, the
sequelae of long COVID-19 and its potential burden on long-term health requires further
studies into the role of this immune cell type. Thus, we investigated the presence of long-
term reprogramming of the monocyte/ macrophage compartment in response to SARS-
CoV-2 infection in subjects with a mild disease course. Health care workers at TUM
university hospital were retrospectively categorized as either SARS-CoV-2 seronegative or
seropositive based on their SARS-CoV-2 IgG titer. The cohort consisted of 36 seronegative
and 68 previously COVID-19 infected individuals. The majority of patients (74%) reported
several symptoms, mainly fatigue, during the time of infection in spring 2020, with a small
portion (16%) reporting persistent symptoms 3-5 months after the infection. Monocytes as
well as monocyte derived macrophages (MDM) from subjects at 3-5 months post SARS-
CoV-2 infection showed an increased CCL2 level compared to cells from seronegative
controls. This persistent inflammatory imprint despite mild disease was confirmed by
multiple analyses, including RNAseq, gPCR, ELISA and LC-MS/MS. The results showed
higher expression of inflammatory chemokines, such as CCL2 and CCL8 in MDM from
previously infected individuals, particularly after restimulation with SARS-CoV-2 S-protein
or treatment with LPS. Furthermore, S-protein challenge of MDM from convalescent
COVID-19 patients resulted in induction of ISGs (e.g. IFI127, IFITIM1/3, 1SG20, OAS1/3) and
M2-associated genes, indicative for an inflammatory imprint in MDM 3-5 months after
SARS-CoV-2 infection as well as for a “training” effect after restimulation with
SARS-CoV-2 S-protein.

Furthermore, gene expression analysis of previously infected COVID-19 patients compared
to healthy controls uncovered an increase in the expression of genes involved in fatty acid
synthesis, including FASN and CYB5R2, while genes implicated in the synthesis of pro-
resolving lipid mediators, such as SEMA7A were downregulated. In line, eicosanoid
metabolic profiling in MDM from post-COVID-19 patients showed an increased synthesis of
pro-inflammatory eicosanoid metabolites, dominated by the production of LTs when

compared to MDM from seronegative patients. This effect was transient, because
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exaggerated 5-LOX metabolites were back to baseline at 12 months post SARS-CoV-2
infection. In contrast to increased 5-LOX metabolites secreted by MDM from convalescent
COVID-19 patients, MDM from previously infected patients challenged with S-protein
showed a reduced LT profile, while prostanoids from the thromboxane pathway (TXB; and
12-HHTrE) were increased, suggesting a switch towards tissue reparative, vasoconstrictive,
and immune-regulatory functions in MDM at 3-5 months after SARS-CoV-2 infection when

cells were further challenged with spike protein.

Although RNAseq data revealed profound changes in chemokine gene expression of MDM
from COVID19 patients, cytokine and chemokine production was not altered (also after
subsequent stimulation with different inflammatory triggers) between MDM from
seronegative or seropositive subjects 3-5 months after infection. As airway inflammation,
including COVID-19 is commonly treated by glucocorticoids, steroid treatment with
fluticasone propionate (FP) decreased the house-dust mite (HDM) induced production of
inflammatory cytokines and prostanoids independently of patient status (seropositive or
seronegative patients 3-5 months after SARS-CoV-2 infection). In contrast, usage of FP
enhanced LT secretion in seronegative as well as seropositive patients 3-5 months after
infection, indicative for a possible trade-off effect of glucocorticoid treatment during acute
or long COVID-19 disease.
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4.3 Influence of glycosylation on IL-12 family cytokine biogenesis and function

Summary

The IL-12 family of cytokines, consisting of heterodimeric glycoproteins, plays a crucial role
in controlling T cell activity and orchestrating immune responses. However, the effect of
glycosylation on the biogenesis and function of the various family members is still not fully
understood. Thus, the overall glycosylation status of each subunit of the IL-12 family
member was determined based on sequence analysis and specific glycosylation sites were
identified by enzymatic removal of glycan moieties using PNGase F or O-glycosidase mix.
The results showed that at least one subunit of every IL-12 family heterodimer, including
IL-12a, IL-123 as well as EBI3 are N-glycosylated, whereas IL-27a is the only subunit
showing two specific O-glycosylation sites. Site-directed mutagenesis of all predicted
glycosylated asparagine-sites to glutamine or O-glycosylated serine/threonine-sites to
alanine confirmed glycosylation status of all IL-12 family members, except for IL-123. The
presence of N-glycosylation sites in IL-123 was analyzed, with predictions indicating N135
and N222 as potential sites. However, only N222 was experimentally confirmed. Further
analysis of potential N-glycosylation sites below the threshold for prediction revealed that
N125 and N303 were also present in IL-12f3 to some extent. Mutation of all four “predicted”

glycosylation sites confirmed the lack of glycans.

Glycosylation as an important post-translational modification is often coupled to ER folding
and quality control processes which may impact IL-12 family cytokine secretion and
function. Thus, we further assessed how glycosylation can affect heterodimerization,
secretion and biological activity of IL-12 family members. Lack of glycosylation on IL-12a
as well as IL-12p did not affect heterodimerization and secretion of IL-12 nor of IL-23.
Although, completely deglycosylated IL-12 as well as IL-23 revealed a slight reduced
receptor activation, both were found to be functionally active. IL-12, that completely lacks
glycosylation at all was still able to induce gene expression of IFN-y and unglycosylated
IL-23 triggered IL-17 secretion in peripheral blood mononuclear cells (PBMCs). In contrast,
glycosylation deficiency retained EBI3 in isolation. However, mutated as well as wild type
EBI3 induced secretion of both IL-27a as well as IL-27a that lacks O-glycosylation sites
with the concomitant secretion of itself, suggesting heterodimer formation of IL-27 even if
both subunits lack their glycosylation sites. Furthermore, functional activity was tested by
phosphorylation of STAT-1 in BL-2 cells, expressing IL-27R on their surface.
Deglycosylated EBI3 affected biological activity, as the complex of wild-type IL-27a with
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non-glycosylated EBI3 as well as the overall deglycosylated IL-27 heterodimer induced
significantly decreased STAT1 phosphorylation in comparison to wildtype IL-27, suggesting

that glycosylation status of interleukins can affect cytokine signaling.

The secretion of IL-35, which shares the same [B-subunit as IL-27, was significantly
impacted by the absence of glycosylation. The mutation of either IL-12a or EBI3, the two
subunits of IL-35, was sufficient to almost block secretion of the other subunit completely.
Additionally, co-expression of non-glycosylated IL-12a as well as EBI3 prevented co-
secretion into the medium. The reduction in secretion of wild-type EBI3 (which is secretion-
competent on its own) by IL-12a that lacks glycosylation sites suggests that
heterodimerization still took place, leading to retention of the heterodimeric cytokine by
ERQC. As no sufficient secretion of deglycosylated IL-35 was found, no biological activity
was investigated.

Taken together, glycosylation can impact both secretion and biological function of IL-12
family cytokines to different extents with the most dominant role for IL-35 secretion and
IL-27 signaling.
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5 Discussion

In this dissertation, the multifaceted and multilayered host immune response to different
internal and external triggers was examined. First, light was shed on the mechanism of
actions and roles of a parasite-derived protein as well as on long-term effects of
SARS-CoV-2 infection and how both are able to reprogram macrophages. Second, this
dissertation contributes to a better mechanistic and functional understanding of host-
derived interleukin 12 family cytokines by delineating how the glycosylation status affects

their biogenesis and function as signaling molecules.

5.1 Parasitic GDHs: an evolutionary conserved enzyme for host immune evasion?

Glutamate dehydrogenase (GDH) has been identified as the major immunoregulatory
component of an anti-inflammatory homogenate prepared of L3 stage larvae of the helminth
H. polygyrus bakeri (“HpbE”) [483], able to modulate the AA metabolism and increasing the
release of the regulatory prostanoid PGE; and the anti-inflammatory cytokine IL-10. In a
comparative analysis of excretory/secretory products (HES) from adult stages of Hpb, GDH
activity is present only in L3 extract and has not been found in HES or homogenates of L4
or L5 [483,573]. This suggests that the protein profile varies depending on the stage of the
parasite lifecycle. However, secretion profiles of L3 and L4 compared to L5 (HES) were not
determined, warranting further proteomic analysis in order to reveal if GDH can exclusively
be secreted by L3. Further evidence for a developmental regulation is shown by a GDH
from H. contortus, which is localized to the cytoplasm of the parasite’s gut and both GDH
MRNA and protein are expressed almost exclusively during the blood-feeding stage [574].
Differences in protein composition in different stages may explain the distinct
reprogramming of e.g. AA metabolism observed for heGDH, and HES, as only HES failed
to induce the release of prostanoids in macrophages [483]. However, the roles of heGDH
(apart from its metabolic function) in the living helminth and the reason for its higher
expression in the L3 stage is unclear. The environment of the L3, which is located in the
intestinal tissue, may induce glutamate metabolism in the early stage of the larvae. It is well-
established that the availability of amino acids in tissues has a significant impact on immune
cell functions [575], and macrophage activation/polarization, in particular, depend on
glutamine metabolism [214]. Therefore, the usage of glutamine/glutamate via GDH could
potentially create a more favorable host environment, enabling larvae to survive and molt

into adult stages.
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Several studies have implicated glutamate dehydrogenase as an evolutionary conserved
enzyme in regulating host immunity. Early vaccination studies uncovered a parasitic GDH
as the dominant protein within the soluble extract against which anti-helminth immunity was
developed [574]. Interestingly, GDH derived from the parasite T. cruzi was identified as the
immunomodulatory compound responsible for the production of IL-10 and IL-6 in CD11b*
cells, contributing to B cell expansion [576]. A more recent study about epilepsy induced by
the parasitic cestode Taenia solium uncovered a GDH in viable cysts that instructs
tolerogenic monocytes to release IL-10 and PGE: ultimately leading to the induction of
regulatory T cell responses in mice and humans [484]. In line with these studies, helminthic
GDH (heGDH) treated macrophages also release high amounts of IL-10, IL-6 and PGE;,
highlighting GDH as an evolutionary conserved immune regulatory enzyme shared between
different parasites. However, further work is required to characterize if GDHs from different
parasites share structural similarities and whether they instruct the same mechanism to
drive host immune evasion. The immune regulatory functions of parasitic GDHs suggest a
therapeutic potential, e.g., as a vaccine antigen for inducing immunity against a broad range
of helminth parasites.

5.2 Macrophages as the primary target cells of helminths and heGDH

Macrophages are versatile cells and play a pivotal role in anti-helminth immunity by
mediating worm trapping, regulating the immune system, and repairing tissue injury caused
by migrating larvae [158,160,577]. Thus, helminth parasites have evolved products that can
target and influence macrophages and their effector functions, resulting in
immunomodulatory reactions [155]. To affect immune-regulatory mechanisms and
macrophage metabolism helminthic molecules engage receptors, trigger receptor-mediated
endocytosis or are transferred into the cell via helminth-derived exosomes [273,578].
Upstream mechanisms underlying the induction of the COX pathway have been previously
described for S. mansoni egg antigen (SEA), which binds to dectin-1 and dectin-2, resulting
in the secretion of PGE, from DCs [492]. In line, some parts of Hpb larval extracts (HpbE)
are able to drive dectin-1 and -2 mediated PTGES expression [483]. However,
internalization of fluorescent-labeled heGDH or heGDH mediated PTGES expression was
not affected by inhibiting or deleting dectin-1 or -2, suggesting that recombinant heGDH,
possibly due to production in E. coli, carries no carbohydrate structures and thus has to use
other internalization strategies to perform its immune-regulatory functions. Preliminary
analyses revealed an enrichment of CD64 in heGDH treated cells, which was in line with

proteomic analysis, identifying CD64 as a potential interaction partner of heGDH. Indeed,
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colocalization of heGDH and FcyRI (CD64) was observed during helminth infection. In line,
highly activated and organ specific monocyte-derived macrophages during helminth
infection are strongly positive for CD64 [579] and play an important role in helminth trapping
[159], suggesting that CD64 serves as the potential entry point targeted by heGDH to
reprogram macrophages in the surrounding of the larvae. However, how heGDH interacts
with CD64 on a structural basis [580] by e.g. providing a binding surface within its N-terminal
handle-like structure remains to be defined.
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Figure 15: Schematic illustration of reprogrammed monocyte-derived macrophages after treatment with
H. polygyrus glutamate dehydrogenase from publication | (created with BioRender.com)
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5.3 Epigenetic regulation of a type-2 suppressive macrophage phenotype by
heGDH

Helminth infections, such as with F. hepatica or S. mansoni can have significant impacts on
hematopoiesis, potentially causing long-lasting effects through anti-inflammatory
reprogramming that may extend to macrophage progenitors [253,581]. Helminth infection
can also affect the resident macrophage populations, which have the ability to self-renew,
especially in the context of type 2 immunity [582]. The specific epigenetic mechanisms and
chromatin landscapes associated with helminth-induced regulatory macrophage
reprogramming are not yet fully understood. However, IL-4-triggered H3K27ac modification
has been observed at enhancer regions of AAM genes such as Argl and Mmp12 [252].
Another study identified HDAC3 as a negative regulator of alternative activation, indicating
the importance of H3K27 modifications in macrophage polarization and functions during
helminth infection [251]. Acetylation of H3K27 is a well-defined marker of enhancer activity
which requires CBP/p300 histone acetyltransferase activity [583]. PGE; synthetic enzymes
(COX-2 and mPGES-1) as well as IL-12f are epigenetically controlled by HDAC-mediated
recruitment of the p300 HAT [584-586]. In keeping with these studies, helminthic GDH was
able to induce acetylation of H3K27 in an p300-dependent manner (Figure 15). But how
CD64 receptor engagement induced p300 HAT activity needs to be investigated. In a study
of adipose-derived stem cell and angiogenesis, C-reactive protein was found to bind to
CD64, inducing ERK1/2 and Akt phosphorylation, which in turn activates HIF-1a to enter
the nucleus and bind together with p300 in the VEGF promoter, stimulating VEGF gene and
protein expression [587]. Thus, this describes a potential link between CD64 receptor

binding and the activation of a p300-dependent induction of immune-regulatory genes.

The site and duration of helminth infection also plays a role in macrophage reprogramming
and its functional consequences [588]. Consequently, epigenetic reprogramming of
BM-derived, recruited, and resident proliferating macrophages may result in diverse and
often persistent alterations of macrophage effector functions, especially following chronic
helminth infections. A first hint of myeloid reprogramming by helminths in humans as an
immune evasion strategy is reported by previously infected N. americanus patients that
developed a monocytosis and increased the expression of IL-10 in monocytes [589]. The
reprogramming of peritoneal macrophages by the heGDH-induced and H3K27ac-
dependent upregulation of PGE, remained at least for 3 days. It is currently unclear whether
heGDH treatment induces long lasting epigenetic modifications in BM-derived monocytes/

macrophages or their progenitors in vivo and how long the heGDH-mediated impact on e.g.
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airway macrophages during HDM-induced allergic airway inflammation maintains [483]. It
would thus be interesting to study if the anti-inflammatory phenotype of heGDH-treated
macrophage is transient or whether it leads to sustained anti-inflammatory long-term
activity. Such lasting anti-inflammatory effects would represent a major advantage with
regards to a potential use of heGDH as a therapeutic strategy in type 2 inflammatory
disorders. However, sustained anti-inflammatory remodeling of macrophages can endanger
host immunity and make the host more susceptible to subsequent infections such as 1AV
e.g. via the sustained production of PGE; [436,455,456]. Analysis of PGE: induction in
peritoneal macrophages 7 days after intraperitoneal treatment with heGDH revealed no
persistent effect, suggesting that a more acute macrophage reprogramming is necessary
to modulate host immune responses. In line, a less persistent macrophage reprogramming
would also be beneficial as treatment for type 2 disorders in the lung, because medication
could be paused in case of infection without lagging of immunosuppression.

5.4 H. polygyrus induced immune evasion by regulation of the AA pathway and

T-cell subsets

Helminth parasites have evolved different mechanisms to modulate type 2 inflammation,
including suppression of ILC2 activation, blocking IL-33 release, and induction of an
immune-regulatory macrophage phenotype [268,291,590]. Eicosanoids are lipid mediators
derived from arachidonic acid that play a significant role in anti-helminth (type 2) immunity
[400,483]. Thus, heGDH-induced reprogramming of AA metabolism uncovered a potential
evasion strategy used by the parasitic nematode Heligmosomoides polygyrus bakeri (Hpb)

to suppress type 2 immune responses [483].

7 days post-infection, Hpb triggers the release of regulatory prostanoids (PGE- and 6-keto
PGFi,), which can modulate type 2 immune responses by inducing a regulatory
macrophage polarization and limit type 2 cytokine production by ILC2s [483,491,591].
Furthermore, Hpb induces the production of COX metabolites including 12-HHT and TXB.,
which are involved in tissue repair and blood clotting [483,592,593]. In contrast, Hpb
suppressed the release of pro-inflammatory mediators, including cysLTs and LTBa4, which
induce Tw2 cell activation, vascular leakage, eosinophil recruitment, and mucus production
by globet cells [96,483,594]. A similar eicosanoid profile is observed during helminth
infection with B. malayi, which decreased PGD, production, but increased PGl, and TXB:>
production in macrophages possibly to enable immune evasion [486,499]. The COX

product PGE: is produced by multiple helminth parasites themselves and it is efficiently
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induced by multiple helminth products in myeloid cells [483,484,492,508]. A more recent
study shed light on parasitic GDH’s as an possible evolutionary conserved enzyme -
amongst different parasites- involved in PGE; and IL-10 upregulation in tolerogenic
monocytes [484,595]. In line, heGDH induces prostanoids with a strong increase in PGE-,
but also IL-10, while it decreases the production of the 5-LOX products 5-HETE and the
cysLTs (Figure 15). Moreover, the heGDH induced shift in the arachidonic acid metabolism
towards an increased production of prostanoids, especially PGE,, suppressed M2
polarization in an EP2-dependent manner in vivo and modulated human T cell function in
vitro. In keeping with the study of T. solium GDH and in contrast to human GDH [484], the
immune suppressive functions of heGDH relied on the suppression of a helminth-induced
Tu2 response and on the capacity to induce Tregs partially in the dependence of PGE;
production. Similarly, PGE> can regulate Tyl and Ty17 responses by inhibiting IL-12 and
IL-23 production in monocytes and macrophages, while inducing Tregs and IL-10
production [596-598].

The suppressive capacity of heGDH on Tn2 cells is observed after 28 days post Hpb
infection, suggesting that the induction of regulatory macrophages by heGDH is particularly
important at the beginning of infection, and that these reprogrammed macrophage
populations can affect T cells at later time points of parasite infection. Induction of Tregs by
heGDH could be verified in human PBMCs in vitro but was not studied in detailed during
Hpb infection in vivo. As only mesenteric lymph nodes were assessed, it is unclear, whether
heGDH can affect Treg induction locally in granulomas or the small intestinal laminar propria
during H. polygyrus infection. Moreover, the conversion of naive T cells into Tregs by e.g.
PGE: binding to EP2/4 [484] needs to be further investigated. Treg induction by regulating
tryptophan metabolism could play a further role, as heGDH is a strong IDO1 inducer. IDO1
activates regulatory T cells and blocks their conversion into T effector cells also during
parasite infections [599,600]. Mechanistically, IKKa-induced IDO can inhibit Ty2 cell
responses, while inducing the expression of Foxp3 in CD4* T cells during allergy [601]. But,
whether heGDH induced IDO1 expression in macrophages contributes to Treg induction
and Tu2 cell suppression remains elusive and requires further experimental work, e.g., in

mice lacking IDO1 in macrophages.
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5.5 IL-4/-13 mediated type 2 immune response impairs PGEz-driven immune

evasion

Multiple studies have shown crucial roles for host-derived IL-4 and IL-13 in AAM-mediated
anti-helminth immunity [133,602]. During infection with helminths that trigger a rapid innate
type 2 immune response, e.g. the rat parasite N. brasiliensis, type 2 activated granulocytes
[133,603] and innate lymphoid cells (ILC2s) [602] can drive early AAM activation, thus
enabling rapid parasite control. Additionally, challenge infection with H. polygyrus triggers
a type 2 immune response, which is dependent on T2 cells (IL-4 and IL-13), antibodies
and Arginase-1 expressing macrophages [157,158]. Thus, it is necessary for the parasite
to evade the mechanisms that trigger a rapid and innate host immune response. For
instance, AIP-2 from A. caninum can suppress OVA- or HDM- induced airway inflammation
by inducing regulatory T cells and suppressing Tw2/ILC2 cytokine production by
reprogramming CD103* DCs [331]. In keeping with these studies, heGDH is able to
suppress SEA-induced IL-4 production in human PBMCs (Figure 15). These immune
suppressive functions of heGDH on a helminth induced Tu2 response and its capacity to
induce Tregs partially depended on PGE: production. PGE: can limit ILC2 and mast cell
function in an EP2 dependent manner [604,605], but whether PGE: directly affects
IL-4/1L-13 production remains less understood. In contrast, studies on the effect of IL-4 on
PGE; secretion revealed that IL-4 can inhibit COX-2 expression and consequently prevents
secretion of PGE; [606]. This is in line with the effects observed during heGDH treatment of
macrophages which were previously treated with IL-4 and IL-13, suggesting that a full
developed and IL-4/-13 driven Tn2 response can limit the immunosuppressive capacity of
heGDH by restricting the production of PGE,. This could explain why treatment with heGDH
only caused a slight increase in worm burdens during infection with N. brasiliensis and
challenge infection with H. polygyrus. The increased production of PGE: in isolated BAL
macrophages or peritoneal macrophages from parasite infected mice could however be
restored ex vivo due to the persistent epigenetic changes in macrophages in the absence
of the type 2 cytokine environment. The timing of when PGE; upregulation occurs during
helminth infection may be a critical factor. If PGEzis upregulated first, before IL-4 and IL-13
are produced, this may be sufficient to maintain immune evasion. However, if IL-4 and
IL-13 secretion occurs at the same time, they may inhibit PGE; production and thus reduce

the effect of heGDH-mediated immune evasion.
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Additionally, PGE; actively participates in tissue repair responses [607,608]. During the
early inflammatory phase of tissue repair, PGE> produced by macrophages and stromal
cells can activate myofibroblasts, promoting wound contraction and wound closure in the
skin and intestine [607,609—611]. The positive effects of PGE; are mostly dependent on the
EP2 and EP4 receptors. In the subsequent proliferative phase, myofibroblasts can produce
PGE:, which induces a regulatory macrophage phenotype expressing high levels of IL-10
and Argl, both of which have been implicated in preventing tissue damage and regulating
pathological tissue remodeling in type 2 immunity [158,612,613]. Due to its regulatory
effects on fibroblasts, PGE; also functions as an important negative regulator of pulmonary
fibrosis and airway remodeling in asthma [614,615], suggesting a potential role for heGDH-
induced PGE: during helminth-induced tissue damage. In line, N. brasiliensis induced tissue
damage [616] is significantly improved after heGDH administration. However, it remains to
be investigated whether the improvement in wound healing is due to heGDH-triggered PGE:
production. Nevertheless, taken together, these investigations verify again that PGE: is an
important factor in the heGDH mediated immune evasion. To strengthen the data and
provide a more definitive proof of the role of PGE; in immune evasion and repair, a more
detailed study assessing the effects of heGDH during the infection with helminths in mice

lacking PTGES in myeloid cells is required.

5.6 How heGDH modulates the macrophages metabolism

The enzyme glutamate dehydrogenase (GDH) catalyzes the conversion of glutamate to
a-ketoglutarate (a-KG) and vice versa, altering macrophage metabolism by affecting the
immediate surroundings of the cell or the internal metabolite balance of the macrophage
itself. An analysis of glutamine/glutamate consumption in GDH-treated macrophages
showed a decrease in educts and an increase in the enzymatic reduced TCA intermediate
2-hydroxyglutarate (2-HG). 2-HG is a chiral molecule that can exist in either the
D-enantiomer or the L-enantiomer. Although cancer-associated IDH1/2 mutants produce
D-2-HG, biochemical studies have demonstrated that L-2-HG also functions as a potent
inhibitor of a-KG-dependent enzymes [248,617]. Under conditions of oxygen limitation,
mammalian cells selectively produce L-2-HG via enzymatic reduction of o-KG [618].
Helminthic GDH increased basal glycolysis and reduced OXPHOS in a p300-dependent
fashion, thus contributing to 2-HG conversion [619]. In contrast, another helminth-derived
product, FnHDM-1 switched macrophage metabolism to a dependence on OXPHOS fueled
by fatty acids and supported by the induction of glutaminolysis. The catabolism of glutamine

resulted in an accumulation of a-KG [307]. In general, the production of a-KG via
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glutaminolysis is important for AAMs, including engagement of FAO and Jmjd3-dependent
epigenetic reprogramming of M2 genes. This M2-promoting mechanism is further
modulated by a high a-KG/succinate ratio, while a low ratio strengthens the proinflammatory
phenotype in classically activated (M1) macrophages [244]. In heGDH-treated
macrophages, no upregulation of succinate or a-KG could be measured, indicating a
specific immune-regulatory macrophage population, rather than a strict M1 or M2-
associated macrophage phenotype. Although a-KG and 2-HG are implicated in epigenetic
regulation, e.g. by promoting DNA and histone methylation [244,247,618], metabolic
reprogramming does not primarily rely on heGDH’s catalytic activity. The potential link
between epigenetic regulation and macrophage metabolism is based on the p300-
dependent upregulation of PFKFB3, a positive regulator of glycolysis [216,620].

The production of eicosanoids can be regulated by several factors, including the availability
of TCA cycle intermediates. For instance, citrate export via SLC25A1, the mitochondrial
citrate carrier is required for regulating the levels of NO and prostaglandins by the
production of acetyl-CoA and the subsequent production of TNFa or INF-y [621]. Based on
our RNA sequencing data, the citrate carrier expression in heGDH treated macrophages is
unaltered. However, further investigation is necessary to determine whether citrate, which
is significantly increased in heGDH treated macrophages, plays a role in the production of
AA-metabolites. Succinate has been shown to activate the transcription factor HIF-1q,
which in turn upregulates PGE, and TXB; production [241,483,622,623]. Although HpbE
demonstrates a HIF-1a mediated upregulation of prostanoids, no significant increase in
succinate nor a dependence on HIF-1a in heGDH-treated macrophages could be observed.
More recent studies also showed the involvement of succinate in cysLT regulation.
Succinate is associated with increased generation of cysLTs during allergic reactions in
mast cells via binding to its receptor [624], whereas in tuft cells, succinate alone is not able
to change 5-LOX expression [400]. Further investigations on how downstream metabolites
of heGDH affect eicosanoid production revealed that L-2-HG selectively reduced the
production of cysLTs by affecting LTC4S activity. However, the precise mechanism by
which L-2-HG attenuates leukotriene synthesis in the intracellular milieu is presently not

well understood.
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5.7 Transient macrophage reprogramming after mild COVID-19 disease
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Figure 16: Schematic illustration of reprogrammed monocyte-derived macrophages after previous infection with
SARS-CoV-2 from publication Il [625].

The primary mode of entry for SARS-CoV-2 is through the recognition of its transmembrane
S-glycoprotein by ACE2 and subsequent processing by TMPRSS2. However, MDM from
previously infected COVID-19 patients expressed ACE2 and TMPRSS?2 at levels that were
significantly lower compared to those observed in airway epithelial cells - the primary target
cells of SARS-CoV-2. Nonetheless, macrophages have been shown to respond to
S-proteins of SARS-CoV-2 through innate sensing mechanisms, such as C-type lectins
[56,57], which were found to be upregulated in post-COVID-19 MDMs. Additional evidence
shows that macrophages can be further activated by TLRs. Macrophage TLR2 is capable
of sensing the envelope (E-) protein of SARS-CoV-2 and initiating inflammatory responses,
including the production and release of IFNs and the upregulation of Nlrp3 and Il1b
expression in macrophages [59]. In keeping with this study, but in contrast to the E- protein
of SARS-CoV-2, S-protein stimulation of MDM previously infected with
SARS-CoV-2 increased IL-1 secretion. This can underlie a reprogrammed and persistent
inflammasome activation [626]. However, whether C-type lectins or TLR2 are the main entry
route used by SARS-CoV-2 or whether S-protein stimulation of previously infected MDM
can increase IL-1 in a TLR2 dependent manner remains elusive. A detailed
characterization of SARS-CoV-2 infection routes by stimulating macrophages with S- or E-

proteins of SARS-CoV-2, while lacking different PRRs would provide further insights.
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Severe SARS-CoV-2 infections are known to cause hyper-inflammation in the lungs,
primarily due to the action of monocyte-derived cells [627]. This hyper-inflammation is
characterized by an overproduction of chemokines and cytokines, commonly known as the
“cytokine storm” [50]. In our study, cytokine production was found to be similar in
seronegative and seropositive MDM at 3-5 months after infection with SARS-CoV-2,
potentially due to mild disease course or the time period between infection and analysis of
cytokines/chemokines secreted by MDM from previously infected patients. However, apart
from an aberrant cytokine and chemokine production, severely ill infected COVID-19
patients exhibit a dysregulated arachidonic acid metabolism [474]. In keeping with this
study, distinct eicosanoid formation patterns were observed in MDM from patients with mild
COVID-19, 3-5 months post infection, with an increased production of leukotrienes,
predominantly LTB4 and an increased production of prostanoid metabolites (12-HHTrE)
(Figure 16). As LTB4 is essential for resistance against respiratory viruses and participates
in the production of interferons [468,469], this could be considered as a marker for an
efficient anti-viral immune response in mildly infected COVID-19 patients. The increased
production of LTB4 by macrophages following SARS-CoV-2 infection could potentially result
in a decreased susceptibility to subsequent infections with for instance 1AV [470]. However,
previous viral infections may also cause immune paralysis, leading to reduced macrophage
phagocytic capacity [628,629]. Even if being produced at lower concentrations as
compared to LTB, also cysLTs, including LTC,and LTD, were produced in larger amounts
by MDM from seropositive COVID-19 patients, which may be important as cysLTs in
contrast to LTB4 often worsen lung pathology [474,475,630]. Nevertheless, COVID-19
patients displayed an increased production of lipid mediators several months after the
infection. This suggests that SARS-CoV-2 infection could induce a form of innate immune
training within the monocyte compartment. However, this effect was transient as eicosanoid
levels returned to baseline 12 months after SARS-CoV-2 infection. Similarly, previous
exposure to viruses such as influenza can also trigger macrophage training resulting in
either an enhanced or a tolerized response. For instance, influenza virus infection can result
in increased numbers of alveolar macrophages that provide protection against subsequent
S. pneumoniae infection [631]. However, previous influenza infection could also be
detrimental to subsequent bacterial infections [628]. The timing between viral and bacterial
infections influences the severity of co-infection, and studies have shown differing results
depending on whether bacterial infections occurred during acute viral infection or after
complete resolution of infection. In our study, provocation of MDM from seropositive or
seronegative patients with LPS or S-protein resulted in an exaggerated chemokine-, IFN-

and prostanoid response with the concomitant reduced ability to stimulate T cell responses
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or promote resolution of inflammation (Figure 16). These findings align with previous studies
that found monocyte dysfunction and a pro-inflammatory profile for up to 12 weeks after
SARS-CoV-2 infection [632,633], suggesting that a trained pro-inflammatory macrophage
state persists long-term even after mild disease. However, how this training effect of SARS-
CoV-2 on monocytes is mechanistically imprinted (e.g., via epigenetic reprogramming)
remains elusive. Additionally, other SARS-CoV-2 variants that can impact monocyte-
macrophage reprogramming as a long-term consequence of mild SARS-CoV-2 infection
have not been covered in this publication. Therefore, further research on these aspects is
needed to gain a better understanding of long-lasting cytokine/chemokine and eicosanoid
abnormalities and their role in the disease, which may provide additional therapeutic options
to prevent long-COVID.

5.8 Clinical implication for the treatment of acute or long COVID-19

Despite several approved vaccines, no specific treatment for acute SARS-CoV-2 infection
or long-COVID-19 is currently available. Conflicting efficacy has been reported for common
therapies such as viral RNA polymerase inhibitors and no long-term consequences of these
treatments have been studied so far [634—-636]. As discussed above, severe clinical
outcomes are characterized by a sustained release of pro-inflammatory cytokines [51]. Anti-
inflammatory corticosteroids such as dexamethasone have been effective in some studies,
but may have negative consequences due to their immunosuppressive action in later
phases of SARS-CoV-2 infection [635,637,638]. Furthermore, severely ill patients exhibit
an altered eicosanoid metabolism with increased pro-inflammatory lipid mediators and pro-
thrombotic metabolites [445,474]. Glucocorticoid treatment of MDM from post COVID-19
patients reduced pro-inflammatory cytokines, and pro-thrombotic metabolites like TXB,, but
further exaggerated leukotriene production. Furthermore, fluticasone propionate treatment
reduced the formation of 12-HHTrE, implicated in wound healing [592] in MDM from
convalescent COVID-19 patients. Thus, even after resolution of mild infection, application
of glucocorticoids can have adverse effects with the possibility to aggravate lung pathology
by increasing LTs [639]. In contrast, severely il COVID-19 patients which received a
leukotriene receptor antagonist showed lower risk of their condition worsening [475]. Thus,
co-administration of a cysLTs receptor antagonist represents a further option to improve
disease severity and may be recommended to alleviate long-term effects of SARS-CoV-2
infection [640,641].
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Next to 5-LOX metabolites, the formation of SPMs in COVID-19 patients was found to be
increased [642,643], and administering resolvins could improve thrombosis, which is a co-
occurring pathology in SARS-CoV-2 infections [644]. Although it remains to be investigated
how SPMs interact with pro-inflammatory lipid mediators and whether their levels are
related to disease severity, reduced SPM formation is associated with obesity, a risk factor
for severe COVID-19. This could partially explain the heightened susceptibility to
COVID-19 in obese individuals [645]. Therefore, it has been suggested that a dietary
intervention leading to increased plasma SPM concentration, such as fish olil
supplementation, could be a potential additive therapy [646]. Several studies supplementing
omega-3 fatty acids or fish oil are currently underway, and preliminary data suggest a lower
death rate [476]. In general, the eicosanoid metabolism likely plays a critical role in
COVID-19 pathology and should be evaluated in patient treatment.

However, the absence of a specific clinical diagnosis for long COVID made it challenging
to establish good treatment options. Also, we could not establish a direct positive correlation
between increased MDM leukotriene production and long-term symptoms. Indeed,
surprisingly seropositive patients with a high production of 5-LOX metabolites showed less
acute symptoms and a faster decline in SARS-CoV-2 serum IgG titers, suggestive of
particularly mild disease. A further limitation of the study is that only mild COVID-19 cases
that had resolved mostly at 12 months post-infection were investigated. Consequently, it is
essential to conduct further studies on eicosanoid reprogramming in a cohort with well-
defined long COVID symptoms. Such investigations would be crucial in determining the
possible pathological significance of the observed inflammatory macrophage memory and

provide a platform for developing additional therapeutic options for long-COVID.
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5.9 Glycosylation deficiency and its impact on biogenesis and signaling of IL-12

family cytokines
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Figure 17: Schematic illustration of the impact of glycosylation on the human IL-12 family from publication III.

Despite N-linked glycosylation being a prevalent modification in the ER [647], previous
studies have provided incomplete descriptions of glycosylation in IL-12 family cytokines
[648-651]. Enzymatic treatment and mutagenesis-based analyses performed in the frame
of this thesis identified new glycosylation sites within IL-12 family members (Figure 17).
Interestingly, the impact of glycosylation on the biogenesis and signaling of the investigated
cytokines was diverse, ranging from no effect for IL-12 and IL-23 to diminished
secretion/function for IL-27 and complete cellular retention in the case of IL-35 (Figure 17).
The lack of glycosylation impaired B-subunit secretion, such as with EBI3 that negatively
affected secretion of IL-27 or abrogated secretion for IL-35. These findings suggest that the
assembly-dependent folding and secretion of human a-subunits [534,546] plays a crucial

role in these processes.

Despite its lack of N-glycans, IL-27 heterodimer can be secreted. Unglycosylated EBI3 is
not able to pass ERQC, but when co-expressed with non-glycosylated IL-27a, which relies
on EBI3 for secretion, heterodimer secretion occurred. This underlies subunit interaction
and mutually enhanced secretion, which is also described in an inter-species analysis
where the pairing of two secretion-incompetent IL-27 subunits from different species
resulted in induced secretion [652]. The IL-27 subunits appear to be (partially) folded even
in the absence of glycosylation, exposing certain features that prevent them from passing
ERQC. Over the four human IL-12 family cytokines investigated, IL-35 was found to rely the

most on glycosylation for secretion. Thus, this might explain previous failures to reconstitute
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IL-35 using a recombinant non-glycosylated IL-12a subunit purified from bacteria [651]. In
contrast to EBI3, non-glycosylated IL-123 behaved similarly to its wild-type counterpart and
still formed IL-12 and IL-23. Heterodimers containing IL-12 are generally less affected by
their extent of glycosylation than those containing EBI3, likely due to the presence of
intermolecular disulfide bridges, which facilitate heterodimer secretion even without other
stabilizing factors such as sugar moieties [529,653]. IL-12 and IL-23 retained their
functionality with respect to IFN-y or IL-17 induction in human lymphocytes, respectively,
and exhibited receptor activation capabilities in reporter cell lines. However, impaired
functionality for IL-27 when its B-subunit lacked N-glycosylation could be explained by its
N-glycosylation site Asn105 which faces towards the N-terminal domain of gp130 [654],
suggesting a supportive role of Asn105-linked glycosylation in EBI3 for proper signaling via
its receptor.

5.10 Sugar moieties as important modifications for therapy and disease

IL-12 family cytokines are promising targets for therapeutics and biopharmaceuticals.
However, glycosylation patterns can influence protein characteristics such as solubility,
stability, and biodistribution. Although functionality was observed for non-glycosylated IL-12
family cytokines, their biological activity may vary depending on their glycosylation patterns.
Thus, it is necessary to probe the role of N-glycans, as for instance, disease
occurrence/progression can correlate with the production of differentially glycosylated
cytokine species [565]. In contrast, modifying glycosylation patterns could open new
opportunities for rationally modifying IL-12 family cytokine functionality with for instance
extension of the proteins’ half-life, differing receptor engagement or the targeted distribution
within the tissue [561,562,568].

Interestingly, deleting glycosylation sites of EBI3 abolishes IL-35 formation but is compatible
with the formation of functional IL-12 and IL-27, which share one subunit with IL-35. This
finding is particularly relevant since a simple knockout of a single IL-12 family subunit
generally affects more than one heterodimeric family member due to chain sharing
promiscuity within the family. Therefore, mutating glycosylation sites may be a viable way
to selectively delete IL-35 from an organism's cytokine repertoire, which could be of interest
in immunosuppressive conditions, such as cancer forms that are difficult to treat [655,656].
Thus, targeting interleukin subunit glycosylation may represent a promising strategy for

future immunotherapies [657].
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6 Future perspectives

The identification of heGDH’s immune evasion mechanism opens up new alleys of
immunomodulatory therapy against airway inflammation or infectious diseases. Thus,
heGDH could become a first- in-class immunomodulator, but further research on the
protein’s stability, toxicity and pharmacokinetics is necessary to bring this molecule into
clinical testing. Additionally, the effect of GDH-mediated immunomodulation on immune
responses towards infectious diseases needs to be characterized, especially if prolonged
efficacy (by epigenetically reprogrammed macrophages) is present. Based on current
literature, H. polygyrus has been shown to induce the upregulation of type | interferons
(IFNs) within the lungs, which in turn protects the host against viral infections [372].
Furthermore, the analysis of heGDH gene expression has revealed a marked increase in
the production of type | IFNs, which suggests a potential novel mechanism by which enteric
helminth-derived molecules may confer resistance against respiratory viral infections. Type
| IFNs have broad immune regulatory and -stimulatory functions that are only partially
characterized in the context of type 2 immune responses [372,375]. The interferon-a/
receptor (IFNAR) is widely expressed on hematopoietic and non-hematopoietic cells and
represents the prime receptor of type | IFNs. As heGDH induces multiple downstream
targets of IFNAR signaling in human MDM one hypothesis would be that IFNAR mediates
major immune regulatory effects of heGDH in type 2 immune settings. In addition, the
administration of helminth-derived molecules, including heGDH, could bring significant
benefits for the management of infectious diseases, including acute SARS-CoV-2 infection
or long COVID-19, owing to their ability to promote the upregulation of type | IFNs and
ameliorate the detrimental effects of leukotrienes uncovered in publication | and II.
Understanding programs that determine and regulate macrophage eicosanoid profiles are
powerful options to influence type 2 inflammation such as asthma and allergies, but also
infectious diseases with aberrant eicosanoid production [474]. In particular, heGDH induces
the arachidonic acid metabolite PGE,, which enables an immunosuppressive environment
for tissue repair and host immune evasion, e.g. by modulating IFN responses, thereby
suppressing protective immunity against influenza infection [436,658]. Additionally, PGE;
can regulate Tyl and Tn17 responses by inhibiting IL-12 and IL-23 production in monocytes
and macrophages, while inducing regulatory T cells and IL-10 production [484,596,597].
Interestingly, IFNAR signaling has analogous effects on IL-12, IL-23 and IL-10 production
in DCs [659], suggesting that it may control maladaptive Tyl and Twl7 responses during

helminth infection.
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Signaling by viral nucleic acids and subsequently by type | IFN is central to antiviral innate
immunity. These signaling events are also likely to engage metabolic changes in immune
and nonimmune cells to support antiviral defense. Thus, elevated IFN signaling is linked to
the upregulation of glycolysis activator genes, including PFKFB3, which stimulates viral
phagocytosis and confers protection against respiratory viral infections [216]. The
upregulation of PFKFB3 by heGDH is associated with a heightened glycolytic activity. As a
result, the augmented production of IFNs in macrophages treated with heGDH may also
enhance the p300-dependent PFKFB3 expression, which in turn could potentially provide
protection against viral infections. An additional aspect that has been considered is the
modulation of adaptive immunity by helminths. While it has been demonstrated that
helminths can reduce the severity of disease during SARS-CoV-2 infection by promoting
macrophage-mediated anti-viral CD8* T-cell responses [384], the CD8* T-cell-mediated
immune response to West Nile Virus (WNV) is suppressed by Hpb infection [660].
Therefore, it remains to be elucidated whether the administration of heGDH -maybe also
via the production of IL-12 family cytokines- could have an impact on anti-viral T cell

responses.

The interleukin-12 family functions on both sides of the immunological equilibrium,
encompassing both pro- and anti-inflammatory roles. As we have observed a pronounced
induction of secretion-competent 3-subunits (IL-12p and EBI3) by heGDH, it remains further
to be investigated whether IL-12 family cytokines contribute to immune regulatory effects of
heGDH. Indeed, IL-12 acts as a negative regulator of type 2 immune responses in allergic
asthma [661,662] and helminth infection [663], while it promotes Tul immunity and IFNy
production particularly during chronic infection with intracellular pathogens [664,665]
Similarly, IL-35 and IL-27 antagonize type 2 immune responses and EBI3” mice develop
enhanced allergic airway inflammation [666,667], while both IL-12 and EBI3 have been
implicated in anti-viral immunity and the regulation of immunopathology in IAV infection
[456,668,669]. Thus, IL12p and EBI3 could mediate a heGDH-driven shift from type 2 to
type 1 immunity with relevance to host defense and vaccine responses to e.g. respiratory

infections.

Taken together, targeting the intricate crosstalk between type | IFNs (viral infections),
eicosanoids and IL-12 family cytokines offers multifaceted opportunities for helminths to

regulate host immunity in different settings of infection and inflammation.
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HIGHLIGHTS

e Helminthic glutamate dehydrogenase enables chronic infection by suppressing the host type 2
immune response

e Helminthic glutamate dehydrogenase induces p300 dependent metabolic, epigenetic, and
transcriptional reprogramming in macrophages

e Upregulation of myeloid/ hematopoietic prostaglandin E2 synthesis mediates helminthic
immune evasion



SUMMARY

The molecular mechanisms by which worm parasites evade host immunity are incompletely
understood. In a mouse model of chronic intestinal helminth infection, we identify helminthic glutamate
dehydrogenase (heGDH) as an essential factor for parasite chronicity by using antibody mediated
neutralization or treatment with exogenous recombinant heGDH. Macrophages efficiently internalize
heGDH and represent a major target of the enzyme in vivo. Combining RNA-seq, ChlIP, targeted
lipidomics and inhibitor studies, we identify prostaglandin E2 (PGEz) as a major immune regulatory
mechanism of heGDH. The induction of PGEz and further immune regulatory factors (IL-12 family
cytokines, IDO1) by heGDH depended on the p300-mediated acetylation of histones. While the
enzyme’s catalytic activity was dispensable for key immune regulatory functions, an N-terminal handle-
like structure distinct from mammalian GDHs may confer interaction of heGDH with its targets (e.g.
CD64). Thus, helminths employ a ubiquitous metabolic enzyme to epigenetically target macrophages
and establish chronicity.
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INTRODUCTION

Over 1,000 different parasites can infest
humans and around one-third of the human
population worldwide are infected by worm
parasites (helminths). During evolution,
helminths have developed survival strategies to
suppress host defense and establish chronic
infections. Mechanisms  or  molecules
associated with the evasion of the immune
response by parasitic helminths may be
exploited for the treatment of type 2
inflammatory  disorders.  However, the
mechanisms and molecules by which helminths
control antiparasitic immune responses to
persist in the host have remained elusive.
Protective immunity against helminth parasites
often relies on the induction of a type 2 immune
response characterized by the production of
type 2 cytokines that activate host effector cells
such as macrophages, granulocytes and
T helper 2 (Th2) cells'®. Helminths can
efficiently suppress this type 2 immune
response by targeting cytokines (e.g. 1L-33)
important for its induction” or by inducing
regulatory T-cells and macrophages®.

We previously showed that larval products
containing the glutamate dehydrogenase
(GDH) of Heligmosomoides polygyrus bakeri
(Hpb) suppress allergic inflammation in a
mouse model of asthma by inducing a shift in
the arachidonic acid (AA) metabolic pathway®.
GDH are widely conserved among free-living
parasitic helminths, including the human
cestode parasite Taenia solium, in which GDH
was shown to induce regulatory T cells by
inducing the immunoregulatory AA metabolite
prostaglandin E> (PGE2)'°. However, it
remained unclear how helminth derived GDHs
can affect the arachidonic acid (AA) metabolism
in innate immune cells and whether this would
lead to immune evasion in vivo. AA metabolites
are important bioactive derivatives of
polyunsaturated fatty acids (PUFAs) with key
roles in infection and inflammation®.
Leukotrienes synthesized by 5-lipoxygenase
(5-LOX) promote type 2 inflammation and
enable helminth expulsion’. In contrast,
prostaglandins synthesized by the
cyclooxygenase (COX) pathway show both
type-2 inducing™ as well as suppressive
capacities'®'* during infections with helminth
parasites.

Here, we uncover the mechanism of how
heGDH affect macrophage metabolism to
evade host immunity. We demonstrate that
catalytically active heGDH regulates
macrophage TCA and amino acid metabolism
driving the suppression of cysteinyl
leukotrienes, whereas its structure activates the
p300 histonacetyltransferase to induce the

expression of multiple type 2 suppressive
genes, including prostaglandin Ez synthetic
enzymes. The heGDH-mediated induction of
myeloid PGE:2 synthesis suppressed host
defense in vivo, thus identifying GDH as a key
factor of helminthic immune evasion.

RESULTS

GDH enables helminth immune evasion by
inducing type 2 suppressive macrophages

We previously identified GDH as a helminth-
derived factor that is able to suppress type 2
inflammation in a mouse model of allergic
asthma®. However, the evolutionary role of
GDH during helminth infection remained
unknown. To investigate, if GDH is essential for
parasite immune evasion, we neutralized
helminthic GDH (heGDH) by using a specific
monoclonal antibody (mAB) (clone 4F8)° during
infection of mice with the nematode parasite H.
polygyrus bakeri (Hpb) (Figure 1A). During a
primary infestation, Hpb causes chronic
infection with worm counts peaking around two
weeks post infection (p.i.). Ab-mediated
neutralization of heGDH resulted in lower worm
counts 14 days p.i., suggesting that heGDH is
a key factor in the Hpb-mediated suppression
of type 2 immunity (Figure 1B).

Macrophages are essential players in host
defense against parasite infections™ and
recruited bone marrow-/ monocyte-derived
macrophages are particularly important for anti-
helminth immunityS. Immunofluorescence (IF)
stainings using the heGDH specific (4F8)
antibody revealed the colocalization of heGDH
with CD64 positive macrophages, near Hpb
larvae in the small intestinal submucosa (Figure
1C). In keeping, stimulation of human
monocyte-derived macrophages (MDM) or
murine bone-marrow derived macrophages
(BMDM) with recombinant heGDH resulted in
binding and uptake of the protein, which was
detectable for at least 24h (Figures 1D and
S1A-B).

To define the mechanisms underlying the
type 2 suppressive function of heGDH, MDM
treated with heGDH were subjected to RNA
sequencing (RNAseq), which revealed broadly
changed transcriptional profiles of heGDH
treated compared to control macrophages.
MDM treated with heGDH showed increased
expression of immunoregulatory and type 2
suppressive genes including /IDO1, PTGES
(mMPGES-1), PTGS2 (COX2), PTGIR, IL12B
and EBI3 (Figures 1E and 1F)'®2°, To exclude
that the heGDH-triggered induction of
regulatory mediators was due to endotoxin
contamination, we additionally compared the
transcriptional profiles of MDM stimulated with
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heGDH to MDM stimulated with LPS at the
concentration present in the preparation of
heGDH (0.5 — 1 ng/mL) (Figures S1C and
S1D). Compared to LPS, MDM stimulated with
heGDH still showed an induction of the same
top DEGs, confirming that heGDH imprints a

4

type-2 suppressive macrophage phenotype
independent of the Ilow amounts of
contaminating LPS. Taken together, these data
suggest that heGDH suppresses anti-helminth
host defense by broadly modulating
macrophage effector functions.



Figure 1: GDH serves as a key protein of H. polygyrus against the host immunity by shaping a type 2 suppressive gene

expression profile in macrophages

(A) Experimental model of infection with Heligmosomoides polygyrus bakeri (Hpb) and intraperitoneal (i.p.) treatment with
o-heGDH monoclonal antibody or respective isotype control antibody.
(B) Hpb worm burden 14 days post infection in mice treated with a-heGDH monoclonal antibody or in mice treated with isotype

control antibody (n=10 per group).

(C) Representative immunofluorescence staining for heGDH, DAPI (cell nuclei) and CD64 in tissues from mice infected with Hpb
(4 days). White arrows indicate colocalization of heGDH and macrophages in the surrounding of the larvae.
(D) Representative immunofluorescence staining of actin and DAPI (cell nuclei) in MDM = treatment with AF488-labeled heGDH

for different time points (30 min, 3h, 24h).

(E) Volcano plot showing DEGs of MDM stimulated + heGDH (n=3). Significant DEGs are for all genes with base mean>50,
padj<0.1 and log2FC>1. Labeled DEGs are for genes with either padj<1e-20 or with log2FC>4.
(F) Heatmap of top 50 DEGs between MDM treated + heGDH (n=3), padj<0.1, log2 FC>1 and base mean>50.

p300 histone acetyltransferase (HAT)
activation by heGDH mediates the induction
of immune-regulatory genes

The induction of multiple regulatory genes by
heGDH and its partial nuclear localization
(Figures 1D and S1B) suggested a potential
epigenetic mechanism of action. Indeed, PGE:2
synthetic enzymes (COX-2 and mPGES-1) as
well as IL-12p3 are epigenetically controlled by
HDAC-mediated recruitment of the p300
HAT?'-23, Addition of a p300 HAT inhibitor
during treatment with heGDH resulted in the
downregulation of top DEGs identified by RNA
seq (PTGES, PTGS2, IL12B, IDO1 and EBI3)
(Figures 2A and S2A). Decreased gene
expression correlated with a strongly
diminished secretion of PGE2 and IL-12f3 (p40)
in GDH-stimulated macrophages treated with
the p300 HAT inhibitor (Figure 2B), which was
not due to cellular toxicity (Figure S2B). siRNA
knock down of p300 during heGDH stimulation
confirmed the downregulation of target
proteins, including COX-2 and mPGES1 in
MDM and BMDM (Figures 2C and S2C). In line
with the heGDH mediated activation of p300 we
observed increased p300 dependent H3K27
acetylation in MDM and BMDM after stimulation
with heGDH (Figures 2D and S2D). H3K27
enrichment in MDM treated with heGDH was
further confirmed by ChIP-gPCR analysis of
H3K27ac for IDO1, PTGS2 and /L6 (Figure 2E),
suggesting that heGDH is activating p300 to
acetylate H3K27, which results in the induction
of immune-regulatory genes.

heGDH induces a broad type 2 suppressive
mediator switch

In line with the increased expression of genes
involved in prostanoid synthesis and signaling,
identified by ChIP-gPCR and RNAseq (Figures
1E-F and S1C-D), LC-MS/MS analysis
revealed a shift from type-2-inducing
metabolites (cysLTs) to prostanoids involved in
tissue repair and the regulation of type 2
immunity (PGD2, PGE2, PGF2,, TXB2)?4?% in
heGDH-treated MDM (Figure 3A). HeGDH
further increased the anti-inflammatory

cytokine IL-10 (Figure 3B) and neutralization
with clone 4F8 partially abrogated the heGDH-
mediated regulation of IL-10 and COX-, but not
of 5-LOX metabolites (Figures S3A-C). These
suggested distinct mechanisms underlying the
modulation of anti-inflammatory, reparative
mediators on the one and type-2 promoting
mediators (LTs) on the other hand.

Low doses of LPS (0.5-1 ng/mL) failed to
induce PGE:2 and IL-10 (Figure S3D),
supporting a unique property of heGDH to
induce a regulatory mediator shift. To elucidate
a potential upstream role of IL-12B in the
induction of regulatory mediators, MDM were
stimulated with human IL-128. However,
despite the capacity of IL-12p to induce PGE:
and IL-10 (Figure S3E), neutralizing antibodies
against IL-12B did not affect the induction of
regulatory mediators in MDM (Figure S3F) or
BMDM (Figure S3G), suggesting that IL-12p3
does not act as a major upstream inducer of
GDH-driven immune regulation. Taken
together, these data suggest that heGDH
evokes a unique immunoregulatory, type 2
suppressive lipid mediator and cytokine profile
in macrophages.

heGDH-induced PGE: suppresses type 2
effector functions of macrophages and
T-cells

To investigate effects of heGDH on anti-
helminth host defense in vivo we treated mice
with recombinant heGDH at day 4, 8 and 12
during infection with H. polygyrus (Figure 3C).
Intraperitoneal (i.p.) treatment with heGDH
during helminth infection led to a significant
increase in worm burdens at 14 days p.i.
(Figure 3D). HeGDH treated mice showed
reduced expression of the M2 polarization
marker RELMa in the small intestine while
COX-2 was upregulated in granulomas of
heGDH treated mice (Figure 3E). In line with
our in vitro data (Figure 2), peritoneal
macrophages from heGDH-treated mice
showed increased H3K27 acetylation (Figure
3F) which correlated with an upregulation in
PGE: production (Figure 3G). To study the role
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Figure 2: p300 HAT activation by heGDH is responsible for the induction of immune-regulatory genes
(A) Gene expression analysis of top DEGs (QPCR) in MDM # treatment with heGDH # inhibitor of p300 HAT (A485) (n=9). Dotted

lines indicate expression in control (ctrl) treated cells.

(B) Secretion of PGE2 or IL-12p (EIA, ELISA) of MDM # treatment with heGDH # inhibitor of p300 HAT (A485) (n=9).
(C) Representative immunofluorescence staining of p300, DAPI (cell nuclei), COX2 and mPGES1 in MDM + treatment with heGDH

and heGDH treated cells after p300 siRNA knock down.

(D) Protein amounts of H3K27ac or actin (western blot) in MDM + treatment with heGDH % inhibitor of p300 HAT (A485). Left,
quantification for n=4 donors; right, representative blots for one blood donor.
(E) H3K27ac ChIP-gPCR signals at indicated genes in MDM % treatment with heGDH. The ChIP-qPCR signal is shown as relative

enrichment vs positive loci (n=3).

Data are pooled from at least two independent experiments and presented as means + SEM. Statistical significance was
determined by Wilcoxon test (A,E), Friedman test (B) or RM one-way ANOVA (D). *P < 0.05; **P < 0.01; ***P < 0.001,

***P < 0.0001

of PGE: in the suppression of M2 activation, we
analyzed M2 marker expression in BMDM from
mice lacking the PGE: receptor EP2.
Interestingly, heGDH downregulated the M2
marker CD206 in an EP2 dependent manner
(Figure 3H), suggesting a key role for PGE: in
the  heGDH-mediated suppression of
macrophage M2 activation.

To further assess the effect of heGDH on
helminth  chronicity, worm burdens were
quantified at 28 days p.i. (Figure 3l). Indeed,
heGDH administration (i.p.) led to an even
stronger increase in worm burdens on day 28
as compared to day 14 (Figures 3D and 3J),
suggesting that heGDH efficiently promotes
helminth chronicity in vivo.

While treatment with heGDH did not induce
PGE: in peritoneal macrophages (Figure 3K) at
this later time point, other prostanoids (TXB:
and 6-keto-PGF14), which are associated with
tissue repair®*, were increased in the small
intestine of mice treated with heGDH (Figure
3L). While at 14 days p.i., no significant
regulation of the Treg and Tw2 immune
response was observed (Figure S3H), heGDH
treatment reduced the percentage of Gata3*
Th2 cells in the mesenteric lymph nodes at 28
days post H. polygyrus infection (Figure 3M).
This suggested that the induction of regulatory
macrophages by heGDH is particularly
important at the beginning of the infection,
whereas heGDH modulates the adaptive
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Figure 3: heGDH induces an anti-inflammatory modulation of the arachidonic acid (AA) metabolism in macrophages
which promotes helminth chronicity in dependency of PGE:

(A) Left, heatmap of lipid mediators produced by human MDM # treatment with heGDH (LC-MS/MS). Data is shown as mean of 9
donors. Right, levels of major COX and 5-LOX metabolites produced by MDM = treatment with heGDH (n=9).

(B) Secretion of IL-10 (ELISA) of MDM = treatment with heGDH (n=6).

(C) Experimental model of infection with Hpb and intraperitoneal (i.p.) treatment with heGDH. Analysis of mice 14 days post
infection (p.i.)

(D) Hpb worm burden 14 days p.i. in mice treated with PBS or heGDH (n=14 per group).

(E) Left, representative images of IHC staining for RELMa. in largest cross sections of granulomas in tissues from mice infected
with Hpb and treated with PBS or heGDH. Right, representative images of IF staining for RELMa,, COX2 and DAPI (cell nuclei) in
granulomas of tissues from mice infected with Hpb and treated with PBS or heGDH.

(F) Protein amounts of H3K27ac or actin (western blot) in peritoneal macrophages (pMacs) + i.p. treatment with heGDH. Left,
quantification for n=7 mice per group; right, representative blots for four mice per group.

(G) Secretion of PGE: (EIA) of isolated peritoneal macrophages of mice which received i.p. treatment with PBS or heGDH 14 days
p.i. (n=14 per group). Dotted line indicates mean secretion of PGE2 from pMacs of naive mice.

(H) Surface expression of M2 polarization marker CD206 (flow cytometry) in wildtype (WT) or EP2 knock out murine bone-marrow
derived macrophages + treatment with heGDH.

(I) Experimental model of infection with Hpb and i.p. treatment with heGDH. Analysis of mice 28 days p.i.

(J) Hpb worm burden 28 days p.i. in mice treated with heGDH (n=5 per group)

(K) Secretion of PGE: (EIA) of isolated peritoneal macrophages from mice which received i.p. treatment with PBS or heGDH (n=5
per group) 28 days p.i.

(L) Amounts of TXB2 and 6-keto-PGF 1, (measured via LC-MS/MS)from isolated intestinal tissue culture supernatants of mice which
received i.p. treatment with PBS or heGDH (n=5 per group).

(M) Percentage of Gata3* Th2 cells (flow cytometry) in mesenteric lymph nodes of mice which received i.p. treatment with PBS or
heGDH after 28 days of infection with Hpb (n=5 per group). Dotted line indicates mean percentage of Gata3* Tu2 cells from naive
mice.

(N) Percentage of IL-4* Tu2 cells (flow cytometry) and secretion of IL-4 (ELISA) in human PBMC cultures * treatment with
Schistosoma mansoni soluble egg antigen (SEA) + heGDH + mPGES1 inhibitor (934) (n=9).

(O) Percentage of CD4*CD127-CD25"FoxP3*(flow cytometry) in human PBMC cultures + heGDH + mPGES1 inhibitor (934) (n=5).
Data are presented as means + SEM. Statistical significance was determined by Wilcoxon test (A, B), Mann-Whitney (D, F, G,

J-M), Kruskal-Wallis test (H) or Friedman test (N, O). *P < 0.05; **P < 0.01; ***P < 0.001, ****P < 0.0001.

immune response at later time points. To
further investigate the importance of heGDH-
triggered PGE: in the regulation of the Th2
response we analyzed the capacity of heGDH
to reduce type 2 cytokine production in human
PBMCs following stimulation with Schistosoma
mansoni soluble egg antigen (SEA), a strong
parasitic Th2 trigger. The percentage of SEA-
induced IL-4*CD4" Tu2 cells was significantly
reduced and SEA-induced IL-4 production was
diminished after heGDH treatment (Figure 3N),
while heGDH induced CD4*CD127-
CD25"FoxP3* regulatory T cells in human
PBMCs (Figure 30). These T-cell modulatory
functions of heGDH at least partially depended
on PGE: production by mPGES-1 (Figures 3N
and 30). Thus, PGE: acts as a key modulator
of macrophage and T-cell function by
helminthic GDH.

Type 2 immune response counteracts PGE:-
mediated immune evasion

To assess how host type 2 immunity may affect
heGDH-driven  immune  regulation, we
mimicked a type 2 milieu in vitro by culturing
MDM in the presence of IL-4 and IL-13 prior to
treatment with heGDH. The IL-4/IL-13-induced
genes ALOX15 and MRC1 were
downregulated by heGDH, confirming the
prevention of M2 polarization in a type 2
cytokine milieu (Figure 4A). While some
heGDH-induced genes, including IDO1, IL12B

and EBI3 were unaffected by additional
treatment with IL-4 and IL-13 (Figure 4B), IL-4
and IL-13 suppressed the induction of PTGS2
and PTGES as well as PGE: (Figures 4C and
4D). In line with these counter-regulatory
effects of type 2 cytokines, the capacity of
heGDH to trigger immune evasion was reduced
during strong type 2 immune responses, i.e.
during challenge infection with H. polygyrus or
infection with Nippostrongylus brasiliensis
(Figures 4E-J). While treatment (i.p.) with
heGDH resulted in a tendency towards
increased worm counts (Figure 4G),
suppression of the AAM marker RELMa and
PGE: secretion by peritoneal macrophages at
day 14 post challenge, the upregulation of
COX-2 by heGDH was attenuated in the
granuloma of challenged infected mice (Figures
4F and 4H). In keeping with the results during
the memory Th2 response  against
H. polygyrus, intranasal treatment with heGDH
during infection with the lung-dwelling parasite
N. brasiliensis resulted in a tendency of
increased worm counts in the intestine (Figure
4J). However, intranasal administration of
heGDH significantly reduced helminth-induced
tissue damage (Figure 4L), despite an increase
in the number of neutrophils in heGDH-treated
and N. brasiliensis-infected mice (Figure S4A).
The decreased type 2 immune response and
improved tissue repair in mice treated with
heGDH during N. brasiliensis infection
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correlated with an increased production of
PGE:2 by BAL macrophages (Figure 4K). This
suggested that heGDH-driven immune evasion
can be overcome by fully type 2 activated
immune cells and that helminthic GDH can
support repair of helminth-induced tissue
damage.

Induction of prostanoids is structure-

dependent, while suppression of
leukotrienes is mediated by catalytic
activity of heGDH

Glutamate dehydrogenase is a hexameric
enzyme that catalyzes the reversible
conversion of glutamate to a-ketoglutarate and
ammonia while reducing NAD(P)+ to NAD(P)H.
As there is increasing evidence that GDHs act
as epigenetic modulators?®?” we wanted to
discern if the catalytic activity or the structure of
heGDH is necessary to activate p300 and
induce regulatory macrophages. To solve the
structure of heGDH we performed cryo EM and
X-ray crystallography, which yielded similar
structures particularly in the enzyme’s core
(Figure 5A). More significant differences



Figure 4: Full blown type 2 immune response prevent PGEz-mediated survival strategy

(A-C) Gene expression analysis of M2 polarization markers (A), top DEGs (B) or prostaglandin E2 synthesis genes (C) (QPCR)
in human MDM * heGDH under baseline conditions or after IL-4, IL-13 pre-treatment (n=6).

(D) Secretion of PGE2 (EIA) of MDM treated with + heGDH under baseline conditions or after IL-4, IL-13 pre-treatment (n=6).
(E) Experimental model of secondary infection with Hpb and intraperitoneal (i.p.) treatment with he GDH. Analysis of mice 14 days
post challenge infection.

(F) Left, representative images of IHC staining for RELMa in largest cross sections of granulomas in tissues from mice secondarily
infected with Hpb and treated with PBS or heGDH. Right, representative images of IF staining for RELMa, COX2 and DAPI (cell
nuclei) in granulomas of tissues from mice infected with Hpb and treated with PBS or heGDH.

(G) Hpb worm burden after secondary infection with Hpb and further i.p. treatment with he GDH (n=8 in PBS i.p. group and n=10
in heGDH i.p. group).

(H) Secretion of PGE: (EIA) of isolated peritoneal macrophages of mice which received i.p. treatment with PBS or heGDH (n=5
per group).

(I) Experimental model of infection with Nippostrongylus brasiliensis (Nb) and intranasal (i.n.) treatment with heGDH. Analysis of
mice 6 days post infection.

(J) Nb worm burden 6 days post infection in mice treated with PBS or heGDH (n=12 in PBS i.n. group and n=13 in heGDH i.n.
group).

(K) Secretion of PGE: (EIA) of isolated BAL macrophages of mice which received i.n. treatment with PBS or heGDH (n=12 in
PBS i.n. group and n=13 in heGDH i.n. group). Dotted line indicates mean secretion of PGE2 from pMacs of naive mice with PBS
treatment and dashed line indicates mean secretion of PGE2 from pMacs of naive mice with heGDH treatment.

(L) Left, quantification of lung damage as linear means intercept (Lmi) (n=12 in PBS i.n. group and n=13 in heGDH i.n. group).
Right, representative H&E staining’s of lung sections from Nb infected mice treated intranasally with PBS or heGDH. Dotted line
indicates mean Lmi of naive mice.

Data are pooled from at least two independent experiments and presented as means + SEM. Statistical significance was

determined by Friedman test (A-D) or Mann-Whitney (G, H, J-L). *P < 0.05; **P < 0.01.

became apparent in the outer domain
containing residues 250-400. The EM density is
also less well resolved in this area indicative of
more flexibility (Figure S5A) However, a more
striking difference is a “handle’-like density in
the central plane, in the size and shape of a
single alpha helix or small unstructured region
(Figures 5A-B and S5A). The “handle’-like
density connects to two Cys136 of neighboring
subunits and likely binds both cysteines. The
local resolution of the cryoEM map does not
allow direct identification of the nature of the
handle-density. However, in close proximity are
the two N-termini of the respective subunits
(Figure 5A). In our XRAY structure, residues 1-
27 are not resolved and residues 28-43 show a
disordered conformation (Figure 5A). With
residue 43 being only about X Angstrom away
from the handle-density, it is likely that a subset
of residues from the N-termini form a tight
contact.

An enzymatic assay revealed a- ketoglutarate,
glutamate and ammonium as sole substrates
and an optimum pH at 85 (glutamate
utilization) and 7.5 (glutamate formation) as
well as specificity for NAD*/NADH as cofactors
(Figures S5B-D). By using the allosteric
inhibitor GTP and a glutamate dehydrogenase
inhibitor (bithionol), which is also used as an
anti-helminthic, we could observe a reduction in
heGDH activity (Figure S5E). In contrast, clone
4F8 failed to reduce heGDH catalytic activity
(Figure S5F) as well as LT suppression (Figure
S3C), while attenuating the heGDH mediated
induction of the COX pathway (Figure S3A).
This suggested that structural features of
heGDH are responsible for the induction of
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immune regulatory and tissue reparative
prostanoids.

To untangle the role of catalytic activity versus
structure we designed a catalytically inactive
mutant of heGDH (he GDHK'26A D204Ny28 (Figyre
5C). However, the catalytically inactive mutant
heGDHK126A. D204N jl| induced COX-metabolite
and IL-10 production by macrophages to a
similar extent as the wildtype protein (Figures
5D and 5F). Gene expression data confirmed a
similar or even stronger response of the top
DEGs upon stimulation with  mutant
heGDHK'26A. D204N (Figure 5E). Interestingly,
heGDH as well as the catalytic inactive mutant
reduced the type 2 inducing metabolite PGD-in
murine BMDM (Figure 5F), but not in human
MDM (Figure 3A). In contrast to its intact effects
on prostanoids, heGDHX126A D204N fajled to
suppress cysLTs (Figure 5G). This supported
the hypothesis that the heGDH-driven induction
of the cyclooxygenase pathway via p300 is
structure dependent, whereas the catalytic
function is necessary for the reduction of LT
production.

heGDH induces a metabolic shift in
macrophages which leads to the reduction
of pro-inflammatory cysLTs

In mammalian tissues, oxidative deamination of
glutamate via GDH generates a-ketoglutarate,
which is metabolized by the TCA cycle, leading
to the synthesis of ATP. To assess whether
heGDH impacts the macrophage metabolism
we performed metabolic flux analysis. In line
with the suppressive capacity of heGDH on
AAM activation the metabolism of human as
well as murine macrophages shifted towards
increased basal glycolysis, which is typical for
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Figure 5: Induction of prostanoids is structure-dependent, while suppression of leukotrienes is mediated by catalytic
activity of heGDH

(A) Model of the heGDH crystal structure fitted in the CryoEM reconstruction of the heGDH oligomer. N-termini of two neighboring
subunits (*) are not resolved in the X-ray structure while they form a bar-like connection (**) in the cryoEM model.

(B) Close up of local resolution of handle-like structure from the model of the heGDH crystal structure fitted in the CryoEM
reconstruction.

(C) Glutamate dehydrogenase activities of heGDH and catalytical inactive heGD
utilization and formation (n=4-7)

(D) Levels of PGE2, PGF2, (LC-MS/MS) and IL-10 (ELISA) produced by MDM # treatment with heGDH or he GDHX!26A D204N
(n=9).

(E) Gene expression analysis of top DEGs (QPCR) in MDM + heGDH or heGDHX'26A D204N (n=5)

(F) Levels of major COX metabolites (LC-MS/MS) produced by BMDM & treatment with heGDH or he GDHK'26A D204N (n=3),

(G) Secretion of cysLTs (EIA) by MDM # treatment with heGDH or he GDHK'26# D204N (n=g)

Data are pooled from at least two independent experiments and presented as means + SEM. Statistical significance was
determined by RM one-way ANOVA (C) or Friedman test (D-G). *P < 0.05; **P < 0.01; ***P < 0.001, ***P < 0.0001.

HK126A, D20aN i the direction of glutamate

M1 activated macrophages® (Figures 6A and
S6A). In contrast, AAM have been shown to rely
primarily on  oxidative  phosphorylation

(OxPhos), which tended to be downregulated
by heGDH (Figures 6A and S6A). The
significant p300-dependent upregulation of the
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gene PFKFB3, a positive regulator of
glycolysis, after heGDH stimulation suggested
a potential link between glycolysis and heGDH-
induced epigenetic reprogramming (Figures 6B
and S6B). Indeed, inhibition of p300 activity in
MDM during treatment with heGDH blocked the
decrease of basal respiration and ATP
production as well as the increase of basal
glycolysis (Figure 6C), suggesting that the
metabolic shift triggered by heGDH is p300
dependent. In inflammatory macrophages a
break in the TCA cycle with accumulation of
citrate and succinate has been reported®,
which might account for the pro-inflammatory
phenotype characterized by increased reactive
oxygen species (ROS), nitric oxide (NO) and
prostaglandin production. Using LC-MS/MS
analysis to detect TCA metabolites in heGDH-
treated MDM we observed higher levels of
2-hydroxyglutarate (2-HG), while the levels of
glutamine and glutamate were reduced as
compared to untreated MDM (Figures 6D and
6E). Furthermore, the aconitate decarboxylase
1 (IRG1) product itaconate, an immune-
regulatory byproduct of the TCA cycle was
increased in response to heGDH (Figure 6D).
To determine whether the downstream
metabolites of heGDH (itaconate,
o-ketoglutarate and 2-HG) could affect immune
regulatory AA metabolites, we assessed
eicosanoid production by MDM following
treatment with these metabolites (Figure S6C).
Indeed, we observed that L-2-HG, but not D-2-
HG, reduced the production of cysLTs (Figures
6F and S6D). To investigate, if L-2-HG directly
affects the activity of LTC4S, we performed an
LTCA4S activity assay. While LTC4S activity was
partially inhibited by addition of L-2-HG (Figure
6G), gene expression of ALOX5 and LTC4S
were not affected (Figure S6E). Interestingly,
also heGDH directly affected LTC4S activity
(Figure 6H) in vitro and in a human macrophage
cell line (Figure S6F). Thus, effects of heGDH
on the synthesis of key mediators of type 2
immunity are - at least in part - mediated via its
downstream metabolites.

DISCUSSION

In the present study, we identify a potential
evolutionary mechanism by which helminth-
derived glutamate dehydrogenases (heGDH)
may facilitate immune evasion and promote
helminth chronicity. HeGDH are internalized by
host macrophages, resulting in profound
metabolic, epigenetic and transcriptional
changes, which together suppress anti-
helminth effector functions. Macrophages play
crucial roles in anti-helminth immunity by
trapping worms, regulating T-cell responses,
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and repairing tissue damage via the production
of cytokines and bioactive lipid
mediators?%10:243031  Thys, helminth parasites
have evolved molecular strategies to subvert
macrophage functions’.

Early during infection, we identified a
colocalization of CD64 positive macrophages
with  heGDH-producing larvae. Monocyte-
derived macrophages activated during helminth
infection highly express CD64 and play an
important role in  helminth  trapping®32,
suggesting that CD64 is targeted by heGDH to
reprogram macrophages in the surrounding of
the larvae. Although we do not provide
experimental evidence that directly links CD64
to p300 activation, a previous study
demonstrated that C-reactive protein binds to
CD64, resulting in the activation of ERK1/2 and
Akt, subsequent HIF-1a translocation and
binding to p300 in the promoter region, thereby
activating gene expression®. In line, we found
that heGDH is able to activate p300 and thus to
drive acetylation of H3K27 and transcriptional
activation.

As a consequence of chronic helminth
infections, epigenetic reprogramming of bone
marrow-derived, recruited, and resident
proliferating macrophages may lead to diverse
and persistent alterations in macrophage
effector functions. Indeed, human studies have
shown that helminths may use myeloid
reprogramming as an immune evasion
strategy®*. In our study, the heGDH-induced,
p300-mediated upregulation of PGE2 in
peritoneal macrophages was however transient
suggesting that an acute macrophage
reprogramming may be sufficient to modulate
host immunity. However, it is unclear whether
heGDH treatment induces long-lasting
epigenetic  modifications in  BM-derived
monocytes/ macrophages or their progenitors
in vivo.

While heGDH triggered a broad epigenetic and
transcriptional reprogramming, the induction of
the immune regulatory AA metabolite PGE:
likely represents a central mechanism of GDH-
driven helminth chronicity. Indeed, heGDH-
induced PGE: suppresses M2 polarization in an
EP2-dependent manner and modulates human
T cell function in vitro. Similar to a GDH of the
human and pig parasite Taeni solium'®, heGDH
efficiently induces Tregs and inhibits helminth-
induced Tu2 cell differentiation via enhancing
myeloid PGE:2 production. The suppressive
effects of heGDH on Tn2 cells are evident after
28 days of Hpb infection, indicating that the
induction of regulatory macrophages is
particularly important in the early stages of
infection, while reprogrammed macrophages



3 min

OCR ECAR
rotenone/ . ! rotenone/ Basal glycolysis
oligomycin  FCCP  antimycin oligomycin  FCCP  antimycin
400 — 609 — *
= ! 3 e cti S 404 —
g 8 @ heGDH 8 oo HECH
c
£ § 40 § 0 B heGDH
i) s o
2 s 33 g |%
g c £
£ E EX
£ I 20 5
5 E E 10
= P o
& 3 S
o . o 0 T T T 1 mw o
0 20 40 60 80 0 20 40 60 80
Time (minutes) Time (minutes)
OCR ECAR
rotenone/ rotenone/
PFKFB3 200 oligomycin  FCCP  antimycin 60 oligomycin  FCCP  antimycin
0.15 sk 5 E -e- Ctrl
s g 8 -# heGDH
3 c
2 ° Bl heGDH £ 200 S 40 &~ p300inh.
o k5] <]
% 0.10 1 heGDH g_ §_ -¥- heGDH
o +p300 inh. < E +p300 inh.
=4 = =
g £ 100 I 20
[ ] [y
2 g £
kS = 3 '3
® 5 S =
o 0- T T T 1 o 0- T T T 1
0 20 40 60 80 0 20 40 60 80
D Time (minutes) Time (minutes)
— m Ctl
% qtrate Bl heGDH Basal respiration ATP production Basal glycolysis
% itaconate
p =0.06} niacinamide %%k p=007 *k
*| 2-hydroxyglutarate S G 1 G
* malyate Y9 g g 180 g 40 — . Ctl
* ATP row min E e 2 g Bl heGDH
succinate o kol @ 30 .
*| aspartate g 2 g 3 3 p300inh.
*| adenosine = = £ 20 o o 3 heGDH + p300 inh.
*[ [l AMP £ £ £ oo
*[ [l GSsG I I 5
* glutamine = £ £ 10
p=0.09 ?\‘lxtgmate % 5 %
row max o o 2 o
Jutami malate
glutaminase dehydrogenase,
glutamine @—m—m— glutamate — 5  a-ketoglutarate —————, 2-hydroxyglutarate cysLTs
*
* p=0.09 25x10to ¥ 4
2.5%10° 5x1059 1 o B ctl
) o o o Bl Ctrl
%o 5 2.0x10% o 3 @ L-2-HG
2.0%105 4x10 B heGDH 20
8 4
1.5x10° 3x10° o 15X10 £ 15
S S 2 5 °
L < o108 1.0x10*4 o S 10
o
5.0x104 1x10° 5.0x10° 05
0.0 0 0.0- 0.0 blank
kKK
5 g™ LTC4S + PBS
£ [ LTC4s £ p=005 *kkk kK =
2 [ LTC4S +L-2-HG E [ | — B LTC4S + heGDH (1 pg)
2 S 1004 2 o LTCAS + heGDH (3
g g e @ & o LTC4S + TKO5 (1 (MNQ)
g %‘ D ..a Oo S0 ) — +TKO5 (1 uM)
& 8 50
£ ] D 9 d
(53 ‘C D4 &) O
& - © "

13



Figure 6: heGDH induces a metabolic shift in macrophages which leads to the reduction of pro-inflammatory cysLTs
(A) Oxygen consumption rate (OCR, left) and extracellular acidification rate (ECAR, middle) of MDM treated + heGDH. Right,

basal glycolysis of MDM treated + heGDH (n=6).

(B) Gene expression analysis of PFKFB3 (QPCR) in MDM treated with heGDH alone or after inhibition of p300 HAT (A485)

(n=8). Dotted line indicates expression in control (Ctrl) treated cells.

(C) Upper panel, Oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) of MDM + treatment with heGDH
+ inhibitor of p300 HAT (A485). Lower panel, basal respiration, ATP production and basal glycolysis of MDM * treatment with

heGDH = inhibitor of p300 HAT (A485) (n=7).

(D) Heatmap of targeted metabolomics (LC-MS/MS) in MDM treated + heGDH. Data is shown as mean of 6 donors.

(E) Targeted metabolomics for glutamine, glutamate and 2-hydroxyglutarate of MDM treated + heGDH (n=6).

(F) Secretion of cysLTs (EIA) by MDM + treatment with L-2-hydroxyglutarate (n=6).

(G) Leukotriene C4 synthase activity measured after 30 min during incubation with L-2-hydroxyglutarate (n=5).

(H) Leukotriene C4 synthase activity measured after addition of heGDH in different concentrations (1 pg and 3 pg) and for
different incubation times (3 min, 30 min) or after addition of a specific LTC4S inhibitor (TK05) (n=9).

Data are pooled from at least two independent experiments and presented as means + SEM. Statistical significance was
determined by Wilcoxon test (A, B, D-G), Friedman test (C) or ordinary one-way ANOVA (H). *P < 0.05; **P < 0.01;

****P < 0.0001.

then modulate T cell responses at later stages
of infection. PGE2 has been shown to limit ILC2
and mast cell function through an EP2-
dependent mechanism?>, although its direct
effects on IL-4/IL-13 production are not yet fully
understood. Consistent with the weakened
effects of heGDH in the presence of a type 2
cytokine environment, IL-4 has been reported
to inhibit COX-2 expression and consequently
prevent PGE: secretion in DCs®. The timing of
PGE:z upregulation during helminth infection
could also be a critical factor: If upregulated
before IL-4 and IL-13, PGE2 may be sufficient
to maintain immune evasion, while if IL-4 and
IL-13 secretion occurs simultaneously to PGE:
synthesis, PGE2 production may be limited,
thus hampering heGDH-mediated immune
evasion. Thus, our findings suggest that the
host type 2 immune response has evolved to
counteract helminth driven lipid mediator
modulation and immune suppression.
Moreover, the induction of PGE:2 during
N.brasiliensis infection as well as of further
COX metabolites (6-keto-PGF1. and TXB2)
during later stages of Hpb infection may
promote tissue repair and blood clotting®. In
the initial inflammatory stage of tissue repair,
myofibroblasts can be activated by PGE:
producing macrophages and stromal cells,
which results in wound contraction and closure
in the skin and intestine®-*'. These beneficial
effects of PGE: on tissue repair largely depend
on the activation of the EP2 and EP4 receptors.
As the proliferative  phase  begins,
myofibroblasts generate PGE2, thus inducing
the expression of high levels of IL-10 and Arg1
in regulatory macrophages. These molecules
help in preventing tissue damage and
regulating pathological tissue remodeling in
type 2 immunity?#243 It would thus be
interesting to determine whether the capacity of
heGDH to repair N. brasiliensis-induced lung
damage depends on a PGE2/ EP2/4 signaling
axis in macrophages and stromal cells.
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In addition to the COX-2/PGE: pathway,
heGDH upregulates IDO1, which is known to
promote the differentiation of regulatory T cells
and block their conversion into T effector cells,
including during parasite infections**45,
However, it is unclear whether heGDH-induced
IDO1 expression in macrophages may
contribute to Treg cell induction and Tw2 cell
suppression. As another group of potent
modulators of Tv2 immunity, heGDH triggers
the expression of IL-12 family cytokine subunits
(IL-128 and Ebi3). IL-12 negatively regulates
type 2 immune responses in helminth
infection?°, while promoting Tx1 immunity and
IFNy production during chronic infection with
intracellular pathogens*¢47. Similarly, IL-35 and
IL-27 antagonize type 2 immune responses,
and EBI3” mice develop enhanced allergic
airway inflammation'®#8, Thus, IL-12f and EBI3
may contribute to the heGDH-triggered shift
from type 2 to type 1 immunity and thus
helminth chronicity.

Glutamate dehydrogenase (GDH) catalyzes
the conversion of glutamate to a-ketoglutarate
(a-KG) and vice versa, thus influencing the
metabolic environment of macrophages by
altering their internal metabolite balance or the
tissue microenvironment. Analysis of heGDH-
treated macrophages revealed decreased
glutamine/glutamate consumption and an
increased production of the tricarboxylic acid
(TCA) intermediate 2-HG. The chiral molecule
2-HG exists in either the D-enantiomer or
L-enantiomer, and L-2-HG functions as a potent
inhibitor of a-KG-dependent enzymes,
including histone demethylase Jmjd3, which
promotes macrophage M2 activation*®. Our
data suggest that helminthic GDH contributes
to the conversion of a-KG to 2-HG by increasing
basal glycolysis and reducing OxPhos in a
p300-dependent manner. In contrast, another
helminth-derived product, FnHDM-1, switches
macrophage metabolism to OxPhos fueled by
fatty acids and supported by the induction of



glutaminolysis®, suggesting that different
helminth molecules  modulate  specific
metabolites to regulate macrophage activation
and type 2 immunity. In heGDH-treated
macrophages, no upregulation of succinate or
a-KG was observed, indicating a specific
immune-regulatory macrophage population,
rather than a strict M1 or M2-associated
macrophage phenotype. Although a-KG and
L-2-HG are implicated in epigenetic regulation,
such as promoting DNA and histone
methylation*®®!, metabolic reprogramming
does not primarily rely on heGDH's catalytic
activity. Instead, our data suggest that p300-
dependent epigenetic regulation induces
PFKFB3, a positive regulator of glycolysis®?,
thus driving macrophage metabolic
reprogramming.

The present study further identifies L-2-HG as
a direct negative regulator of LTC4 synthase,
resulting in the reduced synthesis of type 2
promoting eicosanoids (cysLTs). However, the
precise mechanism by which L-2-HG limits
LTCs synthase activity remains to be
determined.

Indeed, eicosanoid production can be
influenced by various factors, including the
availability of TCA cycle intermediates. The
export of citrate by the mitochondrial citrate
carrier, SLC25A1, is necessary for the
regulation of prostaglandins through the
production of acetyl-CoA and subsequent
production of TNFa and INF-y®3. Although our
RNA sequencing data indicates that the
expression of the citrate carrier is not altered in
macrophages treated with heGDH, further
investigation is required to determine if the
significant increase in citrate levels in heGDH-
treated macrophages plays a role in the
regulation of AA-metabolites.

In the context of allergic asthma, GDH has been
identified as the major immune regulatory
component responsible for anti-inflammatory
effects of a homogenate prepared from L3
stage larvae of H. polygyrus®. GDH activity was
found predominantly in L3 extract compared to
excretory/secretory products (HES) from adult
stages of Hpb or homogenates of L4 or L5,
indicating a variation in protein profiles
depending on the stage of the parasite
lifecycle®54. However, the secretion profiles of
L3 and L4 compared to L5 (HES) have not been
determined, and further proteomic analysis is
needed to determine if GDH can be exclusively
secreted by L3. GDH from H. contortus is
localized to the cytoplasm of the parasite's gut
and expressed almost exclusively during the
blood-feeding stage, supporting developmental
regulation of parasitic GDHs®>. However,
several studies suggest that GDH is an

evolutionarily conserved enzyme involved in
regulating host immunity. In vaccination
studies, a parasitic GDH was identified as the
dominant protein in the soluble extract against
which anti-helminth immunity was developed®®.
GDH derived from the protozoan parasite T.
cruzi was found to be the immunomodulatory
compound responsible for the production of
IL-10 and IL-6 in CD11b* cells®. In a more
recent study, a GDH was found in viable cysts
of the parasitic cestode T. solium that instructs
tolerogenic monocytes to release IL-10 and
PGE2, leading to the induction of regulatory
T cell responses in mice and humans'®.
Similarly, macrophages treated with heGDH
released high amounts of IL-10, IL-6, and
PGE2, highlighting GDH as an evolutionarily
conserved immune regulatory enzyme shared
between different parasites. However, further
research is necessary to determine if GDHs
from different parasites share structural
similarities and whether they use the same
mechanisms to drive hostimmune evasion. The
potent immune regulatory functions of parasitic
GDHs suggest a potential therapeutic or
preventive use, e.g. in inflammatory or fibrotic
diseases or as a vaccine antigen for inducing
immunity against a wide range of parasitic
infections.
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METHODS

Study design

The aim of this study was to investigate how
GDH derived from H. polygyrus could modulate
eicosanoid pathways to regulate host type-2
inflammation. For the human part of our study,
healthy volunteers (total n=35) (Caucasian
men and women) were recruited. Sample sizes,
replicates, and statistical methods are specified
in the figure legends. All blood donors
participated in the study after informed written
consent. All procedures were approved by the
local ethics committee at the University clinic of
the Technical University of Munich (internal
references: 802/20S) and in accordance with
the declaration of Helsinki.

Mice

C57BL/6J mice were obtained from Charles
River Laboratories (Sulzfeld) maintained under
specific pathogenfree conditions at the
Helmholtz Center Munich. 6- to 8-week-old
mice were used. All animal experiments were
approved by the local authorities (Regierung
von Oberbayern).

Helminth infection and treatment with
heGDH or mAb against heGDH

Female mice were infected with Hpb by oral
gavage with 100 or 200 L3 stage larvae diluted
in 200 pl sterile PBS. Control animals received
the same amount of PBS. Mice were sacrificed
at the indicated time points (14 days post
primary and secondary infection or 28 days
post primary infection). heGDH treatment (5 ug
of heGDH in 100 ul of PBS) was performed
intraperitoneally at day 4, 8 and 12 for the 14-
days primary infection experiment. When mice
were sacrificed at 28 days post primary
infection, mice were treated at days 4,8 and 21.
For secondary infection experiment, mice were
infected with 200 Hpb larvae and two courses
of antihelminthic pyrantel (250ug in 200 pl, i.g.)
were administered at days 28 and 35 p.i. Mice
were re-infected with 200 larvae at day 49 and
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heGDH injection was performed at day 53, 57
and 61. In the absence of heGDH treatment,
mice received 100 ul of PBS.

For blocking experiments, 10 yg of a-heGDH
mAb or isotype control antibody (BioCell) in
100 pl PBS was intraperitoneally given on day
0-2, 4 and 6.

For Nb infection, mice were infected s.c. with
500 infectious third-stage larvae (L3).
Intranasal treatment with heGDH was
performed at day 0,2 and 4. 6 days post
infection, the airways of the mice were lavaged
five times with 0.8 ml of PBS. Aliquots of cell-
free BALF were frozen immediately with or
without equal volumes of methanol. Viability,
yield, and differential cell count of BAL cells
were performed as described before®. Small
intestine (SI) of Hpb or Nb infected mice was
removed and opened to count adult worms at
the luminal surface using a light microscope.

Alveolar and peritoneal macrophage culture
Peritoneal cells were obtained by peritoneal
wash with 2 mL RPMI, whereas alveolar
macrophages within the procedure of BALF.
Total murine peritoneal cells as well as BAL
macrophages were incubated in complete
medium containing RPMI-1640 with 10% fetal
bovine serum, 2 mmol/L L-glutamine, 100 U/mL
penicillin/streptomycin and 10 ng/mL
Gentamicin (all Thermo Fisher Scientific) at
37°C and 5% CO: for 4-5 hours, before rigorous
washing with  warm PBS and medium
replenishment was performed. Adherent
macrophages were stimulated for 10 min with
calcium ionophore A23187 (5 pmol/L, Merck
Chemicals) at 37°C and centrifuged at 4°C for
harvest of supernatants for EIA and ELISA.
Cells pellets were collected, lysed, and stored
as described for MDM and BMDM.

Intestinal tissue culture

1-2 cm of the washed duodenal part of the SI
was placed in 24-well plates with 1 mL/well
RPMI supplemented with 200 Units/mL
antibiotics. Tissue was incubated overnight
(Hpb) or 6 hours (Nb) at 37°C before
supernatants were harvested and analyzed by
LC-MS/MS. Eicosanoid concentrations were
normalized against tissue weight and are
presented as ng/mL in 0.1 g tissue.

Peripheral blood mononuclear cells (PBMC)
culture

2-2.5 x 10° PBMCs per well were resuspended
in RPMI-1640 medium (Thermo Fisher
Scientific) supplemented with 10% heat-
inactivated and filtered FCS (Sigma-Aldrich)
and 1% penicillin/streptomycin (Thermo Fisher
Scientific) and left untreated as control or



stimulated with 5 pg/mL heGDH alone or in
combination with 10 yM mPGES1 inhibitor
(934) for 72 h at 37°C in a 5% CO2 atmosphere
to assess Treg induction. For SEA stimulation,
2-2.5 x 10° PBMCs were left untreated (control)
or cultured with 50 pug/mL of SEA, prepared
from S. mansoni eggs as previously detailed®®,
alone or in combination with either 5 pug/mL
heGDH and/or 10 uM mPGES1 inhibitor (934)
for 5 days. On day 3, 50% of culture medium
were exchanged with fresh medium containing
respective stimuli or culture medium as control.
Culture supernatants were collected, and IL-4
concentrations were determined by ELISA.

Monocyte-derived (MDM) or bone-marrow
derived (BMDM) macrophage culture

As previously reported®>%°, CD14* PBMCs were
used to generate monocyte-derived
macrophages (MDM). Macrophages were
cultured in complete medium (described above)
in the presence of 10 ng/mL human GM-CSF
(Miltenyi Biotec) and 2 ng/mL human TGF-
(Peprotech). Bone marrow derived
macrophages (BMDM) from bone marrow of
wildtype C57BL/6 or EP2”- mice were isolated
and cultured for 6 days in the presence of
murine recombinant M-CSF (20 ng/mL)
(Miltenyi Biotech). For both MDM and BMDM,
exchange of medium and replenishment of
cytokines on the third day was performed. After
6 days incubation, cells were harvested and
stimulated. When indicated, cells were treated
for 24 hours with 5 pg/mL heGDH, catalytically
inactive heGDHK126A. D204N e for 30 min,
3 hours, or 24 hours with AF488-fluorochrome
labeled heGDH. To compare endotoxin
dependent effects, MDM were stimulated with
0.5 or 1 ng/mL LPS (Invivogen). For p300
inhibitor studies 6.6 uM of A485 (Tocris) was
added 1 hour prior to heGDH stimulation. MDM
were harvested after 24 hours and BMDM after
6 hours stimulation with p300 inhibitor. For
experiments with neutralizing antibodies, MDM
were incubated with 10 pg/mL anti-human
IL-12/IL-23 (p40) antibody (Mabtech) or
10 pg/mL isotype control antibody (Invivogen)
or anti-heGDH mAb (clone 4F8) (1:100) before
heGDH stimulation. Stimulation of M2 polarized
MDM with heGDH were done after 48 hours
pre-incubation with 20 ng/mL human IL-4 and
IL-13 (both from Miltenyi Biotec). Wildtype
BMDM were incubated with 10 pg/mL
anti-mouse IL-12 p40 or 10 pg/mL isotype
control antibody (both from BioCell). To test
effects of p40, MDM were treated with 10 or
100 ng/mL recombinantly produced human
IL-12B for 24 hours. TCA-metabolite effects
were assessed by stimulation of MDM with
1mM D-2-hydroxygluarate, L-2-hydroxy-

glutarate, 1 mM itaconate or 1 mM
o-ketoglutarate (all form Sigma Aldrich, Merck)
for 24 hours. PUFA production was elicited by
stimulating cells with 5 yM ionophore A23187
for 10 min at 37°C during harvesting. Cells were
not treated with ionophore when they were
used for FACS analysis. Supernatants of cells
were stored at -70°C in 50% MeOH for
LC-MS/MS analysis or undiluted for cytokine
analysis. Cell pellets were lysed in RLT buffer
with 1% B-mercaptoethanol (Merck Millipore)
and stored at -70°C for RNA extraction. For
western blot analysis, cell pellets were lysed
with RIPA buffer supplemented with complete
protease inhibitor cocktail (Roche Applied
Science) and stored at -70°C.

siRNA knock down of p300 HAT in MDM and
BMDM

4 x 105 cells were seeded in a 12-well plate and
MDM were transfected with 100 nM and BMDM
with 25 nM siRNA. The transfection approach
contained serum-free medium, p300 siRNA
(Horizon Discovery) and 3% HiPerFect
Transfection Reagent (Qiagen). After 6h
incubation, MDM were supplemented with
medium containing GM-CSF, TGF-B and
heGDH. Immunofluorescence staining was
performed 48 hours after transfection. For
BMDM, medium was discarded and replaced
after 6 hours incubation. heGDH stimulation
was done on the next day. After treatment for
24 hours with heGDH immunofluorescence
staining was performed.
Histology and immunofluorescence
staining

For histology, the proximal 5 cm of the small
intestine of Nb or Hpb infected mice was freed
from mucus, extensively washed with cold PBS
supplemented with 200 Units/mL penicillin and
streptomycin, then rolled into “Swiss rolls®.
Lung of Nb experiments and Swiss rolls of Hpb-
an Nb-infected mice were placed in a tissue
cassette and fixed in 3.7% formaldehyde before
standard formalin-fixed, paraffin-embedded
(FFPE) processing. Swiss rolls of Hpb-infected
mice which were scarified 4 days post infection
were placed in cryo molds and embedded in
Tissue-Tek optimum cutting temperature
compound (OCT) (Science Services) and then
frozen on dry ice.

Sections of all tissues were cut and stained with
hematoxylin and eosin. Images were recorded
with the EVOS system. Linear means intercept
(Lmi) was quantified as a score of
N. brasiliensis-driven lung damage, as
described previously3. Briefly, sections of lung
were viewed by microscopy with an original
magnification of x200; 15 random non-
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overlapping fields per sample were assessed.
Six horizontal lines were drawn across each
image and the total number of times the
alveolar wall intercepted per line was counted.
Line length was then divided by the number of
intercepts to calculate Lmi.

FFPE-tissues for immunofluorescence and
immunohistochemistry staining of Hpb-infected
intestine, were first deparaffinized and
rehydrated after heating at 65°C for 10 min
twice with Roticlear and isopropanol and once
with 90% and 70% ethanol. To reduce the
autofluorescence  background MaxBlock™
Autofluoresence Reducing Reagent
(MaxVision Bioscience) on FFPE and
rehydrated cryosections was used. Before both
stainings, antigen retrieval by repeated boiling
in sodium-citrate buffer + 0.05% Tween-20 was
performed. Subsequent, tissue was
permeabilized and blocked with 3% BSA and
10% donkey serum at room temperature.
Tissues for immunohistochemistry staining
were further blocked with the Avidin/Biotin
Blocking Kit (Thermo Fisher Scientific).

For immunofluorescence staining of MDM or
BMDM, cells were seeded on a 12-well glass-
chamber slides (IBIDI) and fixed for 15 minutes
with 4% paraformaldehyde (Sigma Aldrich,
Merck), followed by permeabilization with
acetone (10 minutes at -20°C). After the same
blocking procedure, cells or tissue were
incubated with primary antibodies against goat
anti-actin (Santa Cruz Biotechnology), rabbit
anti-p300 (Cell Signaling), goat
anti-cyclooxygenase-2 (Cayman Chemical),
mouse anti-mPGES1 (Cayman Chemical) or
rabbit anti-RELMa. (Peprotech). For staining of
heGDH, a-heGDH mAb (clone 4F8) (1:2) was
used. Where indicated, blocking of a-heGDH
mAb with its antigen peptide was performed in
ratio of 1:1 overnight at 4°C while rotating.
Fluorescence conjugated secondary antibodies
were used for detection of immunofluorescence
staining. Before images were recorded on a
Leica SP5 confocal microscope (Leica
Microsystems) cells were mounted and stained
with Fluoroshield containing DAPI (Genetex).
For immunohistochemistry staining the RELMa,
biotinylated anti-murine antibody (Peprotech)
was used. Detection and development were
performed by applying ABC Peroxidase
Standard Staining (Thermo Fisher Scientific)
and DAB Enhanced Liquid Substrate System
(Sigma Aldrich, Merck). Before recording with
the EVOS system, nuclear counterstain and
mounting was done. Files were adjusted
equally for brightness and contrast using
ImageJ.
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Chromatin immunoprecipitation (ChIP)

For the ChIP with formaldehyde crosslinking,
macrophages (3-5 x 108 cells per condition)
were washed once with warm PBS and
incubated for 30 min at 37°C and 5% CO2 with
accutase (Sigma Aldrich, Merck) to detach the
cells. ChIP protocol steps were performed as
previously described®, except fragmentation of
the chromatin, which was carried out by using a
focused-ultrasonicator (Covaris) for 15 min at
6°C with 140W peak power, 5% duty factor and
200 cycles/burst. Instead of agarose beads,
ChIP grade protein A/G magnetic beads
(Thermo Fisher Scientific) were added to the
chromatin, antibody mixture and incubation
was done for 2 hours at 4°C while rotating.
Samples were incubated for ~3 min with a
magnetic stand to ensure attachment of beads
to the magnet and mixed by pipetting during the
wash steps. DNA purification was performed
with MinElute PCR Purification Kit (Qiagen).
Eluted DNA was either subjected to ChlIP-seq
or used for ChIP-gPCR experiments. Input
chromatin DNA was prepared from 1/4 of
chromatin amount used for ChIP. Antibodies
used for ChIP were anti-H3K27ac (abcam,
ab4729, 4 pg per ChIP) and isotype control
antibody (abcam, ab171870, 4 ug per ChiP).

ChIP qPCR

ChIP-gPCR was performed with PowerUp
(Thermo Fisher Scientific) SYBR Green master
mix following manufacturer’s instructions. For
all primer pairs input chromatin DNA was used
to generate standard curves and verify
amplification efficiency between 90-100%.
gPCR was performed on a ViiA7 Real-Time
PCR System (Applied Biosystems, Thermo
Fisher Scientific). Changes in enrichment at
specific regions were normalized to 3 different
positive control regions (GAPDH, NSA2 and
TBP) which did not show change in histone
modifications during stimulation with heGDH.

RNA isolation

RNA was extracted using a spin-column kit
according to the manufacturer’s instructions
(Zymo Research) and transcribed into DNA
using the HighCapacity cDNA Reverse
Transcription kit  according to the
manufacturer’s instructions (Thermo Fisher
Scientific) or submitted for total RNA
sequencing. For genes where expression could
not be quantified, CT values were set to 40.

Quantitative RT-PCR

FastStart Universal (Roche, Mannheim) or
PowerUp (Thermo Fisher Scientific) SYBR
Green master mixes were used for 10 ng cDNA
template and qPCR was performed on a ViiA7



Real-Time PCR or QuantStudio 5 System
(Applied Biosystems; Thermo Fisher Scientific).
The expression levels were normalized to
GAPDH as house-keeping gene and relative
gene expression was represented as 27ACT
(ACT= ACT(gene)'CT(housekeeper)). A list of primers
(4 uM, Metabion) is shown in Table S1.

RNA sequencing

Sequencing was performed at the Helmholtz
Zentrum Minchen (HMGU) by the Genomics
Core Facility. The preparation of samples,
library preparation and sequencing were done
as previously described®'¢2, Library preparation
was performed using the TruSeq Stranded
mRNA Library Prep Kit (lllumina). Quality and
quantity of RNA was assessed by Qubit 4
Fluorometer (Invitrogen) and RNA integrity
number (RIN) was determined with the Agilent
2100 BioAnalyzer (RNA 6000 Nano Kit,
Agilent). For library preparation, 1 ug of RNA
was poly(A) selected, fragmented, and reverse
transcribed with the Elute, Prime, Fragment Mix
(Nlumina). A-tailing, adaptor ligation, and library
enrichment were performed as described in the
TruSeq Stranded mRNA Sample Prep Guide
(Nlumina). RNA libraries were assessed for
quality and quantity with the Agilent 2100
BioAnalyzer and the Quant-iT PicoGreen
dsDNA Assay Kit (Life Technologies, Thermo
Fisher Scientific). RNA libraries were
sequenced as 150 bp pairdend runs on an
lllumina NovaSeq 6000 platform.

Flow-cytometry (FACS) analysis

Mesenteric lymph nodes (MLN) of Hpb-infected
mice were removed and transferred in RPMI-
1640 medium on ice until further processing for
FACS analysis. Cells of MLN were forced
through a 70 pm cell strainer using cold PBS to
prepare a single cell suspension. T cell
population were stained extracellularly with
CD3 (AF700, Biolegend) and CD4 (FITC,
Biolegend). After 30 min fixation and
permeabilization using a Fixation/
Permeabilization kit (Thermo Fisher Scientific),
intracellular staining of Foxp3 (Percp Cy5.5,
ebioscience), Gata3 (EF660, ebioscience) and
Helios (PB, Biolegend) was performed. EP2"
BMDM were stained against CD206 (PE-Cy7,
Biolegend). Live/dead aqua (Life Technologies)
was used for all cells to exclude dead cells from
the analysis. Samples were acquired in a BD
LSRFortessa (BD Biosciences) and analyzed
by using FlowJo v10 software (FlowJo LLC).
Treg induction was characterized as
CD3'CD4"CD127-CD25"FoxP3* cells as
previously described' with the following anti-
human antibodies: CD3 (BV510, BiolLegend),
CD4 (BVv421, BioLegend), CD127 (BV605,

BioLegend), CD25 (PE-Dazzle 594,
BioLegend) and Foxp3 (APC, Invitrogen).

Metabolic Flux Analysis (Seahorse assay)
MDM and BMDM were cultured on Seahorse
Miniplates (Agilent). On the day of assay,
medium was exchanged to the Seahorse XF
RPMI medium, pH 7.4 (Agilent) containing
10 mmol/L glucose (Sigma Aldrich, Merck),
1 mmol/L pyruvate and 2 mmol/L L-glutamine
(both Thermo Fisher Scientific). The Mito
Stress Test (Agilent) was performed according
to the manufacturer's instructions with
subsequent injections of oligomycin (1 pmol/L,
Agilent), FCCP (MDM: 1 yM, BMDM: 5 uM,
Agilent) and rotenone and antimycin A (both
0.5 uM, Sigma Aldrich, Merck). After the assay
was performed, cells were lysed in 40 yL RIPA
buffer (Thermo Fisher Scientific) and protein
concentration was determined for normalization
(Pierce BCA protein assay kit, Thermo Fisher
Scientific).

Targeted metabolite quantification
Metabolites were extracted from cell pellets
using ice-cold 80:20 methanol:water solution
followed by LC separation (Agilent 1290 Infinity
II' UHPLC inline using a Phenomenex Luna
propylamine column (50 x 2 mm, 3 um
particles) with a solvent gradient of 100% buffer
B (5 mM ammonium carbonate in 90%
acetonitrile) to 90% buffer A (10 mM NHs in
water) and a flow rate from 1000 to 750 pL/min.
Autosampler temperature was 5°C and
injection volume was 2 yL. Mass spectrometry
was performed using an Agilent 6495 QQQ-MS
operating in MRM mode and MRM setting were
optimized separately for all compounds using
pure standards. Data was processed using an
in-house R script.

LDH cytotoxicity assay

Cellular cytotoxicity of stimulation with the A485
p300 inhibitor in MDM and BMDM was
quantified using the LDH cytotoxicity assay kit
(Thermo Fisher Scientific), according to the
manufacturer’s instructions.

Enzyme immunoassays (EIA)

The concentration of cysLTs and PGE:2 in
culture supernatants was determined by using
commercially available enzyme immunoassay
(EIA) kits (Cayman Chemical), according to the
manufacturer’s instructions.

ELISA

MDM supernatants were analyzed for IL-10 or
IL-12p secretion using the human IL-10 ELISA
Set (BD Biosciences) or the human IL-12/IL-23
p40 DuoSet ELISA (R&D Systems). PBMC
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supernatants were analyzed for IL-4 using the
IL-4 human ELISA kit (Thermo Fisher
Scientific). All ELISAs were used according to
the manufacturer’s instructions.

Western Blot

The protein concentration was determined by
the BCA method (Thermo Fisher Scientific) and
lysates were diluted to equal concentrations
between 12-20 pg. NuPAGE LDS Sample
buffer and NUPAGE Sample Reducing Agent
(Thermo Fisher Scientific) was added to total
lysates and heated at 95 °C for 5 minutes.
Samples were loaded on Bolt 4-12% Bis-Tris
Plus gels (Thermo Fisher Scientific) and
separated by electrophoresis. Gels were
transferred to a PVDF membrane (Merck
Chemical) and blocked in 5% nonfat dry milk in
1x TBS containing 0.05% Tween for several
hours to prevent nonspecific binding.
Membranes were incubated overnight with
primary  antibodies  against H3K27ac
(Diagenode, dilution 1:1000) or B-actin (Sigma
Aldrich, Merck; dilution 1:10000), washed and
incubated with the corresponding secondary
horseradish peroxidase-conjugated antibody.
Detection was performed using enhanced
chemiluminescence (SuperSignal West Femto
Maximum  Sensitivity Substrate, Pierce,
Thermo Fisher Scientific) and recorded with the
ECL Chemocam Imager (Intas Science
Imaging Instruments). ImageJ software was
used to quantify the protein concentrations by
means of normalization and correction for
B-actin in the samples.

LC-MS/MS quantification of lipid mediators
of intestinal culture supernatants

The liquid chromatography-tandem mass
spectrometry  (LC-MS/MS)  analysis  of
prostanoids in intestinal culture supernatant
samples was performed as described in the
following. Briefly, 200 yL of the sample were
mixed with 20 pyL of an internal standard
solution (PGE2-d4, PGD2-d4, TXB2-d4,
PGF2.-d4, 6-keto PGF1. d4, all purchased from
Cayman Chemicals), with 100 pL ice cold
methanol containing 0.1% BHT, 400 pL ice cold
methanol and 400 uL of a disodium hydrogen
phosphate buffer solution with pH 6. The
samples were extracted using EXPRESS ABN
columns (Biotage): First, conditioning with
methanol was performed, followed by the
equilibration with water and loading of the
sample. Next, 2 washing steps with
methanol/water (50:50, v/v) and 2 % formic acid
as well as water were carried out. The sample
was eluted by using methanol/
ammoniumhydroxid-solution (98:2, v/v). The
samples were evaporated at 45 °C under a
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gentle stream of nitrogen and reconstituted with
50 pL MeOH/water (70:30, v/v) containing
0.0001% BHT. As several analytes resulted in
values above the ULOQ, the sample
preparation was repeated using a simpler
approach and a smaller sample volume. Briefly,
10 pL of sample were combined with 190 pL of
PBS and extracted using liquid-liquid-extraction
with ethyl acetate after adding internal standard
solutions containing PGE2-d4, PGD2-d4,
TXB2-d4, PGF2,-d4, 6-keto PGF1. d4, each
40 pL and 100 pl 0.15M EDTA solution. The
extraction step was repeated, organic layers of
both extractions were combined, evaporated at
45 °C under a gentle stream of nitrogen, and
reconstituted with 50 yL MeOH/water (70:30,
v/v) containing 0.0001% BHT.

Ten microliters either of the SPE- or the
LLE-extracted samples were injected into the
LC-MS/MS-system. For liquid chromatography-
tandem mass spectrometry analysis, an Agilent
1290 LC system (Agilent) coupled to a hybrid
6500+ QTrap mass spectrometer (Sciex)
equipped with a Turbo-V-source operating in
negative electrospray ionization mode was
used. The chromatographic separation was
performed using an Acquity UPLC BEH C18
2.1 x 100 mm column and VanGuard Pre-
Column 2.1 x 5 mm (both with a particle size of
1.7 um, from Waters). Mobile phases consisted
of 0.0025% formic acid and acetonitrile with
0.0025% formic acid. Chromatographic
separation was achieved under gradient
conditions with a total run time of 12 minutes.
For analysis, Analyst Software 1.7.1 and
Multiquant Software 3.0.3 (both Sciex,
Darmstadt, Germany) were used, employing
the internal standard method (isotope-dilution
mass spectrometry). The precursor-to-product
ion transitions used for quantification were m/z
351.2 — m/z 315.0 for PGE2, m/z 351.2 — m/z

189.0 for PGD2, m/z 353.1 — m/z 193.0 for
PGF2«, m/z 369.2 — m/z 163.0 for 6-keto
PGF1«, m/z 369.2 — m/z 169.1 for TXB2. The

calibration curves were constructed using linear
regression with 1/x2 weighting.

Lipid mediator quantification via LC-MS/MS
of cellular (MDM and BMDM) supernatants

Lipid mediator analysis was performed as
described previously®®. Automated solid phase
extraction was performed on a Microlab STAR
robot (Hamilton). Prior to extraction all samples
were diluted with H20 to a methanol (MeOH)
content of 15% and internal standard was
added. Samples were extracted using Strata-X
96-well plates (30 mg, Phenomenex). After
elution with MeOH, samples were evaporated
to dryness under N2 stream and redissolved in



MeOH/H20 (1:1). Chromatographic separation
of eicosanoids was achieved with a 1260 Series
HPLC (Agilent) using a Kinetex C18 reversed
phase column (2.6 pm, 100 x 2.1 mm,
Phenomenex) with a SecurityGuard Ultra
Cartridge C18 (Phenomenex) precolumn. The
QTRAP 5500 mass spectrometer (Sciex),
equipped with a Turbo-VTM ion source, was
operated in negative ionization mode. Samples
were injected via an HTC PAL autosampler
(CTC Analytics), set to 7.5°C. Identification of
metabolites was achieved via retention time
and scheduled multiple reaction monitoring as
previously specified. Acquisition of LC-MS/MS
data was performed using Analyst Software
1.6.3 followed by quantification with MultiQuant
Software 3.0.2 (both Sciex).

Cloning, expression, and purification of
heGDH and catalytically inactive heGDH

Preparation of the expression constructs

The heGDH gene was amplified by PCR using
Pfu polymerase and a pET-21a/heGDH
construct (GeneArt, Thermo Fisher Scientific)
as the template. The obtained PCR product
was cloned into a linearized pET TrxA-1a
vector, an expression vector containing
N-terminal His6- and thioredoxin-tags followed
by a TEV protease cleavage site using the
SLiCe method®*.

The catalytically inactive double mutant
(K126A, D204N) of heGDH was produced by
site-directed mutagenesis using a QuikChange
mutagenis kit (Agilent) and the N-terminal His6-
tag heGDH construct as the template. All
expression constructs were verified by
sequencing.

Protein expression and purification

The heGDH expression constructs were
transformed into E. coli strain BL21 (DE3) CC4
(overexpressing the (co-)chaparones GroEL,
GroES, DnaK, DnaJ, GrpE and ClpB)® and
cultured overnight at 20°C in 2-L flasks
containing 500 ml ZYM 5052 auto-induction
medium® and 100 pg/mL kanamycin, 50 pug/mL
spectinomycin and 10 yg/mL chloramphenicol.
Cells from 2 L of culture were harvested by
centrifugation  after reaching saturation,
resuspended in 120 ml lysis buffer (50 mM Tris-
HCI, 300 mM NaCl, 20 mM imidazole, 10 mM
MgClz2, 10 ug/mL DNasel, 1 mM AEBSF.HCI,
0,2% (v/iv) NP-40, 1 mg/mL lysozyme, 0.01%
(v/v) 1-thioglycerol, pH 8.0), and lysed by
sonication. The lysate was clarified by
centrifugation (40,000 x g) and filtration (0.2
gm). The supernatant was applied to a 5-ml
HiTrap Chelating HP column (Cytiva),
equilibrated in buffer A (50 mM Tris-HCI,

300 mM NacCl, 20 mM imidazole, 0.01% (v/v)
1-thioglycerol, pH 8.0) using an Akta Purifier
(Cytiva). The column was washed with buffer A
and buffer A containing 50 mM imidazole until a
stable baseline was reached (monitored at
280nm). Bound proteins were eluted with a
linear gradient from 50 to 300 mM imidazole in
buffer A. Fractions containing heGDH were
pooled and dialyzed overnight at 4°C against
1L buffer B (50 mM Tris-HCI, 300 mM NacCl,
0.01% (v/v) 1-thioglycerol, pH 8.0). Next, 5 mM
ATP (from a 100 mM stock solution at pH 7) and
1 mM MgClz were added, and the solution was
incubated overnight at 4°C to detach bound
chaperones. The solution was applied to a 5-ml
HiTrap Chelating HP column and the protein
purified as described above. Fractions
containing heGDH were pooled and dialyzed
overnight at 4°C against 1 L buffer B in the
presence of His-tagged TEV protease in a 1:25
molar ratio (TEV:protein). The cleaved off
heGDH was further purified by affinity
chromatography as described above and the
flow-through and protein containing wash
fractions were pooled and concentrated to less
than 5 ml. This was subsequently subjected to
size exclusion chromatography using a HiLoad
16/600 Superdex 200 column (Cytiva),
equilibrated in buffer B. The fractions containing
heGDH were pooled and dialyzed overnight
against 1 L PBS pH 7.4 at 4°C. Finally, the
solution was concentrated to approx. 2 mg/mL
and stored at 4°C.

The catalytically inactive double mutant of
heGDH was purified using the same protocol
without the ATP-MgClz2 incubation and the
second affinity chromatography step.

Protein concentrations were determined by
measuring the absorbance at 280nm using the
specific absorbances for heGDH of 1.057 and
1.108 ml/mg*cm, respectively.

Fluorochrome labeling of heGDH

heGDH was labeled with the Atto 488 Protein
Labeling Kit (Sigma Aldrich, Merck). 2 mg/mL
heGDH was mixed with 10 mg/mL of the
reactive dye. The reaction mixture was
incubated for 1 hour at room temperature while
shaking. Subsequently, the fluorochrome
conjugated protein was purified with a PD-10
desalting column.

Cryo-electron microscopy

For cryo-EM sample preparation, 4.5 pl of the
protein sample were applied to glow discharged
Quantifoil 2/1 grids, blotted for 4 s with force 4
in a Vitrobot Mark Ill (Thermo Fisher) at 100%
humidity and 4 °C, and plunge frozen in liquid
ethane, cooled by liquid nitrogen. Cryo-EM data
was acquired with a FElI Titan Krios
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transmission electron microscope using
SerialEM software (PMID: 16182563). Movie
frames were recorded at a nominal
magnification of 29,000X using a K3 direct
electron detector (Gatan). The total electron
dose of ~60 electrons per A2 was distributed
over 30 frames at a pixel size of 0.84 A.
Micrographs were recorded in a defocus range
from -0.5 to -3.0 um.

Image  processing, classification  and
refinement

Cryo-EM micrographs were processed on the
fly using the Focus software package (PMID:
28344036) if they passed the selection criteria
(iciness < 1.05, drift 0.4 A < x < 70 A, defocus
0.5 um < x < 5.5 um, estimated CTF resolution
< 6 A). Micrograph frames were aligned using
MotionCor2 (PMID: 28250466) and the contrast
transfer function (CTF) for aligned frames was
determined using GCTF (PMID: 2659270).
From 2,565 acquired micrographs 1,803,297
particles were picked using the Phosaurus
neural network architecture from crYOLO
(PMID: 31240256). Particles were extracted
with a pixel box size of 192 scaled down to 64
using RELION 3.1 (PMID: 22100448) and
underwent several rounds of reference-free 2D
classification. 1,686,235 selected particles
were re-extracted with a box size of 256 and
imported into Cryosparc 2.3 (PMID: 28165473).
Three Ab initio models with C3-symmetry were
generated and passed through one round of
heterogeneous classification. The best
performing calls, containing 932,895 particles,
was selected and particles were re-imported to
RELION and underwent several rounds of
refinement, CTF-refinement (estimation of
anisotropic magnification, fit of per-micrograph
defocus and astigmatism and beamtilt
estimation) and Bayesian polishing (PMID:
25122622). Final refinements yielded models
with an estimated resolution of 2.62 A and
2.7 A for C3- and C1-symmetry, respectively
(gold standard FSC analysis of two
independent half-sets at the 0.143 cutoff).
Local-resolution and 3D-FSC plots (Figure S7)
were calculated using RELION and the
“‘Remote 3DFSC Processing Server’ web
interface (PMID: 28671674), respectively.

GDH activity assay

GDH activity of purified recombinant heGDH or
heGDHK126A, D204N was determined both in the
direction of glutamate formation and utilization.
Assays were carried out at 37 °C in 250 pl
assay mixture containing 100 mM phosphate
buffer and 5 ug protein. The enzyme activity of
heGDH was determined in the direction of

22

glutamate utilization by the rate of production of
NADH/NADPH or by the rate of utilization of
NADH/NADPH in the direction of glutamate
formation, measured spectrophotometrically at
340 nm. The optimum pH was determined in
both directions with substrate concentrations of
0.5 mM a-ketoglutarate (Sigma Aldrich, Merck)
and 40 mM ammonia (Honeywell) or 5 mM
glutamate (Sigma Aldrich, Merck) with the pH
range 5.5-9.5. The optimum concentration of
co-factors was determined by using NAD(P)*
concentrations (Sigma Aldrich, Merck) from 0 to
3 mM with 4 mM glutamate or 0 to 0.8 mM
NAD(P)H with 0.5 mM a-ketoglutarate and
10 mM ammonia. The Km for glutamate was
determined in reaction mixtures containing
0-15 mM glutamate and 3 mM NAD* and the
Km for a-ketoglutarate with 0-1 mM
a-ketoglutarate, 10 mM ammonia and 0.4 mM
NADH. The Km for ammonia was determined
with - 0-1000 mM ammonia, 0.5 mM
a-ketoglutarate and 0.4 mM NADH. The
inhibitory/stimulatory effects of GTP (Sigma
Aldrich, Merck), bithionol (20 uM, Focus
Biomolecules) and a-heGDH mAb (1:100) on
GDH activity were determined in the direction
of both glutamate utilization and formation
reaction. For this testing assays the following
concentrations were used: 3 mM NAD*, 0.4 mM
NADH, 4 mM glutamate, 05 mM
a-ketoglutarate and 10 mM ammonia.

Activity assay of human recombinant
leukotriene C4 synthase (LTC4S)

Assay was done as previously described®’.
Incubations were carried out with 100 ng of
recombinant human leukotriene C4 synthase
(LTC4S) and 26 uM of leukotriene A4 (LTA4) in
100 pL of 25 mM Tris-HCI (pH 7.8) containing
0.03% of n-dodecyl-B-D-maltoside (DDM) and
5 mM of glutathione for 15 seconds at room
temperature. To determine the effect of heGDH
or L-2-hydroxyglutarate (L-2-HG) on the activity
of LTC4S, pre-incubations with 1 ug or 3 pg of
heGDH or 1mM L-2-HG were performed for
3 or 30 minutes on ice, followed by the
incubation with LTA4. Pre-incubations with 1 yM
of TKO05, as a potent inhibitor of LTC4S, for 3
min on ice were performed in parallel.
Reactions were stopped by addition of 2 vol of
MeOH containing 300 pmol of PGB2 as an
internal standard followed by 1 vol of water.
Produced LTCs was quantified using the
reverse-phase HPLC approach. Samples were
analyzed on a 3.9 x 150-mm column (C18;
Nova-Pak Waters) by eluting products at a flow
rate of 1 mbL/min with acetonitrile/
methanol/water/acetic acid at a ratio of
30:30:40:0.1 (vol/vol) at pH 5.6. Absorbance
was monitored at 280 nm. Based on the



produced LTCs, the specific activity of LTC4S
was determined as picomoles of LTC4
produced by 1 nanogram of LTC4S in 1 minute.

LTC4S activity in differentiated MonoMac6
(MM6) homogenates

MonoMac6 cells (0.3-0.4x10°¢ cells/mL) were
differentiated with 50 nM 1a,25-
dihydroxyvitamin D3 and 5 ng/mL TGF-B1 in
the medium for MM6 cells (RPMI-1640 with
10% FBS, 100 U/mL PEST, 1% OPI-media
supplement, 1X MEM-Non-essential amino
acid solution, 2 mM L-Glutamine) for 96 hours
at 37 °C and 5% CO:..

To check the effect of 5 ug/mL heGDH on the
LTC4S activity in cell homogenates, 3x10°
differentiated MM6 cells were resuspended in
0.5 mL 1X PBS and incubated for 24 hours at
37°C and 5% COsz. Controls with 1X PBS were
prepared in parallel. Cell suspensions were
collected and sonicated 3 times for 5 seconds
on ice in the presence of 1 mM EDTA using the
VCX 130 Vibra-Cell™ Ultrasonic Liquid
Processor. Next, cell sonicates were
pre-incubated for 30 seconds at 37°C followed
by the incubation with 5 uM LTA4 for 10 minutes
at 37 °C. Incubations were quenched with
0.5 mL of methanol containing 300 pmol of
PGB: as the internal standard and acidified to
pH 3-4 with 10 yL of 3 N HCI. Cell debris were
removed by centrifugation at 10 000 x g for
10 minutes at 4 °C. Supernatants were carried
to new vials and diluted with 2 volumes of pure
water prior to the solid phase extraction with
QOasis HLB 3 cc (Waters) cartridges. Samples
were eluted with methanol and taken to dryness
under controlled nitrogen flow with TurboVap
LV system (Biotage). Lipids were redissolved in
400 pL of methanol:water (1:1) mixture prior to
the reverse-phase high-performance liquid
chromatography.

The formation of LTCs4 was analyzed as
described for the activity assay of human
LTC4S.

DATA ANALYSIS AND STATISTICS

Data were analyzed by GraphPad Prism 9
software. For LC-MS/MS (lipid mediator) and
ELISA (cytokines/ chemokines) data, missing
values below the lower limit of detection were
interpolated using V4 of the minimum value for
each metabolite. Statistical analysis of two
group comparisons was performed using
Mann-Whitney (unpaired), Wilcoxon test
(paired) or t test depending on normal
distribution. For comparison of more groups,
RM one-way ANOVA, Friedmann test (paired)
or Kruskal-Wallis test (unpaired) with Dunn
correction was used with correction for multiple
comparisons. P<0.05 was considered

statistically significant. Details of statistical tests
and sample size are provided in the figure
legends. Heat maps were generated by the
Broad Institute’s Morpheus software.

RNAseq data was analyzed with R. Genes with
fewer than 100 counts in the RNAseq data were
filtered out. Only the genes with more than
10 counts in at least one sample were kept. The
vst®® normalization implemented in the
DESeq2°%°® package was used to normalize the
filtered RNA-seq counts. Based on the DESeq2
package calculation of the fold change, base
mean and adjusted p-values of the differentially
genes for the following contrasts were
calculated: heGDH treated vs LPS treated;
heGDH treated vs PBS treated; LPS treated vs
PBS treated. Subsequently, the pheatmap
package (https://CRAN. R-project.
org/package= pheatmap (2015)) was used to
plot heatmaps of the top 50 genes with the
largest log2 fold change with at least 50 base
counts in the above-mentioned contrasts.
Additionally, usage of the EnhancedVolcano
package
(https://github.com/kevinblighe/EnhancedVolc
ano) created volcano plots of the deferentially
expressed genes with at least 50 base counts.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Biotinylated Rabbit anti-murine RELMa polyclonal antibody PeproTech Cat#500-
P214BT

Donkey anti-goat IgG (H+L) cross-adsorbed secondary
antibody, Alexa Fluor® 568

Thermo Fisher Scientific

Cat#A-11057

Donkey anti-Goat IgG-HRP (H+L), secondary Antibody

Novus Biologicals

Cat# NB7357

Donkey anti-Mouse IgG (H+L), cross-adsorbed secondary
antibody, Alexa Fluor® 647

Thermo Fisher Scientific

Cat#A-31571

Donkey anti-rabbit IgG (H+L) highly cross-adsorbed secondary
antibody, Alexa Fluor® 647

Thermo Fisher Scientific

Cat#A-31573

Donkey anti-rat IgG (H+L) highly cross-adsorbed secondary
antibody, Alexa Fluor® 488

Thermo Fisher Scientific

Cat#A-21208

Gata-3 monoclonal Antibody, eFluor™ 660 (clone:TWAJ),
eBioscience™

Thermo Fisher Scientific

Cat#50-9966-42

Goat anti-human COX-2 polyclonal antibody

Cayman Chemical

Cat#100034

Goat anti-human f-actin polyclonal antibody Santa Cruz Cat#sc-1616
Biotechnology Inc.

Hamster anti-mouse Helios monoclonal antibody, PB (clone: Biolegend Cat#137221

22F6)

Mouse anti-human CD3 Antibody, Brillant Violet 510 (clone BioLegend Cat#300448

UCHT1)

Mouse anti-human CD4 Antibody, Brillant Violet 421 (clone: BioLegend Cat#300532

RPA-T4)

Mouse anti-human CD25 Antibody, PE-Dazzle 594 (clone: BioLegend Cat#302646

BC96)

Mouse anti-human CD127 (IL-7Ra) Antibody, Brillant Violet BioLegend Cat#351334

605 (clone: A019D5)

Mouse anti-human IL-12/-23 (p40) monoclonal antibody Mabtech Cat#3450-0N-

500
Mouse anti-human Prostaglandin E Synthase-1 (microsomal) Cayman Chemical Cat#10004350

monoclonal antibody

Mouse anti-rabbit IgG-HRP, secondary antibody Santa Cruz Cat#sc-2357
Biotechnology

Mouse IgG1 monoclonal isotype control antibody Invivogen Cat#mabg1-
ctrim

Mouse IgG2a monoclonal isotype control antibody Invivogen Cat#mabg?2a-
ctrim

Mouse IgG2b monoclonal isotype control antibody R&D Systems Cat# MAB0042

Rabbit anti-H3K27ac polyclonal antibody — ChIP grade Diagenode Cat#C15410196

Rabbit anti-Histone H3 (acetyl K27) polyclonal antibody - ChIP | abcam Cat#ab4729

grade

Rabbit anti-human p300 monoclonal antibody Cell Signaling Cat#86377

Rabbit anti-mouse CD64 monoclonal antibody Thermo Scientific Cat# MA5-29705

Rabbit IgG, polyclonal - Isotype Control antibody - ChIP grade | abcam Cat#ab171870

Rat anti-heGDH (4F8) monoclonal antibody Core Facility ,Monoclonal | N/A

Antibody“, Helmholtz

Zentrum Minchen

Rat anti-human FOXP3 Monoclonal Antibody, APC (clone:
PCH101)

ThermoFisher Scientific

Cat#17-4776-42

Rat anti-mouse CD206 (MMR) monoclonal antibody, Biolegend Cat#141719
PE/Cyanine? (clone: C068C2)

Rat anti-mouse CD3, Alexa Fluor® 700 (clone: 17A2) Biolegend Cat#100216
Rat anti-mouse CD4, FITC (clone: GK1.5 Ruo) BD Bioscience Cat#553729

Rat anti-mouse FOXP3 monoclonal antibody, PerCP-
Cyanine5.5 (clone: FJK-16s), eBioscience™

Thermo Fisher Scientific

Cat#45-5773-82

Rat anti-mouse IL-12 p40 monoclonal antibody

BioCell

Cat#BE0051

Rat IgG2a monoclonal isotype control antibody

BioCell

Cat#BE0089
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Bacterial and virus strains

E. coli strain BL21 (DE3) CC4 Core Facility N/A

“Protein Expression and

Purification Facility”,

Helmholtz Zentrum

Minchen, Germany
Biological samples
Human blood cells Center of Allergy & N/A

Environment, Technical

University of Munich,

Germany

Klinikum rechts der Isar,

Technical University of

Munich, Germany
Chemicals, peptides, and recombinant proteins
934 Prof. Dr. Per Johan N/A

Jakobsson, Karolinska

Institut Stockholm,

Sweden
B-Nicotinamide adenine dinucleotide 2'-phosphate reduced Sigma-Aldrich, Merck Cat#N1630
tetrasodium salt hydrate
B-Nicotinamide adenine dinucleotide hydrate Sigma-Aldrich, Merck Cat#N7004
B-Nicotinamide adenine dinucleotide phosphate sodium salt Sigma-Aldrich, Merck Cat#N0505
hydrate
B-Nicotinamide adenine dinucleotide, reduced disodium salt Sigma-Aldrich, Merck Cat#N8129
hydrate
3,3-Diaminobenzidine (DAB) Enhanced Liquid Substrate Sigma-Aldrich, Merck Cat#D3939
System tetrahydrochloride
A 485 Tocris Cat#6387
Ammonium bicarbonate Honeywell Cat#A6141
Anitgen peptide for Rat anti-heGDH (4F8) monoclonal Core Facility ,Monoclonal | N/A
antibody: CAQHSEHRTPTKGG Antibody“, Helmholtz

Zentrum Minchen
Atto 488 Protein Labeling Kit Sigma-Aldrich, Merck Cat#38371
Bithionol Focus Biomolecules Cat#10-4567
Calcium lonophore A23187 Sigma-Aldrich, Merck Cat#C7522
D-a-Hydroxyglutaric acid disodium salt Sigma-Aldrich, Merck Cat#16859
Fluoroshield™ with DAPI GeneTex Cat#GTX30920
Guanosine 5’-triphosphate sodium salt hydrate Sigma-Aldrich, Merck Cat#G8877
HiPerFect Transfection Reagent Qiagen Cat#301705

Human GM-CSF

Miltenyi Biotec

Cat#130-093-
867

Human IL-128 Prof. Matthias Feige, N/A
Technische Universitat
Minchen, Germany
Human IL-13 Miltenyi Biotec Cat#130-112-
408
Human IL-4 Miltenyi Biotec Cat#130-093-

921

Human TGF-B1

Miltenyi Biotec

Cat#130-095-
066

Itaconic acid Sigma-Aldrich, Merck Cat#l29204
Ketoglutarsaure-alpha Sigma-Aldrich, Merck Cat#75890
L-Glutamic Acid Sigma-Aldrich, Merck Cat#G1251
L-a-Hydroxyglutaric acid disodium salt Sigma-Aldrich, Merck Cat#90790

LPS-SM Ultrapure

Invivogen

Cat#tlrl-smlps

Mouse M-CSF

Miltenyi Biotec

Cat#130-101-
700

Pierce™ ChlP-grade Protein A/G Magnetic Beads

Thermo Fisher Scientific

Cat#26162

PowerUp SYBR Green Master Mix

Thermo Fisher Scientific

Cat#A25778
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TKO05 Prof. Jesper Z. N/A
Haeggstroém, Karolinska
Institut Stockholm,
Sweden
Zombie NIR Fixable Viable Kit BioLegend Cat#423105
Critical commercial assays
ABC Peroxidase Staining Kit Cayman Chemical Cat#515211
Avidin/Biotin Blocking Kit Thermo Fisher Scientific | Cat#004303

Bioanalyzer High Sensitivity DNA Analysis Agilent Cat#5067-4627
Bioanalyzer High Sensitivity RNA Analysis Agilent Cat#5067-1511
CyQUANT™ |LDH Cytotoxicity Assay Thermo Fisher Scientific | Cat#C20300
Cysteinyl Leukotriene ELISA Kit Cayman Chemical Cat#500390

eBioscience™ Intracellular Fixation & Permeabilization Buffer
Set

Thermo Fisher Scientific

Cat#88-8824-00

FastStart Universal SYBR Green Master (Rox) Roche Applied Science Cat#491391400
1

High-Capacity cDNA Reverse Transcription Thermo Fisher Scientific | Cat#4368814

Human IL-10 ELISA Set BD Biosciences Cat#555157

Human IL-12/IL-23 p40 DuoSet ELISA

R&D Systems

Cat#DY1240-05

Human IL-4 ELISA kit

Thermo Fisher Scientific

Cat# KHC0041

LIVE/DEAD™ Fixable Aqua Dead Cell Stain Kit Thermo Fisher Scientific | Cat#L34965
MaxBlock Autofluorescence Reducing Reagent Kit MaxVision Biosciences Cat#MB-M
MinElute PCR Purification Kit Qiagen Cat#28004
NEBNext® Ultra™ Il DNA Library Prep Kit New England Biolabs Cat#E7645
Pierce™ BCA Protein Assay Kit Thermo Fisher Scientific | Cat#23227
Prostaglandin E2 ELISA Kit Cayman Chemical Cat#514010
Quant-iT™ PicoGreen™ dsDNA Assay Kits and dsDNA Thermo Fisher Scientific | Cat#P7589
Reagents

Qubit DNA High Sensitivity Assay Thermo Fisher Scientific | Cat#Q32851
Quick-RNA Microprep Kit Zymoresearch Cat#R1051
QuikChange mutagenis kit Agilent Cat# 200523
Seahorse XF Cell Mito Stress Test Kit Agilent Cat#103010-100
TruSeg® Stranded mRNA Library Prep lllumina Cat#2002059
Deposited data

RNA sequencing data This paper Will be available

upon publication

Experimental models: Cell lines

Monocyte-derived macrophages

Human blood, Center of
Allergy & Environment,
Klinikum rechts der Isar
Technical University of
Munich, Germany

N/A

Peripheral blood mononuclear cells

Herzzentrum, Klinikum
rechts der Isar, Technical
University of Munich

N/A

Primary bone marrow-derived macrophages

WT C57BL/6 and
EP2--

N/A

Experimental models: Organisms/strains

Heligmosomoides polygyrus bakeri

Prof. David Véhringer,
Friedrich-Alexander-
Universitat, Erlangen-
Nurnberg, Germany

N/A

Mouse: C57BL/6J

Charles River
Laboratories

N/A

Mouse: EP27 (C57BL/6J background)

Prof. Jan Bottcher,
Technische Universitat
Minchen, Germany

N/A
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da Costa, Technical
University of Munich,
Germany

Nippostrongylus brasiliensis Prof. David Véhringer, N/A
Friedrich-Alexander-
Universitat, Erlangen-
Nurnberg, Germany

Schistosoma mansoni Prof. Clarissa Prazeres N/A

Oligonucleotides

Human EP300 siRNA

Horizon Discovery

Cat#M-003486-

“Protein Expression and
Purification Facility”,
Helmholtz Zentrum
Minchen, Germany

04-0005
Mouse EP300 siRNA Horizon Discovery Cat#M-065607-
01-0005
Primers for quantitative real-time PCR experiments This paper See Table S1
Recombinant DNA
pET TrxA-1a vector Core Facility N/A

Software and algorithms

Aperio eSlide Manager

Leica Microsystems

www.leicabiosys

tems.com

Broad Institute’s Morpheus software Broadinstitute https://software.
broadinstitute.or
g/morpheus/

Cryosparc Structura Biotechnology https://cryosparc

Inc. .com/

Fiji ImageJ https://imagej.nih
.gov/ij/

FlowJo v10 software FlowJo LLC www.flowjo.com

GCTF Zhang 2016

GraphPad Prism version 9

GraphPad Software

www.graphpad.c
om

MRC Laboratory of
Molecular Biology

MotionCor2 UCSF https://emcore.u
csf.edu/ucsf-
software

RELION Sjors Scheres at the https://github.co

m/3dem/relion

Seahorse Wave Desktop Software

Agilent

www.agilent.com

SerialEM David Mastronarde at https://bio3d.colo

Univeristy of Colorado rado.edu/SerialE
M/

Other

2100 BioAnalyzer Agilent N/A

BD LSRFortessa™ BD Biosciences N/A

ECL Chemocam Imager Intas Science Imaging N/A
Instruments

Epoch ELISA Reader BioTek N/A

EVOS™ FL Auto Imaging System Thermo Fisher Scientific | N/A

Leica SP5 confocal microscope Leica Microsystems N/A

Low-throughput Focused-ultrasonicators S220 Covaris N/A

QuantStudio™ 5 Real-Time PCR System Thermo Fisher Scientific | N/A

Qubit 4 Fluorometer Invitrogen N/A

Seahorse XF HS Mini Analyzer Agilent N/A

Titan Krios transmission electron microscope FEI N/A

ViiA7 Real-Time PCR System Applied Biosystems N/A
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Table S1: Primer sequences for aPCR and PCR

Human Forward Sequence Reverse Sequence

Primer

ALOX15 GGACACTTGATGGCTGAGGT GTATCGCAGGTGGGGAATTA
ALOX5 GATTGTCCCCATTGCCATCC AGAAGGTGGGTGATGGTCTG
EBI3 GGCTCCCTACGTGCTCAATG AGGGTCGGGCTTGATGATGT
GAPDH GAAGGTGAAGGTCGGAGT GAAGATGGTGATGGGATTTC
IDO1 ACAGACCACAAGTCACAGCG TTGGCAAGACCTTACGGACA
IL12B TGCCGTTCACAAGCTCAAGT TGGGTCAGGTTTGATGATGTCC
LTC4S GACGGTACCATGAAGGACGA GGAGAAGTAGGCTTGCAGCAG
MRC1 CGATCCGACCCTTCCTTGAC TGTCTCCGCTTCATGCCATT
PFKFB3 AAGATGCCGTTGGAACTGAC GGGGAGTTGGTCAGCTTTG
PTGES TCAAGATGTACGTGGTGGCC GAAAGGAGTAGACGAAGCCCAG
PTGS2 GCTGGAACATGGAATTACCCA CTTTCTGTACTGCGGGTGGAA
Human ChIP Forward Sequence Reverse Sequence

Primer

GAPDH GCGTCTACGAGCCTTGCG CTACCCTGCCCCCATACGA
IDO1 GCCAGTATGAGCCTAAGCAGC AGAGAGGCAGTGTGGAATAATGG
IL6 GACAGCCACTCACCTCTTCAG AAGCCTACCCACCTCCTTTC
NSA2 CAGCCTGAAAGGTCAGCGGT TCGAGACTTGAGGCCGTTGC
PTGS2 TAACTGTATCCAGCCCCACTCC ACCCATGTCAAAACCGAGGTG
BP CTGAGACAGCGGGCACGGTA GCCTGAACCGAGAGACGGGA
Mouse Forward Sequence Reverse Sequence

Primer

EBI3 CTGGTTACACTGAAACAGCTCTC GGATACCGAGAAGCATGGCA
GAPDH GGGTGTGAACCACGAGAAAT CCTTCCACAATGCCAAAGTT
IL12B TGGGAGTACCCTGACTCCTG AGGAACGCACCTTTCTGGTT
PFKFB3 AATGTGGGAGAGTATCGGCG AAGGCACACTGTTTTCGGAC
PTGES GAAGAAGGCTTTTGCCAACCC TCCACATCTGGGTCACTCCT
PTGS2 GGGCCATGGAGTGGACTTAAA TCCATCCTTGAAAAGGCGCA

Cloning Primer

Forward Sequence

Reverse Sequence

heGDH

GAATCTTTATTTTCAGGGCGCCATGCTG
AGCACCCTGGCAC

GAGCTCGAATTCGGATCCGGTACCTTATT
AGGTAAAGGTAAAACCTGC

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and request for resources and reagents should be directed to and will be fulfilled by
the Lead Contact, Julia Esser-von Bieren (julia.esser-vonbieren@unil.ch).
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Figure S1: heGDH can be taken up by macrophages and display a different macrophage
phenotype compared to low-dose LPS

(A) Representative immunofluorescence staining of heGDH, actin and DAPI (cell nuclei) in MDM %
treatment with heGDH and heGDH in combination with the antigen peptide for the a-heGDH mAb.

(B) Representative immunofluorescence staining of actin and DAPI (cell nuclei) in BMDM # treatment
with AF488-labeled heGDH for different time points (30 min, 3h, 24h).

(C) Volcano plot showing DEGs of MDM stimulated with heGDH or 1 ng/mL LPS (n=3) with a padj<0.1,
log2 FC>1 and a base mean>50. Labeled DEGs are for genes with either padj<1e-20 or with log2FC>2.
(D) Heatmap of top 50 DEGs between MDM treated with heGDH or 1 ng/mL LPS (n=3), padj<0.1, log2
FC>1; base mean>50.
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Figure S2: p300 HAT activation by heGDH results in the induction of type-2 suppressive genes
in BMDM

(A) Gene expression analysis of top DEGs (qQPCR) in BMDM treated with heGDH alone or after
inhibition of p300 HAT (A485) (n=6). Dotted lines indicate expression in control treated cells.

(B) Cytotoxicity measurement (LDH assay) of MDM (24h) or BMDM (6h) * treatment with heGDH
p300 HAT inhibitor (A485).

(C) Representative immunofluorescence staining of p300, DAPI (cell nuclei) and COX2 in BMDM %
treatment with heGDH and heGDH treated cells after p300 siRNA knock down.

(D) Protein amounts of H3K27ac or actin (western blot) in BMDM + treatment with heGDH = inhibitor of
p300 HAT (A485). Left, representative blots for one mouse. Right, quantification for n=4 mice.

Data are pooled from at least two independent experiments and presented as means + SEM. Statistical
significance was determined by Wilcoxon test (A), Friedman test (B), or RM one-way ANOVA (D).
*P < 0.05.
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Figure S3: heGDH mediated induction of regulatory prostanoids and cytokines is independent
of endotoxins or IL-12f3 production in macrophages

(A) Prostanoids quantified (LC-MS/MS) in supernatants of MDM treated with heGDH alone or after
addition of a-heGDH mAb (n=5). Dotted lines indicate prostanoid levels in control (Ctrl) treated cells.
(B) Secretion of IL-10 (ELISA) in MDM treated with heGDH alone or after addition of a-heGDH mAb
(n=5). Dotted line indicates IL-10 level in control (Ctrl) treated cells.

(C) 5-LOX metabolites quantified (LC-MS/MS) in supernatant of MDM treated with heGDH alone or
after addition of a-heGDH mAb (n=5). Dotted lines indicate levels in control (Ctrl) treated cells.

(D) Secretion of PGE2 (EIA) and IL-10 (ELISA) by MDM after treatment + heGDH, 0.5 ng/mL or 1 ng/mL
LPS (n=6).

(E) Secretion of cysLTs, PGE:z (EIA) and IL-10 (ELISA) by MDM after treatment £ recombinant human
IL-12p in different concentrations (10 or 100 ng/mL), (n=6).

(F) Secretion of PGE2 (EIA) and IL-10 (ELISA) by MDM after treatment + heGDH * neutralizing
a-hlL-12f ab or isotype control ab.

(G) Secretion of PGE2 (EIA) by BMDM after treatment + heGDH + neutralizing a-mlIL-12f ab or isotype
control ab.

(H) Analysis of different T-cell populations (flow cytometry) in mesenteric lymph nodes of mice which
received intraperitoneal (i.p.) treatment with PBS or heGDH (n=4 per group) or % i.p. treatment with
PBS or heGDH after infection with Hpb (n=14).

Data are presented as means + SEM. Statistical significance was determined by Wilcoxon test (A-C),
Friedman test (D-G) or Kruskal-Walli’s test (H). *P < 0.05; **P < 0.01; ***P < 0.001.
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Figure S4: heGDH mediated neutrophil recruitment during infection with Nippostrongylus

brasiliensis

(A) BALF cell counts in mice after intranasal treatment with PBS or heGDH under naive conditions (n=3
per group) or after infection with N. brasiliensis (n=12 in PBS i.n. group and n=13 in heGDH i.n. group).
Data are pooled from four independent experiments and presented as means + SEM. Statistical
significance was determined by Kruskal-Walli’s test (A). *P < 0.05.
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Figure S5: heGDH activity is suppressed by GTP and bithionol, while the addition of mAb did
not affect catalytic activity

(A) Local resolution of CryoEM reconstruction of the heGDH oligomer. Bar-like connection of the
N-terminus (**) in the cryoEM model.

(B) Activity of recombinant heGDH in the direction of glutamate utilization and formation with varying
concentrations of educts and products (n=4-6).

(C) Effects of pH on the activities of recombinant heGDH in the direction of glutamate utilization and
formation (n=2).

(D) Activity of recombinant heGDH in the direction of glutamate utilization and formation with varying
concentrations of cofactors (n=4-6).

(E) Effect of GTP or GDH inhibitor bithionol on the activity of heGDH in the direction of glutamate
utilization and formation (n=3-7).

(F) Effect of a-heGDH ab on the activity of heGDH in in the direction of glutamate utilization and
formation (n=3).

Data are pooled from at least two independent experiments and presented as means + SEM. Statistical
significance was determined by unpaired t test (E-F). ***P < 0.001, ****P < 0.0001.
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Figure S6: heGDH affect macrophage metabolism in a p300-dependent fashion.

(A) Oxygen consumption rate (OCR, left) and extracellular acidification rate (ECAR, right) of BMDM
treated + heGDH (n=6).

(B) Gene expression analysis of PFKFB3 (qPCR) in BMDM after treatment + heGDH + p300 HAT
(A485) inhibitor (n=7).

(C) Heatmap of lipid mediators produced by human MDM % treatment with 1mM itaconate, a-
ketoglutarate or L-2-hydroxyglutarate (LC-MS/MS). Data is shown as mean of 6 donors.

(D) Secretion of cysLTs (EIA) by MDM after treatment + D-2-hydroxyglutarate (n=3).

(E) Gene expression analysis of leukotriene synthesis genes (QPCR) in MDM after treatment + L-2-
hydroxyglutarate (n=7).

(F) Leukotriene C4 synthase activity of MM®6 cells after treatment + heGDH or TK05 (n=2-15).

Data are pooled from at least two independent experiments and presented as means + SEM. Statistical
significance was determined by Friedmann test (B,C), Wilcoxon test (D-E) or ordinary one-way ANOVA
(F). *P < 0.05; **P < 0.01; ***P < 0.001.
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Figure S7: Cryo-EM to determine structure of heGDH

(A) Represantative micrograph of vitrified heGDH (5760x4092 pixel).

(B) cryoEM image processing workflow for heGDH. After 2D-classification in RELION, selected particles
were used for ab initio model building, 3D classification and refinement in Cryosparc. Selected particles
were re-imported in RELION for CTF-Refinement and Bayesian Polishing for high-resolution
refinement.

(C) Plots showing the global (upper) and directional (lower) resolution for heGDH with applied C3
symmetry, calculated using the “Remote 3DFSC Processing Server” web interface (PMID: 28671674).

41



<
O
-
<
=)
-l
o
-
o




o SOCIETY FOR MUCOSAL IMMUNOLOGY

BRIEF COMMUNICATION

www.nature.com/mi

W) Check for updates

Mild COVID-19 imprints a long-term inflammatory eicosanoid-
and chemokine memory in monocyte-derived macrophages
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Johanna Giglberger®, Luisa M. Kugler®, Lisa Pechtold®, Sarah Yazici*, Antonie Lechner’, Johanna Erber’, Ulrike Protzer®®, Paul Lingor'®,

Percy Knolle*?, Adam M. Chaker"®, Carsten B. Schmidt-Weber''!, Craig E. Wheelock?*'>'*'> and Julia Esser-von Bieren

© The Author(s) 2022

1,15

Monocyte-derived macrophages (MDM) drive the inflammatory response to severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) and they are a major source of eicosanoids in airway inflammation. Here we report that MDM from SARS-CoV-2-
infected individuals with mild disease show an inflammatory transcriptional and metabolic imprint that lasts for at least 5 months
after SARS-CoV-2 infection. MDM from convalescent SARS-CoV-2-infected individuals showed a downregulation of pro-resolving
factors and an increased production of pro-inflammatory eicosanoids, particularly 5-lipoxygenase-derived leukotrienes. Leukotriene
synthesis was further enhanced by glucocorticoids and remained elevated at 3-5 months, but had returned to baseline at

12 months post SARS-CoV-2 infection. Stimulation with SARS-CoV-2 spike protein or LPS triggered exaggerated prostanoid-, type |
IFN-, and chemokine responses in post COVID-19 MDM. Thus, SARS-CoV-2 infection leaves an inflammatory imprint in the
monocyte/ macrophage compartment that drives aberrant macrophage effector functions and eicosanoid metabolism, resulting in
long-term immune aberrations in patients recovering from mild COVID-19.

Mucosal Immunology; https://doi.org/10.1038/s41385-021-00482-8

INTRODUCTION

The Coronavirus disease 2019 (COVID-19) has emerged as a global
pandemic caused by severe acute respiratory syndrome corona-
virus 2 (SARS-CoV-2) infections'. Long-term symptoms of COVID-
19 are common after severe disease?, but may also affect 15-20%
of individuals with previous mild disease®. Monocyte-derived
macrophages (MDM) drive the inflammatory response to SARS-
CoV-2 and contribute to cytokine storms in severe COVID-19%>.
Severe COVID-19 is associated with profound changes in the
myeloid compartment, including expansion of dysfunctional, pro-
inflammatory monocytes during the first weeks after SARS-CoV-2
infection®”’.

Eicosanoids are bioactive metabolites of polyunsaturated fatty
acids (PUFAs) with key roles in infection and inflammation®.
Eicosanoids are formed from arachidonic acid (AA)
through different enzymatic pathways, including the cycloox-
ygenase (COX) pathway, synthesizing prostanoids and the
5-lipoxygenase (5-LOX) pathway, generating leukotrienes
(LTs)®. LTs are potent granulocyte-chemotactic metabolites

which cause bronchoconstriction, vascular leakage, and airway
remodeling®. Resident and recruited macrophages in the lung
produce high levels of cysteinyl LTs (cysLTs) and leukotriene B,
(LTB4), thereby promoting granulocyte infiltration, airway
inflammation and tissue remodeling®. Serum and airway
prostanoid- and LT levels are increased in severe COVID-
199" suggesting a role for eicosanoids in the immune
response to SARS-CoV-2 infection.

By studying transcriptome- and lipid mediator profiles in
MDM of convalescent SARS-CoV-2-infected individuals with
previous mild disease, we show that inflammatory gene
expression and eicosanoid profiles as well as altered respon-
siveness to inflammatory cues are maintained at 3-5 months
post infection as well as throughout macrophage differentiation.
Pro-inflammatory 5-LOX metabolites were selectively increased
in post COVID-19 MDM, suggesting that SARS-CoV-2 infection
drives a pro-inflammatory eicosanoid reprogramming that
contributes to long-term alterations in innate immune cell
function.
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RESULTS AND DISCUSSION

Recent studies have identified immunological changes in indivi-
duals recovering from severe or moderate acute COVID-19 for up
to 12 weeks post infection®”'%'3; however potential immune
aberrations in the majority of SARS-CoV-2-infected patients,
affected by mild disease, have remained obscure.

Monocyte-derived macrophages of convalescent COVID-19
patients show pro-inflammatory transcriptional
reprogramming and enhanced LPS responses

Our recent work had shown that patients suffering from chronic
airway inflammation exhibit transcriptional reprogramming of
MDM', a cell type implicated in COVID-19 pathogenesis’. To
investigate whether SARS-CoV-2 infection induces persistent
changes in MDM gene expression, we studied a sub-cohort from
a large SARS-CoV-2 seroprevalence study in healthcare workers'”
(Table S1, Figs. 1a, S1a). To mimic the pulmonary cytokine milieu,
in which infiltrating monocytes differentiate into macrophages,
MDM were differentiated in the presence of GM-CSF and TGF-
B1'%"7, which resulted in a similar MDM population in seronega-
tive and seropositive subjects (Fig. S1b).

At 3-5 months after SARS-CoV-2 infection, antibody levels in the
seropositive group had dropped by ~30% and 16.2% (vs. 2.8% in
the seronegative group) reported persistent symptoms (Figs. 1a,
S1c, Table S1). Differential blood cell counts were similar between
seronegative and seropositive individuals (Table S1).

CCL2, which is increased in monocytes during severe, acute
disease®, was upregulated in post COVID-19 monocytes, suggest-
ing a persistent inflammatory imprint despite mild disease in the
investigated cohort (Fig. 1b).

RNA-sequencing (RNAseq) analysis identified 163 differentially
expressed genes (DEGs) in MDM differentiated from monocytes of
seropositive individuals 3-5 months post infection compared to
MDM from seronegative subjects (Fig. 1¢, d, Table S1). Post COVID-
19 MDM showed higher expression of pro-inflammatory chemo-
kines (CCL2, CCL8, CCL7), driving neutrophil recruitment, including
in COVID-19"®"° (Fig. 1c, d, Table S1).

FCGBP and endothelin-1 (EDN1), implicated in anti-viral defense
and pro-fibrotic macrophage activation?>?' were also upregulated
in post COVID-19 MDM, together with cytochrome B5 reductase 2
(CYB5R2), involved in respiratory burst and fatty acid metabolism??
(Fig. 1d). In contrast, Semaphorin-7A (SEMA7A), implicated in the
synthesis of pro-resolving lipid mediators*, was downregulated in
post COVID-19 MDM (Fig. 1d). Post COVID-19 MDM further
showed enhanced inflammatory responses to lipopolysaccharide
(LPS), characterized by an exaggerated induction of chemokines
involved in neutrophil recruitment®** (Table S1, Fig. 1e-g).
Increased expression of perforin-2 (MPEGT) in post COVID-19 MDM
at baseline or upon LPS stimulation (Fig. 1d-g) further suggested
persistently enhanced interferon (IFN) signaling following SARS-
CoV-2 infection®. In contrast, expression of nerve growth factor
receptor (NGFR), X inactive specific transcript (XIST) and SEMA7A,
mediating anti-inflammatory or pro-resolving effects on macro-
phages®**”?% was reduced in LPS-stimulated post COVID-19 MDM
(Figs. 1f, g, S1h, Table S1). Thus, despite mild acute disease in the
investigated cohort, MDM exhibited a persistent inflammatory
imprint, which was associated with increased symptom burdens
and aberrant LPS responses at 3-5 months post infection (Figs. S1c,
le-g).

SARS-CoV-2 S-protein-triggered IFN response is exaggerated
in post COVID-19 MDM

To define consequences of SARS-CoV-2-induced macrophage
reprogramming for re-infection or vaccination, we investigated
the response of post COVID-19 MDM to SARS-CoV-2 spike (S)-
protein. Entry of SARS-CoV-2 is mainly mediated via recognition of
its transmembrane S-glycoprotein by angiotensin-converting
enzyme 2 (ACE2) and processing by TMPRSS2%°. However, ACE2

SPRINGER NATURE

and TMPRSS2 expression in MDM was 100 times lower compared
to airway epithelial cells, the major cellular targets of SARS-CoV-2,
regardless of inflammatory stimulation or glucocorticoid treat-
ment (Fig. S1d-f). Yet, macrophages can respond to S-proteins of
SARS-CoV-1 or SARS-CoV-2 via innate sensing mechanisms
including C-type lectins®**', which were upregulated in post
COVID-19 MDM (Fig. S19).

Indeed, MDM readily responded to S-protein and transcriptional
differences between seronegative and post COVID-19 MDM were
exacerbated by both S-protein and LPS (Fig. 2a). S-protein induced
multiple interferon-stimulated genes (ISGs) (e.g. IFI27, IFITIM1/3,
APOBEC3A, 1SG20, MX1/2, OAS1/3) (Fig. 2b, ¢, Table S1), demon-
strating that it induces an antiviral state in MDM. S-protein
stimulation of post COVID-19 MDM resulted in a higher number of
DEGs compared to seronegative MDM (858 vs. 220), indicative of a
persistently enhanced responsiveness to SARS-CoV-2 several
months post infection (Table S1).

The induction of IFN-induced genes (e.g. CXCL70, CXCLT11,
MPEGT) was increased in S-protein-stimulated post COVID-19
MDM (Fig. 2d, e, Table S1), supporting a role for type | IFN
signaling in macrophage reprogramming by SARS-CoV-2 infection.
MDM from convalescent SARS-CoV-2-infected subjects showed an
enhanced LPS- and S-protein-triggered induction of chemokines
(CCL2, CCL8, CXCL10, CXCL11) and M2-associated genes (CD226,
CD163, CD209, TIMP3, MERTK, TNIP3), suggesting a pro-inflamma-
tory, T-cell suppressive®*** MDM phenotype (Figs. 1e-g, 2d, e,
Table S1). This was in agreement with the exaggerated S-protein-
or LPS-mediated induction of immune regulatory enzymes and
receptors, including ACOD1/ IRG1, PTGES and CD300E in post
COVID-19 MDM (Figs. 1e-g, 2d, e, Table 51)33%3,

Thus, previous SARS-CoV-2 infection imprints a pro-
inflammatory macrophage phenotype, that mounts exaggerated
chemokine- and IFN responses, but likely exhibits impaired T-cell
stimulatory and pro-resolving capacities. This was in line with
previous studies identifying a dysfunctional, pro-inflammatory
monocyte activation for up to 12 weeks after SARS-CoV-2
infection”'® and additionally suggested the long-term persistence
of a pro-inflammatory macrophage state following mild disease.
Changes in gene expression of post COVID-19 MDM were
amplified by inflammatory stimuli, suggesting a “trained” state
that lasted for at least 5 months post infection. Mechanistically,
this may be driven by IFN-mediated reprogramming as post
COVID-19 MDM exhibited an exaggerated upregulation of multi-
ple ISGs, including perforin-2 (MPEGT1), a driver of type | IFN
signaling®®.

Post COVID-19 MDM produce increased amounts of
inflammatory 5-lipoxygenase metabolites at 3-5 months post
SARS-CoV-2 infection

Previous studies had suggested an involvement of pro-
inflammatory eicosanoids in severe, acute COVID-19'%""¢ and
our RNAseq data indicated aberrant expression of genes involved
in fatty acid and- eicosanoid synthesis in MDM and monocytes of
convalescent, SARS-CoV-2 infected individuals (Figs. 1, 2, 3a, b,
Table S1). Thus, we performed LC-MS/MS quantification of lipid
mediators following stimulation with calcium ionophore to trigger
PUFA mobilization and eicosanoid production. Compared to MDM
from seronegative individuals, exhibiting considerable production
of soluble epoxide hydrolase (sEH) metabolites (11,12-DiHETYE,
19,20-DiHDPA, 17,18-DiHETE), post COVID-19 MDM displayed
broadly altered eicosanoid profiles that were dominated by pro-
inflammatory 5-lipoxygenase (5-LOX) metabolites (Fig. 3c-e). Post
COVID-19 MDM  synthesized increased amounts of pro-
inflammatory 5-LOX metabolites (LTB,, 5-KETE, 5-HEPE and
LTD,), implicated in granulocyte chemotaxis and airway remodel-
ing (Fig. 3d, e). In addition, the production of pro-inflammatory
COX metabolites PGF,, and 12-HHTrE was increased in post
COVID-19 MDM (Fig. 3d, f).
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Of note, we did not analyze spontaneous eicosanoid production,

glom but used Ca*" ionophore to elicit maximal eicosanoid responses,

which allowed us to quantify lipid mediators in limited numbers of
patient cells. Thus, eicosanoid profiles identified in the current

eicosanoids is not limited to acute and severe COVID-1 and
that reprogramming of innate immune cells may result in
persistently enhanced LT production even following mild disease.
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Fig. 1 Pro-inflammatory transcriptional reprogramming and heightened LPS response in post COVID-19 MDM. a Serum IgG titers of
seronegative (n = 36) or SARS-CoV-2 seropositive (post CoV) (n = 68) individuals in Spring 2020 or at 3-5 months post infection (p.i.) (Summer
2020). Data are shown as mean + SEM. b Expression of CCL2 in CD14" PBMCs of seronegative (n=20) vs. post CoV (n=19) subjects at
3-5 months p.i. ¢ Volcano plot showing DEGs between seronegative (n = 8) and post CoV MDM (n = 16). Top 10 DEGs (base mean > 50), log2
FC>2 or adjusted p value (padj<0.016 labeled), DEGs with log2 FC>1 and padj<0.1 marked. d Heatmap of top 50 DEGs between
seronegative (n = 8) and post CoV (n = 16) MDM, padj < 0.1, log2 FC > 1; base mean > 50. e GSEA between post CoV (n = 8) and seronegative
(n=4) MDM + LPS, log2 FC > 2, p value < 0.01. f Volcano plot showing DEGs between seronegative (n =4) and post CoV (n =8) MDM + LPS.
DEGs with log2 FC>3 or padj<1x107° labeled, DEGs with log2 FC>1 and padj<0.1 marked. g Heatmap of top 50 DEGs between
seronegative (n=4) and post CoV (n=8) MDM % LPS, padj< 0.1, log2 FC > 1, base mean > 50. Statistical significance was determined by

Mann-Whitney test (a, b) or DESeq2 (c—f). *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
«

study reflect a setting of acute inflammatory challenge. MDM of
convalescent subjects also revealed a marked lower inferred
soluble epoxide hydrolase activity. The epoxides of arachidonic
acid have been reported to promote the resolution of inflamma-
tion, including mitigation of cytokine storms®’. Accordingly,
inhibition of the sEH has been proposed as a potential therapeutic
target for COVID-19%%, Our findings suggest that subsequent to
mild COVID-19, MDM may exhibit a compensatory sEH activity
that is shifted towards a pro-resolution state. In contrast to acute
infection, which resulted in increased ALOX5 expression in
neutrophils and monocytes'®, we did not find evidence of
increased 5-LOX pathway gene expression in post COVID-19
MDM (Fig. 3g). Instead, genes involved in upstream events of fatty
acid and lipid mediator biosynthesis (e.g., FASN, DGAT2, PLA2G4()
were upregulated in post COVID-19 MDM compared to MDM from
seronegative subjects, suggesting an MDM phenotype in position
for rapid activation of lipid metabolic pathways.

Analysis of MDM eicosanoid profiles from donors of the same
cohort at 12 months post infection indicated that LT and
prostanoid synthesis of post COVID-19 MDM had largely returned
to baseline levels at this time point (Fig. 3h, i). This suggested that
pro-inflammatory eicosanoid reprogramming in mild COVID-19 is
transient, but that it may contribute to an enhanced inflammatory
propensity during the first months post SARS-CoV-2 infection.

When stratified into 5-LOX low- or high producers, post COVID-
19 subjects with high MDM LT production exhibited less acute
symptoms but a faster decline in SARS-CoV-2 specific IgG titers
(Fig. 3j), indicative of an efficient acute anti-viral response®.
However, the lack of a defined clinical diagnosis of long COVID
and poor reporting of long-term symptoms in the studied post
COVID-19 cohort, prevented us from establishing a clear link
between high MDM LT production and long-term symptoms of
SARS-CoV-2 infection. Thus, future studies should investigate
eicosanoid reprogramming in a cohort with clinically defined long
COVID. Such studies would be imperative to define a potential
pathological relevance of the inflammatory macrophage memory
observed in the current study.

As patients in our study were enrolled following seroconversion,
we were not able to compare monocyte and macrophage profiles
at 3-5 months post infection to those during acute disease.
However, we observed a considerable overlap between transcrip-
tional profiles of post COVID-19 MDM and published transcrip-
tomes of macrophages from SARS-CoV-2-infected individuals with
mild acute disease®™. Thus, several of the DEGs identified in our
analysis (MPEGT, CD163, CXCL9, MERTK, and MRCT) were increased
and correlated with higher expression of 5-LOX pathway genes in
mild vs. severe acute disease®. It will be important to compare
macrophage reprogramming between convalescent COVID-19
patients with different disease severities as well as following
infection with other respiratory viruses (e.g., influenza). While
previous studies have suggested an acute and transient increase
in eicosanoids during respiratory syncytial virus (RSV) or influenza
A virus (IAV) infection*'™3, a comprehensive assessment of
macrophage eicosanoid profiles in these diseases is currently
lacking. PGE, production was increased following IAV infection,
however we did not observe increased PGE, production in post

SPRINGER NATURE

COVID-19 MDM. Similarly, transcriptional profiles of post COVID-19
MDM showed minimal overlap with post influenza macrophage
gene expression profiles***°, suggesting that infection with
different respiratory viruses results in distinct macrophage
reprogramming. Increased macrophage LTB,; production may
however contribute to protective immunity during acute infection
with multiple respiratory viruses*'*3. It will be important to
determine, whether the persistent increase of LTB, may contribute
to a decreased susceptibility to respiratory viral infection during
the first months following SARS-CoV-2 infection.

As airway inflammation, including in COVID-19, is commonly
treated by glucocorticoids, we investigated potential effects of
glucocorticoids on LT synthesis by post COVID-19 MDM.
Fluticasone propionate, a commonly used inhaled glucocorticoid,
further increased LT synthesis by post COVID-19 at baseline or
after stimulation with house dust mite (HDM), used as a
ubiquitous trigger of airway inflammation (Fig. S2a-d). This
suggested that glucocorticoid treatment may further aggravate
the pro-inflammatory eicosanoid reprogramming in post COVID-
19 subjects. Given the therapeutic efficacy of glucocorticoids in
airway inflammation, the finding that glucocorticoids enhanced LT
synthesis may be surprising. However, it is in keeping with studies
showing no reduction in LTs following glucocorticoid treatment in
humans or enhanced LT production following in vitro treatment
with glucocorticoids*®™%,

S-protein-triggered prostanoid response is enhanced in post
COVID-19 MDM

To assess potential differences in eicosanoid production capacities
under inflammatory conditions, we compared Ca?* ionophore-
elicited eicosanoid production in post COVID-19 and seronegative
MDM stimulated for 24h with S-protein or LPS. S-protein
stimulation profoundly altered eicosanoid profiles (Fig. 4a, b),
provoking a prominent induction of prostanoids from the
thromboxane pathway (TXB, and 12-HHTrE), while 5-LOX meta-
bolites were reduced (Fig. 4b).

Compared to seronegative MDM, post COVID-19 MDM exhib-
ited enhanced S-protein-induced prostanoid production, which
was particularly evident for the thromboxane synthesis metabolite
12-HHTYE (Fig. 4b, c). Similarly, the cytochrome P450 metabolite
19-HETE was significantly increased in S-protein-stimulated post
COVID-19, indicative of increased S-protein-mediated induction of
vasoactive eicosanoids at 3-5 months post infection. In contrast at
12 months post infection, S-protein-triggered eicosanoid
responses did not differ between SARS-CoV-2 seronegative and
seropositive subjects (Fig. 4d). Compared to S-protein, LPS
induced a stronger eicosanoid shift, thus overriding aberrant lipid
mediator synthesis of post COVID-19 MDM (Fig. S3a, b). While
upregulating prostanoids, LPS reduced the heighted production of
LTD, in post COVID-19 MDM (Fig. S3c), in line with suppressive
effects of 24h LPS stimulation on LT production by alveolar
macrophages®®. Together, this suggested that eicosanoid
responses remain increased for several months following SARS-
CoV-2 infection. In addition, during challenge with LPS or S-
protein, eicosanoid profiles switch towards prostanoids with tissue
reparative, vasoconstrictor and immune regulatory functions,

Mucosal Immunology
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Fig.2 S-protein-induced type | IFN and chemokine responses are exaggerated in post COVID-19 MDM. a PCA of RNAseq datasets (baseline,
S-protein, LPS) for seronegative (n = 4-8) or post CoV (n =8-16) MDM. b Volcano plot of DEGs for post CoV MDM (n = 8) + S-protein. DEGs with
log2 FC > 5 or padj < 0.00001 (DESeq_2) are labeled, DEGs with log2 FC > 1 and padj < 0.1 are colored. ¢ Heatmap of top 50 DEGs in post CoV MDM
(n = 8-16) % S-protein, padj < 0.1, log2 FC > 1, base mean > 50. d Volcano plot of DEGs of S-protein-stimulated MDM from seronegative (n = 4) vs.
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potentially promoting repair of inflammation-induced tissue

damage.

In contrast to eicosanoid profiles, cytokine production at
baseline or following stimulation was not significantly different
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between post COVID-19 and seronegative MDM (Fig. S2e-h),
suggesting that cytokine aberrations may not persist for >12 weeks
or during monocyte-macrophage differentiation. However, in
contrast to LTs, cytokine and prostanoid production by MDM
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Fig. 3 Post COVID-19 MDM produce increased amounts of inflammatory 5-lipoxygenase metabolites. a FASN and SEMA7A expression in
seronegative (n=38) and post CoV MDM (n = 16). b Gene expression of FASN and ALOX5 in seronegative (n = 6/20) or post CoV (n=6/19)
CD14" PBMCs. ¢ PCA of lipid mediator profiles of MDM from seronegative (n = 22) or seropositive (n = 47) individuals. Red and blue circles:
95% Cl. d Heatmap of lipid mediators produced by seronegative (n =22) or post CoV (n =47) MDM (LC-MS/MS). Clustering: with k-means
using Pearson correlation. Data is shown as mean. e Sum of z-scored arachidonic acid derived 5-LOX metabolite concentrations for
each donor. Levels of major 5-LOX (e, h) and COX (f, i) metabolites produced by MDM at 3-5 (e, f) or 12 (h, i) months p.i. (LC-MS/MS) shown as
mean + SEM of n = 22/ n = 4 seronegative or n = 47/n = 10 seropositive individuals. g Expression of ALOX5 and LTA4H (RNAseq) in MDM from
seronegative (n = 8) or post CoV (n = 16) individuals. j IgG titers in serum or number of symptoms in MDM from post CoV donors stratified
into 5-LOX low (z-score < 1) and high producers (z-score > 1). Bar graphs are depicted as mean + SEM. Statistical significance was determined

?f Mann-Whitney test. *p < 0.05; **p < 0.01; ***p < 0.001.

was efficiently suppressed by fluticasone propionate (Fig. S2a—d, i).
This suggested that cytokines and prostanoids are efficiently
targeted, while exaggerated LT responses of post COVID-19 MDM
are further exacerbated by glucocorticoids. Indeed, thromboxane
is a major eicosanoid produced by inflammatory macrophages
and involved in vascular and airway remodeling, thus its inhibition
by glucocorticoids may provide a therapeutic benefit. However,
glucocorticoids may in turn further enhance the heightened
production of pro-inflammatory LTs by post COVID-19 MDM, thus
promoting LT-driven airway inflammation and remodeling. Based
on the enhanced production of 5-LOX-derived lipid mediators
both in acute'®'" and post-acute COVID-19 (this study), approved
LT pathway inhibitors should be considered as regimens to treat
and/ or prevent airway inflammation and remodeling during the
first 6 months following SARS-CoV-2 infection.

Future studies should further decipher upstream receptors and
epigenetic pathways that drive the persistent pro-inflammatory
macrophage and eicosanoid reprogramming during SARS-CoV-2
infection. In addition, a potential heterogeneity in GM-CSF and
TGF-B1-differentiated MDM from seronegative and seropositive
individuals should be addressed in single cell analyses. LTs have
been reported to induce CCL2 in monocytes>®', suggesting that
enhanced LT synthesis may drive exaggerated pro-inflammatory
chemokine responses in post COVID-19 MDM. In turn, increased
CCL2 production by post COVID-19 MDM or monocytes may
promote LTB, production®2. Thus, our combined RNAseq and LC-
MS/MS data suggest a crosstalk between CCL2 and LTs, which
perpetuates the persistent pro-inflammatory activation of mono-
cytes and macrophages following SARS-CoV-2 infection. Due to
limitations in patient material, we could not perform a compre-
hensive comparison of MDM and monocytes, however our data
suggest that differences in CCL2 and fatty acid synthesis are at
least partially present in undifferentiated post COVID-19 mono-
cytes, which differentiate into inflammatory monocyte-derived
macrophages when entering the lung®. The persistent upregula-
tion of pro-inflammatory eicosanoids in post COVID-19 macro-
phages may have multiple consequences for subsequent immune
responses, e.g. during bacterial or viral infection or in patients
suffering from chronic inflammatory diseases such as asthma, thus
requiring future investigation.

METHODS

Study design

Symptoms of seronegative (SARS-CoV-2 seronegative) and post
COVID-19 (SARS-CoV-2 seropositive) individuals were determined
through a questionnaire in Spring 2020 and 3-5 months later, in
Summer 2020. Percentage of each symptom was calculated
separately for seropositive and -negative individuals (table S1).
Sample sizes for each experiment are specified in the correspond-
ing figure legends; an overview is depicted in Fig. S1a. All blood
donors participated in the study after informed written consent.
All procedures were approved by the local ethics committee at the
University clinic of the Technical University of Munich (internal
references: 216/20S, 263/21S) and in accordance with the
declaration of Helsinki.

Mucosal Immunology

Monocyte-derived macrophage culture

Isolated peripheral blood mononuclear cells (PBMCs) of post COVID-
19 or seronegative individuals were used to generate monocyte-
derived macrophages (MDM), as previously reported>*>*. MDM were
cultured in the presence of 10ng/mL human GM-CSF (Miltenyi
Biotec, Bergisch-Gladbach, Germany) and 2 ng/mL human TGF-3
(Peprotech, Hamburg, Germany). After 7 days incubation, cells were
harvested and stimulated for 24 h with 100 ng/mL LPS (Invivogen,
San Diego, CA, USA), 20 nM spike protein (antibodies-online GmbH),
10 pug/mL house dust mite extract (HDM) (Citeq Biologics, Gronin-
gen, The Netherlands), 1 uM fluticasone propionate (FP) (Sigma-
Aldrich, St. Louis, MO, USA), 5 uM or 100 nM dexamethasone (DXM)
(Sigma-Aldrich, Merck). After 24 h of stimulation cells were harvested
in presence of Ca**-ionophore A23187 (Sigma-Aldrich, Merck).

NHBE and ALI culture

Primary normal human bronchial epithelial cells (NHBEs) (Lonza,
Basel, Switzerland) from non-smokers in passage 3 were grown to
80-90% confluency in Bronchial Epithelial Cell Growth Medium
(BEGM) (Lonza). Following starvation overnight in bronchial
epithelial basal medium (BEBM) (Lonza), NHBEs were stimulated
for 24 h with 1 ug/mL HDM (Citeq) or 1 uM FP (Sigma-Aldrich,
Merck). For air-liquid interface (ALI) cultures, NHBEs were split at
60-80% confluency and 1x10° cells were seeded on 12mm
transwells (0.4 um pores, Stemcell Technologies, Vancouver,
Canada). Cultures were maintained in BEGM (500 uL apical and
1000 pL basal) until cells reached full confluency. Subsequently,
cells were “airlifted” by removing the apical medium, and basal
medium was replaced with PneumacCult-ALl Maintenance Medium
(Stemcell Technologies). Medium was replaced every 2 days and
excessive mucus washed away with DPBS (Gibco). Cells were
cultured at air liquid interface for 3-4 weeks. Before stimulation,
cells were starved overnight in PneumaCult-ALlI Basal Medium
(Stemcell Technologies). ALl cells were stimulated on the apical
side with 1ug/mL HDM (Citeq), 1uM FP (Sigma-Aldrich) or
corresponding control for 24 h.

Histology

For histology ALl cells were fixed in 4% formaldehyde and
embedded in paraffin. Sections were cut and hematoxylin & eosin
(H&E) stained at the Klinikum rechts der Isar, Dermatology
Department.

RNA isolation

Cells were lysed in RLT buffer (Qiagen, Hilden, Germany)
supplemented with 1% B-mercaptoethanol. RNA was extracted
using a spin-column kit according to the manufacturer’s instruc-
tions (Zymo Research, Freiburg, Germany) and transcribed into
DNA using the HighCapacity cDNA Reverse Transcription kit
according to the manufacturer’s instructions (Applied Biosystems)
or submitted for total RNA sequencing.

RNA sequencing

Library preparation was performed using the TruSeq Stranded
mRNA Library Prep Kit (lllumina, San Diego, CA, USA). Briefly, RNA
was isolated from MDM cell lysates according to the
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Fig.4 Increased S-protein-triggered prostanoid response in post COVID-19 MDM. a PCA of lipid mediators quantified in seronegative (n = 10)
or post CoV (n =29) MDM + S-protein. Red and blue circles: 95% Cl (LC-MS/MS at 3-5 months p.i). b Heatmap of lipid mediators produced by MDM
(seronegative/ post CoV) + S-protein; clustered with k-means using Pearson correlation. Data are shown as mean of seronegative (n = 10) or post
CoV (n = 29) MDM. Concentrations of 12-HHTYE, TXB,, PGF,, and 19-HETE/ 5-HETE produced by MDM + S-protein, at 3-5 months (c) or 12 months
(d) p.i; d n =4 (seronegative); n =7 (post CoV). Dashed lines indicate average ctrl level of either seronegative (blue) or seropositive (red) MDM. Bar
graphs are depicted as mean + SEM. Statistical significance was determined by Mann-Whitney test. *p < 0.05.

SPRINGER NATURE Mucosal Immunology



manufacturer’s instructions (Zymo Research). Total RNA quality
and quantity was assessed by Qubit 4 Fluorometer (Invitrogen)
and RNA integrity number (RIN) was determined with the Agilent
2100 BioAnalyzer (RNA 6000 Nano Kit, Agilent).

For library preparation, 1ug of RNA was poly(A) selected,
fragmented, and reverse transcribed with the Elute, Prime,
Fragment Mix (lllumina). A-tailing, adaptor ligation, and library
enrichment were performed as described in the TruSeq Stranded
MRNA Sample Prep Guide (lllumina). RNA libraries were assessed
for quality and quantity with the Agilent 2100 BioAnalyzer and the
Quant-iT PicoGreen dsDNA Assay Kit (Life Technologies, Thermo
Fisher Scientific). RNA libraries were sequenced as 150 bp paired-
end runs on an lllumina NovaSeq 6000 platform. Sequencing was
performed at the Helmholtz Zentrum Minchen (HMGU) by the
Genomics Core Facility.

Cytokine analysis (ELISA)

Cell culture supernatants were analyzed for IL-6, IL-13 and IL-8
secretion using the human ELISA Sets (BD Biosciences, Franklin
Lakes, NJ, USA) according to the manufacturer’s instructions.

Lipid mediator quantification

Briefly, cell supernatants from 200,000 cells, stored in equal
volume of methanol, were extracted using solid phase extraction
(Evolute Express ABN, Biotage, Uppsala, Sweden) and lipid
mediators (see Table S1) were quantified by liquid chromato-
graphy coupled to tandem mass spectrometry (LC-MS/MS)>>.
Given that cell culture media has significant background levels of
many lipid mediators, compounds whose concentration was
below the media level were excluded from data analysis.

Real-time quantitative PCR

10 ng cDNA was used as a template. The list of applied primers (4
pmol/L, Metabion international AG, Planegg, Germany) can be
found in the Supplement. FastStart Universal SYBR Green Master
Mix (Roche, Basel, Switzerland) was used and fluorescence was
measured on a ViiA7™ Real-Time PCR System (Applied Biosys-
tems, Thermo Fisher Scientific). The expression levels were
normalized to the house-keeping genes GAPDH (for MDM), ACTB,
HPRT1 and TFRC (average for NHBEs and ALI cultured cells). Relative
gene expression was calculated as 2" (ACr=Cr (nousekeepen) -
CrGene)- For genes where expression could not be quantified, CT
values were set to 40.

Data analysis and statistics

LC-MS/MS and RNAseq data were analyzed using previously
published procedures'**¥*>°6  Details can be found in the
Supplement.
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The interleukin 12 (IL-12) family of cytokines regulates T cell functions and is key for the orchestration of
immune responses. Each heterodimeric IL-12 family member is a glycoprotein. However, the impact of glyco-
sylation on biogenesis and function of the different family members has remained incompletely defined.

Here, we identify glycosylation sites within human IL-12 family subunits that become modified upon se-
cretion. Building on these insights, we show that glycosylation is dispensable for secretion of human IL-12 family
cytokines except for IL-35. Furthermore, our data show that glycosylation differentially influences IL-12 family

cytokine functionality, with IL-27 being most strongly affected.
Taken together, our study provides a comprehensive analysis of how glycosylation affects biogenesis and
function of a key human cytokine family and provides the basis for selectively modulating their secretion via

targeting glycosylation.

1. Introduction

Interleukins (ILs) are secreted proteins that regulate immune cell
function. Among the more than 60 ILs known to date (Akdis et al.,
2016), the interleukin 12 (IL-12) family is functionally and structurally
particularly complex (Tait Wojno et al., 2019; Vignali and Kuchroo,
2012). Each of its family members is a heterodimer composed of an a-
and a (3-subunit with extensive subunit sharing occurring in the family:
IL-12 consists of IL-12a and IL-12f (Gubler et al., 1991; Kobayashi
et al., 1989; Stern et al., 1990; Wolf et al., 1991), the latter is shared
with IL-23 where IL-12f pairs with IL-23a (Oppmann et al., 2000).
Likewise, EBI3 is the B-subunit for IL-27, where it pairs with IL-27a
(Pflanz et al., 2002), but also for IL-35, where it assembles with IL-12a
(Collison et al., 2007; Devergne et al., 1997). This structural complexity
goes hand in hand with the broad functional spectrum of the IL-12
family. All family members are produced by antigen presenting cells
and regulate T cell functions, thus connecting innate and adaptive im-
munity, except for IL-35, which is mainly produced by regulatory T and
B cells (Tait Wojno et al., 2019; Vignali and Kuchroo, 2012). IL-12 fa-
mily cytokines span a broad range of pro-inflammatory, immuno-reg-
ulatory and anti-inflammatory functions and are involved in diseases

from infection via autoimmunity to cancer (Croxford et al., 2012;
Sawant et al., 2015; Teng et al., 2015; Trinchieri et al., 2003; Yoshida
and Hunter, 2015). The structural complexity and functional repertoire
of the family are extended even further by the fact that also isolated IL-
12 family subunits can be secreted and act as regulatory molecules in
the immune system (Dambuza et al., 2017; Espigol-Frigole et al., 2016;
Garbers et al., 2013; Gately et al., 1996; Lee et al., 2015; Ling et al.,
1995; Muller et al., 2019b; Stumhofer et al., 2010).

Like other secreted mammalian proteins, IL-12 family cytokines are
produced in the endoplasmic reticulum (ER). There, they also obtain
their native structure and assemble into heterodimeric complexes be-
fore being transported further along the secretory pathway towards the
cell surface for secretion. Most secreted proteins acquire post-transla-
tional modifications in the ER, with disulfide bond formation between
cysteines and glycosylation of Asn residues being the most prevalent
ones (Braakman and Bulleid, 2011). IL-12 family cytokines are no ex-
ception to this rule: human IL-12a, IL-12(3, and EBI3 are N-glycosylated
and each subunit except IL-27a contains at least one intramolecular
disulfide bond. Additionally, IL-12 and IL-23 are disulfide-linked het-
erodimers (Carra et al., 2000; Devergne et al., 1996; Lupardus and
Garcia, 2008; Oppmann et al., 2000; Pflanz et al., 2002; Podlaski et al.,
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1992; Yoon et al., 2000). For all human IL-12 family a-subunits it was
shown that oxidative folding is a key step in their biogenesis and
functional roles have been delineated for intra- and intermolecular IL-
12 family cytokine disulfide bonds (Jones et al., 2012; Meier et al.,
2019; Muller et al., 2019a; Muller et al., 2019b; Reitberger et al., 2017;
Yoon et al., 2000). In contrast, the role of glycosylation in IL-12 family
biogenesis and function remains incompletely defined. Several studies
indicate that glycosylation of IL-12, on its a- and on its 3-subunit, is
dispensable for IL-12 secretion and function per se — but modulates IL-
12 activity (Aparicio-Siegmund et al., 2014; Carra et al., 2000; Ha et al.,
2002; Podlaski et al., 1992). No comprehensive analyses are available
for IL-23, IL-27 or IL-35 yet in this regard. In this study, we thus sys-
tematically investigated the effect of N- and O-glycosylation, the latter
occurring in the Golgi, on IL-12 family cytokine biogenesis and func-
tion.

2. Materials and Methods
2.1. Constructs

Human interleukin ¢cDNAs (Origene) were cloned into the pSVL
vector (Amersham BioSciences) for mammalian expression. Mutants
were generated by site-directed mutagenesis. All constructs were se-
quenced.

2.2. Sequence analysis, structural modeling and structural analyses

N-glycosylation sites were predicted by the NetNGlyc 1.0 Server
(http://www.cbs.dtu.dk/services/NetNGlyc/) and O-glycosylation sites
were assessed by the NetOGlyc 4.0 Server (http://www.cbs.dtu.dk/
services/NetOGlyc/) (Steentoft et al., 2013). Both servers evaluate the
potential of glycosylation by using a threshold. Sequence alignments
were performed with Clustal Omega (Sievers et al., 2011). Structures
were taken from the PDB database (3D87, 3HMX) and missing loops
were modeled using Yasara Structure (www.yasara.org) with a sub-
sequent steepest descent energy minimization. The homology-modeled
structure of IL-27 was used (Muller et al., 2019a). Structures were de-
picted with PyMOL (PyMOL Molecular Graphics System, Version 2.0
Schrodinger, LLC).

2.3. Cell culture and transient transfections

Human embryonic kidney (HEK) 293T cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM) containing L-Ala-L-Gln
(AQmedia, Sigma Aldrich), supplemented with 10% (v/v) fetal bovine
serum (FBS; Gibco, ThermoFisher) and 1% (v/v) antibiotic-antimycotic
solution (25 pg/ml amphotericin B, 10 mg/ml streptomycin, and
10,000 units of penicillin; Sigma-Aldrich) at 37 °C and 5% CO.,.
Transient transfections were carried out in poly D-lysine coated p35
dishes (VWR), or uncoated p60 dishes (VWR) for the functionality as-
says, using GeneCellin (Eurobio) according to the manufacturer’s pro-
tocol. A total DNA amount of 2 ug (p35) or 4 ug (p60) was used. The a-
subunit DNA was co-transfected with the B-subunit DNA or empty pSVL
vector in equal amounts (IL-27), in a ratio of 1:2 (IL-23) or 2:1 (IL-12,
IL-35) for secretion and de-glycosylation experiments. BL-2 cells were
cultured in RPMI-1640 medium with L-GIn and sodium bicarbonate
(Sigma-Aldrich), supplemented with 20% (v/v) heat-inactivated FBS
(Gibco, ThermoFisher) and 1% (v/v) antibiotic-antimycotic solution
(25 pg/ml amphotericin B, 10 mg/ml streptomycin, and 10,000 units of
penicillin; Sigma-Aldrich) at 37 °C and 5% CO».

2.4. Immunoblotting experiments
For secretion and de-glycosylation experiments, cells were trans-

fected for 8 h and then supplemented with fresh medium for another 16
h. To analyze secreted proteins, the medium was centrifuged (5 min,
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300xg, 4 °C), transferred to a new reaction tube and supplemented with
0.1 volumes 500 mM Tris/HCl, pH 7.5, 1.5 M NaCl, complemented with
10x Roche complete Protease Inhibitor w/o EDTA (Roche Diagnostics).
Cells were lysed after washing twice with ice-cold PBS. Cell lysis was
carried out in RIPA buffer (50 mM Tris/HCI, pH 7.5, 150 mM NaCl, 1%
Nonidet P40 substitute, 0.5% DOC, 0.1% SDS, 1x Roche complete
Protease Inhibitor w/o EDTA; Roche Diagnostics) on ice. Both lysate
and medium samples were centrifuged (15 min, 15,000xg, 4 °C).
Samples were de-glycosylated with PNGase F (SERVA) or a mix of O-
Glycosidase and a2-2,6,8 Neuraminidase (New England Biolabs) ac-
cording to the manufacturer’s protocol. For SDS-PAGE, samples were
supplemented with 0.2 volumes of 5x Laemmli buffer (0.3125 M Tris/
HCI, pH 6.8, 10% SDS, 50% glycerol, bromphenol blue) containing 10%
(v/v) B-mercaptoethanol (3-Me). For immunoblots, samples were run
on 12% SDS-PAGE gels and transferred to polyvinylidene difluoride
(PVDF) membranes by blotting overnight (o/n) at 30 V (4 °C). After
blocking the membrane with Tris-buffered saline (25 mM Tris/HCI, pH
7.5, 150 mM NacCl; TBS) containing 5% (w/v) skim milk powder and
0.05% (v/v) Tween-20 (M-TBST), binding of the primary antibody was
carried out o/n at 4 °C with anti-Hsc70 (Santa Cruz, sc-7298, 1:1,000),
anti-IL-12f3 (abcam ab133752, 1:500), anti-IL-12a (abcam ab133751,
1:500), anti-IL-23a (BioLegend 511202, 1:500), anti-IL-27a (R&D
Systems, Bio-Techne, 1:200) in M-TBST containing 0.002% NaN3 or
anti-EBI3 antiserum (Devergne et al., 2001) (1:20) in PBS. Species-
specific HRP-conjugated secondary antibodies (Santa Cruz Bio-
technology; 1:10,000 in M-TBST or 1:5,000 for IL-23a in M-TBST) were
used to detect the proteins. Amersham ECL prime (GE Healthcare) and a
Fusion Pulse 6 imager (Vilber Lourmat) were used for detection.

2.5. Functionality assays

The IL-12 activity assay was performed following a previously
published protocol (Reitberger et al., 2017). CD14-negative PMBCs
were thawed and resuspended in RPMI-1640 (Thermo Fisher Scientific)
supplemented with 10% heat-inactivated FBS (GE Healthcare) and 100
ug/ml streptomycin, 1 pg/ml gentamicin, 100 units/ml penicillin, and 2
mM L-glutamine (Thermo Fisher Scientific). Cells were seeded at a
density of 5 x 10° cells/ml and stimulated with the supernatants of
transfected HEK293T cells expressing the IL-12 constructs for 24 h at 37
°C and 5% CO,. After harvesting (2 min, 1,000xg, 4 °C), cells were
washed once with PBS prior to lysis in RLT buffer (Qiagen) supple-
mented with 1% B-Me. Total RNA was isolated (QuickRNA™ Micro-
Prep, Zymo Research) and cDNA (High-Capacity cDNA Reverse Tran-
scription Kit, Thermo Fisher Scientific) was synthesized following the
instructions of the manufacturer’s protocol. Real-time PCR was per-
formed using a ViiA 7 Real-Time PCR System (Applied Biosystems,
Thermo Fisher Scientific) and the FastStart Universal SYBR Green
Master Mix (Roche). Transcript levels were normalized to actin (ACTB
forward, 5-GGATGCAGAAGGAGATCACT-3‘; ACTB reverse, 5-CGATC
CACACGGAGTACTTG-3’; IFNy forward, 5-TCAGCCATCACTTGGAT
GAG-3’; IFNy reverse, 5-CGAGATGACTTCGAAAAGCTG-3).

For the IL-23 activity test, CD14-negative PBMCs were thawed in
RPMI-1640 (Thermo Fisher Scientific) and 300,000 cells were re-
suspended in 100 pl RPMI-1640 supplemented with 5% human serum
(Sigma Aldrich), 1% non-essential amino acids, 100 pg/ml strepto-
mycin, 100 units/ml penicillin, 1 mM sodium pyruvate, and 2 mM L-
glutamine (Thermo Fisher Scientific). The cells were stimulated with
HEK293T supernatants containing 100 ng/ml secreted IL-23 constructs,
previously quantified via immunoblotting with the help of recombinant
IL-23 (R&D), and 10 pg/ml Phytohemagglutinin-L (Sigma Aldrich) for
72 h at 37 °C and 5% CO,. After harvesting (2 min, 1,000xg, 4 °C),
supernatants were analyzed for IL-17 secretion using human IL-17
DuoSet ELISA (R&D Systems), according to the manufacturer’s protocol.

For IL-12 and IL-23, a receptor activation assay was performed
using IL-12 or IL-23 iLite® reporter cells (Svar Life Science AB), re-
spectively, according to the supplier’s instructions. The cells were
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stimulated with HEK293T supernatants containing 10 ng/ml secreted
IL-12 or IL-23 constructs, previously quantified via immunoblotting by
comparing immunoblot signals to those of recombinant IL-12 or IL-23
with known concentrations (R&D Systems). The firefly and renilla lu-
minescence signals were detected via the Dual-Glo Luciferase Assay
System (Promega) in a multimode microplate reader (CLARIOstar Plus,
BMG LABTECH).

To determine IL-27 activity dependent on its glycosylation pattern,
BL-2 cells were stimulated with IL-27 protein, derived from transiently
transfected HEK293T, secreted into the medium. Protein amounts of the
IL-27 variants used in this functionality assay were determined by
quantification via immunoblotting with anti-IL-27a antibody (R&D
Systems, Bio-Techne, 1:200) relative to the wild-type protein signal
prior to stimulation. BL-2 cells were starved o/n in serum-free RPMI-
1640 and seeded into uncoated 48-well plates (Sigma-Aldrich) re-
suspended in RPMI-1640 supplemented with 0.5% (w/v) bovine serum
albumin (BSA; Sigma A3294) at a cell number of 1 X 10° cells/well.
Subsequently, cells were stimulated for one hour with IL-27 protein or
control supernatant (mock) and the reaction was stopped by adding ice-
cold PBS. Cells were transferred to reaction tubes, centrifuged (5 min,
300xg, 4 °C) and lysed with NP-40 lysis buffer (50 mM Tris/HCl, pH
7.5, 150 mM NaCl, 0.5% NP40, 0.5% DOC) supplemented with 1x
Roche complete Protease Inhibitor w/o EDTA (Roche Diagnostics) and
1x Phosphatase Inhibitor (SERVA). The supernatant (5 min, 20,000xg, 4
°C centrifugation) was complemented with 0.2 volumes 5x Laemmli
buffer containing 10% (v/v) -Me and loaded on 12% SDS-PAGE gels.
After blotting o/n, membranes were washed with TBS, blocked with
TBS containing 5% (w/v) skim milk powder and 0.1% (v/v) Tween-20
for one hour, washed again with TBS with 0.1% Tween-20 and in-
cubated in the primary antibody (a-STAT1 or a-STAT1-P, Cell Signaling
Technology, 1:1,000 in TBS with 5% (w/v) BSA, 0.1% Tween-20) o/n.
Anti-rabbit HRP-conjugated antibody (Santa Cruz Biotechnology;
1:10,000 in 5% (w/v) skim milk powder and 0.1% (v/v) Tween-20 in
TBS) was used for subsequent detection.

2.6. Quantification and statistics

Immunoblots were quantified using the Bio-1D software (Vilber
Lourmat). Statistical analyses were performed using Prism (GraphPad
Software). Differences were considered statistically significant when
p < 0.05. Where no statistical data are shown, all experiments were
performed at least two times, with one representative experiment se-
lected.

3. Results
3.1. Defining IL-12 family subunit glycosylation sites

Glycosylation often is a major determinant of protein biogenesis and
function. To develop a comprehensive understanding of the role of
glycosylation within the IL-12 family, we first aimed at defining gly-
cosylation sites within each constituent subunit. In this study, all ana-
lyses and experiments were performed on the human proteins. Based on
a sequence analysis (Fig. S1a), multiple N-glycosylation sites are ex-
pected to be present within both IL-12 subunits (IL-12a, IL-12f3) as well
as in EBI3, the B-subunit of IL-27 and IL-35 (Fig. 1a). For both B-sub-
units, the Asn residues predicted to be N-glycosylated are located
within the two Fibronectin type-III (Fnlll) domains, whereas the im-
munoglobulin (Ig) domain of IL-12f lacks glycosylation sites. The re-
maining subunits of the heterodimeric IL-12 family, IL-23a and IL-27a,
are not predicted to be N-glycosylated (Figs. 1a and S1a).

Hence, at least one subunit of every IL-12 family cytokine is pre-
dicted to be N-glycosylated (Fig. 1a). To assess these predictions, we
first investigated the overall glycosylation status of each IL-12 family
subunit by enzymatic assays. Subsequently, if glycosylation was de-
tectable, we identified modified residues by mutational analyses
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(Fig. 1b). In these experiments, af} pairs were always co-expressed and
secreted cytokines were analyzed. Using PNGase F, which removes N-
linked glycans, electrophoretic mobility shifts were observed for IL-
12a, IL-12f, and EBI3 but not for IL-23a and IL-27a (Fig. 1b), verifying
overall predictions of N-glycosylation (Figs. 1a and Sla). Likewise, O-
Glycosidase was used to detect O-glycosylation of each IL-12 family
subunit. Of note, secreted wild-type IL-12a migrates differently when
enzymatically digested with the O-Glycosidase mix. However, this mix
also contains a2-2,6,8 Neuraminidase, which cleaves terminal sialic
acid residues from glycosylation moieties. IL-12a has previously been
shown to be modified with sialic acid (Carra et al., 2000), which is
consistent with this observation. In agreement with this notion, the
mutant 1L-12aN9%1%7Q Jacking N-glycosylation sites did not show any
different migration upon this enzymatic de-glycosylation treatment any
more (Fig. 1b). The shift in molecular weight for wild-type IL-12a can
thus most likely be attributed to the enzymatic removal of terminal
sialic acid residues from the complex N-linked sugar moiety, which
arises from glycoprotein processing along the secretory pathway (Bohm
et al., 2015; Zhang et al., 2019). In contrast, IL-27a was found to be O-
glycosylated (Fig. 1a and b), in agreement with previous studies (Muller
et al., 2019a; Muller et al., 2019b; Pflanz et al., 2002).

Using mutational analyses, we next proceeded to identify individual
glycosylation sites within each modified subunit. For IL-12a, mutation
of two Asn residues (N93, N107), both predicted to be N-glycosylation
sites (Fig. Sla), to Gln resulted in a protein with the same electro-
phoretic migration behavior as the wild-type counterpart after PNGase
F treatment (Fig. 1b). Furthermore, treating this mutant with PNGase F
did not lead to any further changes in electrophoretic mobility, ver-
ifying that mutation of N93 and N107 was sufficient to abolish IL-12a
N-glycosylation (Fig. 1b).

Using mutated variants of IL-12p (IL-12pN'25-135:222:303Q) and EBI3
(EBI3N®>195Q) that lacked all possible glycosylation sites, we could
verify N-glycosylation of these two proteins (Fig. la and b). In
EBI3N®>105C only the two predicted sites were mutated (Fig. S1a), and
confirmed by electrophoretic mobility shift assays (Fig. 1b). In case of
IL-12B, two Asn residues were predicted to be N-glycosylated (N135
and N222, Fig. S1a) but only N222 could be experimentally validated
(Fig. S1b). Since secreted IL-12pN?22? still showed glycosylation, we
analyzed further possible N-glycosylation sites that were below the
threshold for glycosylation-prediction (Fig. S1b). This approach re-
vealed that also N125 and N303 were glycosylated to a certain extent in
IL-12B.

To identify O-glycosylated Ser/Thr residues within human IL-27a,
we made use of the fact that murine IL-27a is not O-glycosylated
(Muller et al., 2019a; Muller et al., 2019b; Pflanz et al., 2002) despite
approximately 75% sequence conservation. A sequence alignment of
the murine and human IL-27 a-subunits showed only few Ser and Thr
residues that were present in the human but not the murine protein
(Fig. S2a). Focusing on surface-exposed residues among those (Fig.
S2b), mutational analyses of respective residues in a secretion-compe-
tent human IL-27a variant (Muller et al., 2019b) identified two C-
terminal O-glycosylated residues, T238 and S240 (Fig. S2c). Mutation
of these residues to Ala completely abolished O-glycosylation in human
IL-27a (Figs. 1b and S2c).

Taken together, we could confirm predicted and identify new gly-
cosylation sites of human IL-12 family cytokine subunits. Although
modifications of subunits vary within the IL-12 family, each hetero-
dimer was modified (Fig. 1a and b). Next, we thus aimed at defining
how glycosylation affected heterodimerization and secretion of each IL-
12 family cytokine.

3.2. Glycosylation is essential for IL-35 secretion, but not for secretion of
other IL-12 family members

When expressed in isolation, all human IL-12 family a-subunits are
retained in the cell. Only the presence of a corresponding p-subunit
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Fig. 1. Interleukin 12 family cytokines differ in their glycosylation patterns. (a) Top: Structural overview and glycosylation sites of the five shared subunits of the
heterodimeric IL-12 family. Within the structures of the 4-helix bundle a-subunits IL-12a (PDB: 3HMX), IL-23a (PDB: 3D87), and the homology model of IL-27a
(Muller et al., 2019a), glycosylation sites are labeled and shown in a CPK representation. The B-subunits IL-123 (PDB: 3HMX) and EBI3 (homology model, (Muller
et al., 2019a)) possess predicted N-glycosylation sites in the Fibronectin III (FnIII) domains, but not in the immunoglobulin (Ig) domain of IL-12f. Experimentally
verified N-glycosylation sites are shown in red, O-glycosylation sites in blue. For IL-12f3, the residue N135 (gray) was predicted as N-glycosylation site but could not
be experimentally verified. Instead, two other N-glycosylation sites (N125, N303) that were below the threshold for prediction, were experimentally identified as
glycosylation-modified and are shown in orange. Bottom: The heterodimers IL-12 (PDB: 3HMX) and IL-23 (PDB: 3D87) share IL-12f (green), whereas the B-subunit
EBI3 (cyan) is part of IL-27 (homology model, (Muller et al., 2019a)) and IL-35 (no structural model available). (b) Verification of the predicted glycosylation sites of
IL-12 family subunits by enzymatic treatment (PNGase F or O-Glycosidase) and mutagenesis of the respective sites. IL-12a is N-glycosylated at N93 and N107,
whereas IL-23a is not glycosylated. IL-27a is O-glycosylated at two residues (T238, S240). Both B-chains, IL-12f3 and EBI3, are N-glycosylated at multiple sites (IL-
12f: N125, N222, N303; EBI3: N55, N105). For EBI3, a double band pattern arose only after enzymatic digest and thus seems to be an artefact related to the
enzymatic treatment. a- and B-subunits were co-expressed and treated with PNGase F or O-Glycosidase/Neuraminidase. 1.8% medium, or 3.6% medium in case of IL-
12, was applied to the gel and blotted with antibodies against the respective subunits. Electrophoretic mobility shifts indicate de-glycosylation. The asterisk
indicates non-specific detection of the Neuraminidase. MW, molecular weight.
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Fig. 2. Impact of glycosylation on IL-12 family cytokine secretion. (a-d) All human wild-type a-subunits are secretion-incompetent in isolation (IL-12a, IL-23a, IL-
27a) and retained in cells (L). Their pairing with secretion-competent wild-type B-subunits (IL-12(3, EBI3) to form the heterodimeric ILs induces secretion into cell
media (M). (a) For IL-12, glycosylation mutants do neither affect the formation of the heterodimer nor its secretion behavior. (b) IL-23 heterodimer formation is not
affected by lacking glycosylation of IL-12f and is secreted similarly to the wild type. (c) For IL-27, the a-subunit lacking O-glycosylation (open gray circle) behaves
analogous to the wild type (filled gray circle), whereas the mutant EBI3 without N-glycosylation (open cyan circle) is retained in cells in isolation in contrast to wild-
type EBI3 (filled cyan circle). Co-transfection of both subunits results in heterodimer formation as both non-glycosylated cytokine subunits become secreted. The used
alL-27a antibody detects also the EBI3 subunit. (d) For IL-35, both IL-12a*N and EBI3*N are not secreted in isolation and heterodimer formation is severely impaired.

(e) Secretion behavior and heterodimer formation of IL-35 are affected by the individual N-glycosylation sites of IL-12a and EBI3. IL-12a™**? and IL-12a

N107Q are

only secreted to a much lower extent upon co-expression with EBI3, compared to the wild type. Similarly, the individual EBI3 glycosylation mutants are mostly
retained in isolation and only induce reduced secretion levels of IL-12a. (d-e) To facilitate an analysis regarding low IL-35 secretion levels, lysate and medium
samples were analyzed on separate blots. (a-e) AN and AO indicate subunits where N-glycosylation sites are mutated to Gln or O-glycosylation sites are mutated to
Ala, respectively. In the schematic models, circles represent the 4-helix bundle a-subunits, hexamers stand for the Ig domains and ellipses for the FnlII domains of the
B-subunits. L, lysate. M, medium. MW, molecular weight. 2% L/M (in (b): 4% L/M, for IL-23a transfected alone 6.4% L/M, in (d-e): 6% M) were applied to the gel and
blotted with antibodies against the respective subunits. Hsc70 served as a loading control.

leads to assembly-induced secretion of the heterodimeric cytokine
(Devergne et al., 1997; Gubler et al., 1991; Oppmann et al., 2000;
Pflanz et al., 2002). Conversely, IL-12f is readily secreted in isolation,
whereas EBI3 shows only inefficient secretion (Devergne et al., 1996;
Ling et al., 1995). Thus, heterodimerization is a prerequisite for se-
cretion of most of the IL-12 subunits to occur or increase. This suggests
that glycosylation, which is often coupled to ER folding and quality
control processes, may impact IL-12 family cytokine secretion. To assess
the effect of subunit glycosylation on the secretion of single subunits as
well as heterodimer formation, we investigated the secretion behavior
of each IL-12 family member.

For IL-12 and IL-23, even the complete absence of glycosylation did
not result in pronounced effects on secretion and thus hetero-
dimerization (Fig. 2a and b). IL-12pN!2%:135.222.303Q (111 934Ny hehaved
comparable to the wild-type protein with regard to its secretion levels
and was still able to induce secretion of IL-12a, its non-glycosylated
variant IL-120N%107Q (11-12a4") (Fig. 2a) and the naturally non-gly-
cosylated IL-23a (Fig. 2b).

In contrast to IL-12(3, glycosylation of EBI3 turned out to be essen-
tial for its secretion as EBI3N°>105Q (EBI3*M) was not secreted in iso-
lation anymore (Fig. 2c and d). Wild-type EBI3 induced the secretion of
both IL-27a and IL-27a2385240A (11,.2704°), lacking O-glycosylation.
Interestingly, although retained itself, EBI3*N also induced secretion of
both these IL-27a variants and was co-secreted (Fig. 2c). Thus, IL-27
subunit mutants lacking glycosylation are still able to interact and en-
hance their mutual secretion despite being secretion-incompetent in
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isolation.

Although sharing the same B-subunit as IL-27, secretion of IL-35 was
strongly affected by missing glycosylation (Fig. 2d). Mutation of either
of its subunits, IL-12a or EBI3, was sufficient to block or severely re-
duce secretion of the other subunit in this heterodimeric cytokine.
Furthermore, co-expression of non-glycosylated IL-12a*N and EBI3*N
showed no co-secretion into the medium (Fig. 2d). The fact that IL-
120N reduced secretion of wild-type EBI3, which is secretion-compe-
tent on its own, implies that heterodimerization still occurred for this
pair leading to retention of the heterodimeric cytokine by ER quality
control. Based on these findings, we examined the effect of the in-
dividual glycosylation sites of each IL-35 subunit. IL-12a single mutants
N93Q and N107Q were secreted upon co-expression of EBI3, but to a
lesser extent than wild-type IL-12a (Fig. 2e). The two individual EBI3
mutants N55Q and N105Q were secreted in isolation, but to decreased
levels, which was not further enhanced upon IL-12a co-expression.
Especially glycosylation at N105 seemed to be critical for efficient se-
cretion of EBI3 (Fig. 2e).

In summary, the absence of glycosylation affects the secretion of IL-
12 family cytokines in a surprisingly different manner. IL-12 and IL-23
seem to be secreted independently of their glycosylation status,
whereas deleting glycosylation in IL-27 subunits led to a decreased
secretion. Most pronounced effects were observed for IL-35, where
absence of glycosylation caused an almost complete and dominant re-
tention in the cell.
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Fig. 3. Glycosylation influences the functionality of IL-12 family cytokines differently. (a) Glycosylation states of IL-12a and IL-12f influence biological functionality
of heterodimeric IL-12. Stimulation of human peripheral blood mononuclear cells (PBMCs) with the indicated IL-12 glycosylation-variants show IFNy induction by all
analyzed heterodimers measured by qPCR. Data were normalized to secretion levels (Fig. S3a) and transcription levels were normalized to actin. The IL-12 het-
erodimer lacking glycosylation in both subunits shows significantly enhanced gene expression levels compared to the wild-type proteins. Data are presented as
mean + SEM, PBMCs were from n 9 donors. Statistical significance was determined by the Friedman test (more than 2 groups). (b) IL-23 function is not
significantly affected by lacking glycosylation. PBMCs were stimulated with previously quantified supernatants of HEK293T cells co-transfected with IL-23a and IL-
12 variants (Fig. S3b). IL-17 production measured in the supernatant via ELISA, was not significantly changed for the glycosylation mutant. Data are shown as
mean *+ SEM, PBMCs were from n = 6 donors. Statistical significance was calculated using a two-tailed paired t-test. (c) Functionality of IL-27 depends on the
glycosylation states of EBI3. Stimulation of human BL-2 cells with differently glycosylated IL-27, using previously quantified HEK293T supernatants co-transfected
with IL-27a and EBI3 (Fig. S3c), shows significantly reduced cytokine signaling for EBI3*N in complex with IL-27a or IL-27a”°. Levels of STAT1 phosphorylation (a-
STAT1-P) were quantified and indicate receptor activation by heterodimeric IL-27. aSTAT1-immunoblot signals serve as loading control. Activity levels were
determined from at least four independent experiments (shown + SEM). Signals were normalized to the wild-type signal which was set to 100% activity. Statistical
significance was calculated using a two-way ANOVA. (a-c) **p < 0.01, ***p < 0.001, and ****p < 0.0001 indicate statistical significance. Mock, empty vector

transfection. MW, molecular weight.

3.3. Lack of glycosylation does not compromise IL-12- or IL-23-mediated
responses, but reduces IL-27 signaling

Our data indicate that for the IL-12 family members IL-12, IL-23,
and IL-27 glycosylation was dispensable for heterodimer formation and
secretion (Fig. 2). For these three cytokines, we thus investigated the
impact of glycosylation on their biological functions by comparison of
the different glycosylation mutants with their wild-type counterparts.

A major physiological activity of IL-12 is the induction of IFNy ex-
pression (Chan et al., 1991). We therefore assessed the IL-12-induced
IFNy production in human peripheral blood mononuclear cells (PBMCs)
by qPCR, using wild-type IL-12 and its glycosylation mutants (Figs. 3a
and S3a). All IL-12 glycosylation variants induced IFNy gene expression
(Fig. 3a). Mutation of N-glycosylation sites in either the a- or -subunit
(IL1202N + IL-12B, IL12a + IL-12B%Y) did not significantly change the
level in gene expression compared to wild-type IL-12. Surprisingly, non-
glycosylated IL-12 (IL12a*N + IL-12B%Y) showed a particularly strong
increase of IFNy-induction in PBMCs (Fig. 3a), whereas a slight de-
crease in receptor activation of IL-12 iLite® reporter cells compared to
wild-type heterodimer was observed (Fig. S4a).

Next, we examined the dependency of IL-23 signaling on cytokine
glycosylation by measuring IL-23-induced IL-17 production in PBMCs
(Langrish et al., 2005). Since IL-23a has no glycosylation sites (Fig. 1),
only IL-17 production after stimulation with wild-type IL-23 and the
mutant heterodimer consisting of IL-23a and IL-123N were assessed
using ELISA (Figs. 3b and S3b). In these experiments, no significant
change in IL-17 secretion was observed for wild-type IL-23a in com-
parison to the non-glycosylated variant (Fig. 3b). Stimulation of IL-23
iLite® reporter cells with the IL-23 glycosylation mutant (IL-23a + IL-

12p*™) showed a slightly reduced receptor activation (Fig. S4b).

Lastly, we assessed the impact of glycosylation on IL-27 activity.
Toward this end, we used the lymphoma BL-2 cell line which, in re-
sponse to IL-27 stimulation, shows induction of STAT1 phosphorylation
(Dietrich et al., 2014). Quantification of the phospho-STAT1 signals via
immunoblotting confirmed signaling-competency for all IL-27 glyco-
sylation variants in BL-2 cells (Figs. 3c and S3c). The heterodimer
composed of IL-27a*° and wild-type EBI3 showed no significant change
in activity compared to IL-27. In contrast, the activity of the complex of
wild-type IL-27a with EBI3*N as well as of the non-glycosylated IL-27
heterodimer (IL-27a*° + EBI3*N) was significantly decreased in com-
parison to IL-27 wild type (Fig. 3c).

Taken together, glycosylation in the interleukin-12 family does not
seem to be essential for cytokine signaling. However, not only the se-
cretion but also the biological functions of IL-12 family cytokines seem
to be affected by the absence of glycosylation to a different extent: IL-27
signaling was reduced when EBI3 lacked glycosylation, whereas IL-12
and IL-23 function was less dependent of their glycosylation status,
which may however modulate responses induced by these cytokines
(Ha et al., 2002).

4. Discussion

In this study we provide a comprehensive analysis of how glyco-
sylation influences human IL-12 family cytokine biogenesis and func-
tion. This extends previous studies on the impact of disulfide bond
formation within IL-12 family cytokines (Jalah et al., 2013; Meier et al.,
2019; Muller et al., 2019a; Muller et al., 2019b; Reitberger et al., 2017;
Yoon et al., 2000) by insights into the second major post-translational
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Fig. 4. The impact of glycosylation on human
IL-12 family biogenesis and function. All het-
erodimeric wild-type (wt) IL-12 family cyto-
kines are secreted and show biological func-
tion. IL-35 wild-type signaling was previously
described (Collison et al., 2012; Collison et al.,
2007). Both, IL-12 and IL-23 were secreted ir-
respective of their glycosylation status and also
their biological functions (IFNy gene expres-
sion and IL-17 production, respectively) were
not compromised by lacking glycosylation. In
contrast, lacking glycosylation of IL-27 led to a
decreased secretion and signaling (phosphor-
ylation of STAT1). Non-glycosylated IL-35 was
almost completely retained in the cell. Red
letters indicate N-glycosylated sites, blue let-

modification occurring in the ER. We could verify that all IL-12 family
subunits except IL-23a are glycosylated and identified new glycosyla-
tion sites. Moreover, our study reveals that loss of glycosylation affects
secretion, heterodimer formation and biological activity of the IL-12
family members to different extents (Fig. 4).

A general principle for the human IL-12 family is assembly-induced
folding of the a-subunit by a suitable (3-subunit and subsequent secre-
tion of the heterodimeric cytokine (Devergne et al., 1997; Gubler et al.,
1991; Jalah et al.,, 2013; Meier et al., 2019; Muller et al., 2019b;
Oppmann et al., 2000; Pflanz et al., 2002; Reitberger et al., 2017). It
can thus be expected that whenever glycosylation is a prerequisite for
proper B-subunit folding and assembly with its cognate a-subunit, ef-
fects on cytokine secretion should be dominant. In complete agreement
with this idea, non-glycosylated and consequently cell-retained EBI3
abrogated secretion of IL-35 and significantly reduced IL-27 secretion.
Interestingly, although diminished, mutant IL-27 subunits (IL-27a and
EBI3) lacking glycosylation were still able to interact and induce their
mutual secretion despite being secretion-incompetent in isolation. This
possibility of pairing of two secretion-incompetent subunits to become
secreted together has previously been observed in the context of oxi-
dative subunit folding for IL-27 (Muller et al., 2019a). It suggests that
IL-27 subunits are (partially) folded even when lacking glycosylation
but still expose features that do not allow them to pass ER quality
control. Among the four human IL-12 family cytokines investigated, our
study reveals IL-35 formation to be most strongly dependent on gly-
cosylation. This may explain failed attempts of IL-35 reconstitution
using a recombinant non-glycosylated IL-12a subunit purified from
bacteria (Aparicio-Siegmund et al., 2014).

In contrast to EBI3, IL-12f3 without glycosylation behaved compar-
able to its wild-type counterpart and still formed IL-12 and IL-23. Thus,
heterodimers containing IL-12f are in general less affected by their
extent of glycosylation than those containing EBI3. Of note, IL-12 and
IL-23 contain intermolecular disulfide bridges (Lupardus and Garcia,
2008; Yoon et al., 2000), which may facilitate heterodimer secretion
even without other stabilizing factors like sugar moieties. In agreement
with this notion, IL-12 and IL-23 were still functional with regard to
IFNy or IL-17 induction in human lymphocytes, respectively, and ex-
hibited receptor activation capabilities in reporter cell lines. In contrast,
we observed impaired functionality for IL-27, when its B-subunit lacked
N-glycosylation.

IL-12 family cytokines are attractive therapeutic targets and po-
tential biopharmaceuticals (Muller et al., 2019b; Tait Wojno et al.,
2019; Teng et al., 2015; Vignali and Kuchroo, 2012; Yan et al., 2016;
Yeku and Brentjens, 2016). Our study assesses the impact of glycosy-
lation on IL-12 family cytokine secretion and functionality by a limited
number of tests and therefore builds the basis for further pharmaceu-
tical investigations. Although we observed functionality for non-

126

ters O-glycosylated sites. Bold letters indicate
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glycosylated IL-12 family cytokines, it should be considered that the
biological activity of the tested cytokines may vary dependent on their
glycosylation patterns. Furthermore, glycosylation serves not only as a
checkpoint for trafficking along the secretory pathway but also influ-
ences protein characteristics such as solubility, stability, and biodis-
tribution within the human body, as already investigated for an anti-
body-p40 fusion protein (Bootz et al., 2016). On the other hand, since
our study reveals IL-12, IL-23, and IL-27 to be secreted and functional
even when completely lacking glycosylation, modifying glycosylation
patterns may also open new doors towards rationally modifying IL-12
family cytokine functionality, as exemplified by G-CSF (Chamorey
et al., 2002).

Finally, it is noteworthy that deleting glycosylation sites abolished
IL-35 formation yet was compatible with formation of functional IL-12
and IL-27, which each share one subunit with IL-35. In the light of the
chain sharing promiscuity within the IL-12 family this is relevant, since
a simple knockout of single IL-12 family subunits generally affects more
than one of the heterodimeric family members. Mutating glycosylation
sites may thus be a viable way to selectively delete individual IL-12
family members from an organism’s cytokine repertoire. Our findings
concerning glycosylation-dependent secretion of IL-35 could be of
particular interest with regard to the immunosuppressive role of this
cytokine (Vignali and Kuchroo, 2012; Xue et al., 2019), e.g. in cancer
forms that are difficult to treat (Mirlekar et al., 2018; Pylayeva-Gupta
et al., 2016). As our study identifies a pivotal role for IL-35 subunit
glycosylation in IL-35 formation, its targeting could represent a pro-
mising strategy for future immunotherapies.

5. Conclusions

In this study, we characterized the human IL-12 family in regard of
their glycosylation profile. We were able to verify that at least one
subunit of all IL-12 family members is glycosylated and furthermore
identified new glycosylation sites. Our data indicate that loss of gly-
cosylation does not severely affect IL-12 and IL-23 secretion, hetero-
dimer formation, and biological activity. In contrast, non-glycosylated
IL-27 shows partially impaired biogenesis and reduced signaling,
whereas missing glycosylation of IL-35 led to complete retention in the
cell. These findings extend our insights into this key cytokine family
and provide a possibility to selectively remove individual IL-12 cyto-
kines from an organism’s cytokine repertoire.
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