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Abstract

The world health organization WHO declares cancer as the second leading cause of
death globally.!"*! Despite the strong research and a vast variety of treatments, 8.8
million people died due to cancer in 2015." Cancer immunotherapy is the most
groundbreaking achievement in cancer treatment of the last two decades. The
striking success with checkpoint inhibitors blocking the cytotoxic T-lymphocyte
associate protein 4 (CTLA-4) and the programmed cell death protein 1 (PD1) provoked
a boost in the development of new components for cancer immunotherapy.*”
Antibodies against CTLA-4 or PD1 promote T-cell response against cancer, by
blocking inhibitory signal transduction of T-lymphocytes.*® 8 These strategies target
the adaptive immune system. In our studies, we showed that the stimulation of the
NLR family pyrin domain containing 1 (NIrp1) inflammasome, an innate immune
sensor, is sufficient to mediate tumor regression in mice. We investigated the
immunomodulatory drug Valboro-pro, that was previously shown to attenuate tumor
growth through a yet unexplored mechanism.”! Valboro-pro induces pyroptosis, a lytic
form of cell death in murine myeloid cells by inhibiting the serine proteases DPP8 and
DPP9.'" |n this study we demonstrate that the pyroptotic effects of Valboro-pro
depend on NLR family pyrin domain containing 1 (NIrp1) in murine monocytes. We
further successfully generated human monocyte knockout cell lines of DPP9,
apoptosis associated speck-like protein containing a CARD (ASC), and caspase-1
utilizing CRISPR/Cas9 technology.

This work provides first evidence that the pyroptotic properties of Valboro-pro rely on
the activation of NIrp1. Furthermore, these studies emphasize the potential of targeting
inflammasomes as adjuvants to enhance and complement the effects of current cancer

immunotherapies.

Keywords: Cancer, Immunotherapy, Inflammasomes, Nirp1, Serine Proteases, Valboro-pro



Introduction

The immune system evolved to defend the host against invading pathogens.['"! Apart
from foreign organisms, the immune system is further able to detect and eliminate
aberrant components of the own body, such as cancer cells, to maintain a healthy
organism.['? Cancer causes one of six deaths in humans, hence the second leading
cause of death globally."" The annual total economic costs of cancer was estimated
at approximately US$ 1.16 trillion in 2010.I" "3 Available treatments reach from surgery
to chemotherapy, radiation and immunotherapy, and are developed constantly./* '
Cancer-immunotherapy relies on stimulating and (re-)activating the hosts own immune
system to enhance tumor clearance and was stated multiple times as the breakthrough
of modern oncology."* > "' Although successive research has been done in the field
of cancer-immunotherapy, we still did not reach the limit of maximum possibilities to
enhance immune-driven regression and eradication of tumors through immune-
therapeutics.” However, the success of currently applied immune treatments raises

high expectations of the future of cancer treatments.

The immunity of cancer

Cancer derives from any abnormally proliferating cells of the body, able to escape the
detection and clearance by the immune system of the body."? Tumors can therefore
be seen as “self’- derived pathogens and are combated by the same arms of the
immune system as foreign invaders.['> '®#%! One of the major concepts of immunity, is
to be able to discriminate self- from non-self.?"! Deriving from host cells, malignant
cells have inherited advantage of evading recognition by immune system.!'? 821l
Immunosurveillance, a concept first described in the early 20™ century postulates the
major role of the immune system in tumor recognition and clearance.?? The theory of
immunosurveillance supposes that newly arising tumors are recognized by the immune
system through the expression of tumor specific neo-antigens, hence subsequently
eliminated.””

Considering the fact that cancer occurs despite a functional immune system, the model
of tumor editing provides a more detailed explanation of carcinogenesis, separated in
three distinct phases: elimination, equilibrium and escape.!"" ?® The elimination phase
describes the initial idea of immunosurveillance whereby the arising tumor cells are

recognized and cleared. This either happens through the recognition of tumor specific



neo-antigens or/and as a result of failed intrinsic tumor suppressor mechanisms. If the
elimination of those tumor cells remains incomplete, a state of equilibrium is described,
in which the immune system keeps the proliferating cells in check, as such no net
outgrow of malignant cells occurs. In this phase, cancer cells persist and are
hypothesized to accumulate further mutations under constant selective pressure of the
immune system, mostly mediated by thymus dependent lymphocytes (T cells). If the
immune system continues to fail to clear remaining tumor cells, changes within
malignant cells, e.g. the loss of major histocompatibility complex (MHC) class | protein,
and changes of the tumor environment allow the tumor to escape the surveillance of

the immune system.['" 1223, 24]

Anti-tumor response

Particularly in early stages of cancer development, innate immune cells that recognize
cell-surface patterns like natural killer (NK) cells or macrophages are crucial for
effective clearance of malignant cells.”® Lack of MHC-expression on the surface of
newly arising cancer cells leads to the elimination by NK cells through the release of
cytotoxic proteins like perforin and granzyme. Apoptotic tumor cells express “eat me”
signals, including lipid phosphatidylserine (PS) on the outer layer of the cytoplasmic
membrane or oxidized low-density lipoprotein (oxLDH). Those signals are recognized
by macrophages and lead to the phagocytosis and elimination of cancer cells./?®
Dendritic cells (DC), antigen presenting cells and the bridge between the innate and
adaptive immune system, recognize and phagocytose “eat me” signal presenting
cancer cells, similarly to macrophages.”® In their role as connection of the innate and
adaptive immune response, DC provoke tumor elimination through presenting tumor
associated antigens (TAAs) to T cells or activating cytotoxic T cells effectively by
secreting interleukin (IL) 12, IL-23 or IL-1.* Neutrophils, like dendritic cells either kil
tumor cells directly or activate the adaptive immune response.® In contrast to
dendritic cells, neutrophils kill their targets through the release of nitric oxide
production. Activation of cytotoxic T cells occurs through the release of pro-

inflammatory factors, such as IL-8, tumor necrosis factor (TNF) a and IL-6./%°!

T cells, together with bursa-dependent lymphocytes (B cells)?*!

part of the adaptive
immune system, play a crucial role in tumor clearance. CD4+ T helper subsets together
with CD8+ T lymphocytes mediate direct tumor killing and secretion of anti-tumor
associated cytokines interferon (IFN) y, TNF-a, and IL17.*% Tumor associated

10



antigens are directly recognized by cytotoxic T cells (CTLs) and are displayed on the
surface of cancer cells in complex with the human leucocyte antigen (HLA) class 1
molecules.”! T helper cells further support the anti-tumor response through the
expression and release of IL-2. The administration of IL-2 was celebrated as first
effective cancer immunotherapy approach in humans, resulting in increased T cell
numbers upon direct administration or adopted transfer of in vitro II-2 stimulated

homogenous T cells.?!

Pro-tumorigenic environment

The tumor environment consists not only of cancer cells, but multiple subsets of
immune cells, stromal cells together with non-cellular components, collectively referred
to as the tumor microenvironment (TME).*¥ Composition and effector function of the
TME can be used as curing rate prognosis or provide important information for
choosing effective therapeutic approaches.’* Cancer associated fibroblasts (CAFs) or
myofibroblasts, also involved in wound healing, are constantly activated in the cancer
environment.”! CAFs promote tumor growth by either directly acting on cancer cells
through cytokine and growth factor secretion or by remodeling the extracellular matrix
(ECM), induction of angiogenesis or recruitment of immune cells.**! Through the
release of reactive oxygen or nitrogen species, neutrophils not only kill newly arising
tumor cells but also promote tumorigenesis through DNA damage.”® The release of
the metalloproteinase MMP9 by tumor associated neutrophils (TANs) activates
vascular endothelial growth factor (VEGF) and fibroblast growth factor 2 (FGF2) in the
TME, hence promoting angiogenesis, supporting the outgrowth of solid tumors.?® 2!
While macrophages prevent the outgrowth of malignant cells through phagocytosis,
several studies have revealed that the depletion M2-type macrophages during tumor
induction actually restrained tumor growth.*® The M2 or alternatively activated
macrophage type is the predominant macrophage in the TME and display a reportedly
anti-inflammatory and pro-tumorigenic phenotype.*”!

Dendritic cells can dampen anti-tumor responses by providing anti-inflammatory I1L-10
and TGF-B.?" 3 TGF-B is the promoter of regulatory T cells (Tregs). Regulatory T cells
are Foxp3 marked immunosuppressive lymphocytes crucial in preventing
autoimmunity and excessive inflammation. Hence, vast tumor infiltration by Tregs is

associated with poor survival prognosis in patients.*"!
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Repeated stimulation of T cells driven by cancer development and chronic infection
can lead to a dysfunctional state termed T cell exhaustion, eventuating in impaired
tumor recognition and clearance.?? Therefore, important mechanisms by which
malignant cells are capable of evading the immune system are the upregulation of
inhibitory receptor proteins like programmed death-1 (PD-1) that promote T cell
exhaustion.® %2 These receptor-ligand interactions function as “checkpoints”,
coordinating whether or not T cells should differentiate and exert their effector
functions.’® ® Consequently, upregulation of PD-1 ligand (PD-1L) on cancer and

antigen presenting cells (APCs) dampens an anti-tumorigenic effect.!

Immunotherapy as cancer treatment

The first therapeutic that adjuvants the immune system to recognize end eliminate
tumors was a mixture of heat-killed bacterial strains developed by William B. Coley,
MD in 1893.%”- 33 William B. Coley developed the “Coley’s toxins” after his observation
that the tumor of one of his patients regressed after the patient underwent a bacterial
infection with Streptococcus.*”! Although B and T cells were not known around this
time, it is standing to reason that the strong infection caused by streptococcus
infections boosted the immune system of the patient and this lead to subsequent
clearance of the tumor.

Over the last decades, developing novel therapies to activate the immune system to
fight cancer was a strong focus of cancer immunology and oncology.?”! The
administration of immune-stimulating cytokines like IL-2 and IFN-a was the first step
towards modern cancer immunotherapy.?® In addition to providing cytokines that
modulate the immune system, another strikingly successful approach is to block
checkpoints that would otherwise result in a reduced anti-tumor T cell response. The
natural science journal Science stated checkpoint inhibitor blockade as the
“Breakthrough of the Year” in 2013.?"- 3* Antibodies like Ipilimumab and Nivolumab
target the immune checkpoint inhibitor cytotoxic T-lymphocyte-associated antigen 4
(CTLA4) and PDL-1, respectively. The immune checkpoint inhibitor CTLA4 was the
first one clinically targeted in cancer immunotherapy and is exclusively expressed on
T cells.P! Highly expressed on CD8+ Tcells as well as CD4+ T helper (Th) subsets and
Tregs, this receptor counteracts the activity of the T cell co-stimulatory receptor,
CD28.”°! Checkpoint inhibitor blockades targeting CTLA4 (Ipilimumab) and PDL-1

(Nivolumab) are therefore considered to be the major improvement in modern cancer
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immunotherapy, displaying potent anti-tumor effects in multiple cancer. The concept
of immunotherapy is to reactivate the patient’s own anti-tumorigenic response. Besides
checkpoint inhibitor blockades that counteract suppressive stimuli that reduce effective
recognition and clearance, enhancing T cell numbers and infiltration potential of
lymphocytes are crucial steps in successful treatment approaches. In addition, high
numbers of tumor infiltrating lymphocytes are associated with positive outcomes of
treatment.*¥ Combination therapies of Ipilimumab, Nivolumab, IL-2, radiation or
common chemotherapy are widely used to provide the best chances for effective tumor

clearance.?¥

The dual role of inflammation in tumor progression and surveillance

Inflammation is a host derived immune response evoked by bacterial, viral and fungal
infections or sterile stimuli.*® Pathogen or danger associated molecular patterns
(PAMPS, DAMPS) are recognized via specific pattern recognition receptors (PRRs),
including Toll-like receptors (TLRs), NOD-like receptors (NLRs) and the receptor family
absent in melanoma 2 (AIM2). In addition, emerging data advances our understanding
of sensing homeostatic perturbations for there are no determined PRRs (homeostasis-
altering molecular pathways; HAMPs), withal considered as sterile stimuli for
inflammation. Activation of cells through these pathways subsequently results in the
release of cytokines and the recruitment of multiple immune cell subsets culminating
in an inflammatory response. Inflammation displays a dual role in cancer development
and immunosurveillance. Acute, restrained inflammation, mediated by cytokines like
IL-4 or IFN-a, NKs and DCs has been reported to promote tumor clearance.!" '® On
the other hand, chronic sustained inflammation, associated with unrestrained innate
immune response or dysregulated adaptive response can generate a pro-tumorigenic
environment.!"" "> "8 Chronic inflammation in the gut reportedly leads to increased
tumor incidences, and cancer itself is described as chronic disease presenting with
inflammation.!?® %! Nevertheless, immunotherapy purposefully induces inflammation to
boost an inflammatory immune response aiming to clear tumors.

Immune checkpoint inhibitor blockades and treatments with T-cell stimulating
cytokines target the adaptive immune response. However, cells of the innate immune
system are naturally the first responders to pathogen invasion and likewise the first
inducers of inflammation.*”! Elucidating the mechanistic action and role of the innate

immune system in the prospect of cancer development, novel findings might provide
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important information how to modulate the immune response to emerging tumors or

fine-tune and improve current immunotherapies against established cancers.

Inflammasomes: Intracellular sensor platforms driving inflammation

Inflammasomes are multiprotein complexes that assemble after ligand binding/sensing
and lead to the activation of inflammation driving caspases, resulting in the maturation
and cleavage of pro-inflammatory cytokines.*® **! A diverse set of intracellular proteins
recognizing PAMPs, DMAPs or HAMPs feed into the single response pathway
“inflammasome”.*® 4" These PRRs include AIM2, NLRC4 (NOD-, LRR- and caspase
activation and recruitment domain-containing) protein 4, NLRP1 (NOD-, LRR- and
pyrin domain-containing) protein 1, NLRP3, NLRP6 and pyrin. All these inflammasome
sensors share the same concept of signal transduction. Upon ligand binding, these
sensors oligomerize and lead to the recruitment and subsequent activation of the pro-
inflammatory protease caspase-1.1?**In order to mediate interaction with the effector
molecule caspase-1, all sensors recruit the apoptosis-associated speck-like protein
containing a CARD (ASC). ASC contains two death fold domains, one pyrin domain
(PYD) and a caspase activation and recruitment domain (CARD). With these two
domains, ASC bridges the upstream activated inflammasome sensors and caspase-1

(Schematics, Figure 1).

Inflammasome sensor

A B caspase-1

Figure 1 Simplified schematics of possible inflammasome complex containing ASC and caspase-1. Scheme was

created by the author of this thesis and designed inspired by Broz and Dixit ©*®

Recruitment of the adaptor molecule ASC correlates with the oligomerization of ASC
through homotypic PYD-PYD and CARD-CARD interactions. This aggregation into a
single macromolecule is known as ASC speck and is formed regardless of the identity
of the upstream activated inflammasome sensor.l*® *¥! Pro-caspase-1 is recruited to
the complex via the CARD domain and is activated through proximity induced
autoproteolytic cleavage. Upon activation, caspase-1 processes its substrates pro-IL-
18 and pro-IL-18 into their mature form. lI-1j3, is a potent proinflammatory cytokine and

known inducer of Neutrophil infiltration.l?® 41 |L-18 has been shown to have both,
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inflammatory and regulatory functions.*> *®' In macrophages, IL-18 induces the
production and release of additional pro-inflammatory cytokines. IL-18 in conjunction
with [L-12 or IL-15 induces IFN-y production by CD4+ T cells. Alternatively, in the
absence of those cytokines, IL-18 triggers the production of anti-inflammatory
cytokines such as IL-13 and IL-4.1°!

An additional important substrate of caspase-1 is the pyroptotic factor gasdermin D
(GSDMD). Cleavage by caspase 1 generates N- and C- terminal fragments of
GSDMD. The N-terminal fragments accumulate and then oligomerize to form a pore in
the plasma membrane of the cell, inducing lytic cell death.*® Multiple studies
demonstrated that GSDMD is essential for caspase-1 induced pyroptosis.*”!
Pyroptosis is a lytic form of cell death that is characterized by cell swelling, lysis and
the release of cytoplasmic content, hence driving inflammation.*®%

Therefore, activation of inflammasomes and downstream activation of caspase-1,
leads to inflammation through the production and release of pro-inflammatory

cytokines and an inflammation inducing lytic cell death program.*®!

The NLRP1 inflammasome and its role in autoinflammation

Inflammasomes respond to various PAMPs and DAMPs, including flagellin (PAMP,
NLRC4), microbial and autogenous cytosolic double stranded DNA (PAMP, AIM2),
alterations in actin polymerization due to RHOA inactivation by bacterial toxins or
infector proteins (DAMP, pyrin) or potassium efflux (DAMP, NLRP3).*®! The NLRP1
inflammasome was the first NOD-like receptor to be shown to form an inflammasome
complex.*? The human NLRP1 consists of a N-terminal pyrin domain (PYD) followed
by a 240 amino acid sequence that links the death superfamily domain member PYD
to the prototypic NLR NACHT domain and adjacent leucine rich repeats (LRRs).>'!
The NLRP1 inflammasome sensor possesses seven LLRs that are followed by a
function to find (FIIND) domain that is unique to NLRP1 and CARDS8 in humans.®
Together with the inflammasome sensor NLRC4, NLRP1 is the only NLR containing a
caspase activation and recruitment domain (CARD). The CARD domain of NLRP1 is
located on the C- terminus and is either able to recruit the apoptosis-associated speck-
like protein containing a CARD (ASC) to mediate caspase-1 (CASP1) activation or to
directly activate CASP1.°°! Of note, the well-studied NLRP3 inflammasome, together
with NLRP6, AIM2 and pyrin do not possess a CARD domain and are therefore unable

to directly activate caspase-1.!
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Although the NLRP1 inflammasome was the first sensor to be discovered, the
activators remain to be elucidated. In mice, the homologous sensor NIrp1b has been
shown to be activated by the lethal factor (LF) of Bacillus anthracis and Toxoplasma
gondii infection.® ° This susceptibility differs between the 5 known generic variants
of NIrp1b in different mouse strains. Furthermore, three paralogues, Nirp1a, Nirp1b
and Nlirp1c are described in mice, in contrast to human that only possess one NLRP1
gene. Although they share the general domain structure of NACHT, LRRs, FIIND and
CARD, the human N-terminal PYD is replaced by a NR100 domain and a notably
shortened linker region connects this NR100 to the NACHT domain. Although the
mouse paralogue NIrp1a and the human NLRP1 are not activated by LF, studies in the
mechanistic action of B. anthracis induced pyroptosis revealed that cleavage of the N-
terminus of NIrp1b is required for inflammasome activation. Engineering this cleavage
site into NIrp1a and NLRP1, showed that cleavage of the N-terminus also leads to
activation in these variants, uncovering an autoinhibitory function of the N-terminus.?
In addition, studies in human and mice presented evidence that disrupting mutations
of the PYD or NR100 linker domain in Nirp1a, lead to auto-inflammation, driving
diseases like multiple self-healing palmoplantar carcinoma (MSPC), familial keratosis
lichenoides chronica (FKLC) or cytopenia.l*® *' %8 Patients displaying MSPC or FKLC
were shown to carry dominant mutations in the PYD domain and that this domain, if
intact, displays autoinhibitory functions and prevents inflammasome oligomerization.
Therefore, mutations in this domain lead to abrogated autoinhibition and exaggerated
inflammasome activation. In addition to chronic skin inflammation conditions and warty
keratoacanthomas, keratinocyte cultures of these patients showed increase ASC
speck formation and the release of the pro-inflammatory cytokines IL-1a, IL-13 and IL-
18. These studies provided first evidence to link NLRP1 hyperactivation to
inflammatory skin disorders and skin cancer predisposition.”*®! In addition to the skin,
Nirp1a is further highly expressed in the hematopoietic cell compartment. An N-ethyl-
N- nitrosourea (ENU) mutagenesis screen for dominant mutations revealed that a
single amino acid substitution in the linker domain between NACHT and LRR in Nirp1a
causes neutrophilia in mice by leading to a constitutively active inflammasome. These
mice displayed a shorter live span compared to wild-type (WT) mice, dependent on IL-
18. In addition, NIrp1a mutants increase IL-18 serum levels, but knocking out IL-18

worsens their disease, indicating a negative regulatory function of IL-18. Interestingly,
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however, this study suggests cell-intrinsic roles for NLRP1a-induced pyroptosis in

hematopoietic progenitor cells independently of ASC or caspase 11.1°!

Inflammasomes as targets in cancer-immunotherapy

Functioning as innate immune sensors that induce inflammation, inflammasomes are
promising targets for immunotherapy. Multiple studies correlated inflammasome
signaling with altered prognosis in tumor models. The loss of NIrp3 in an
azoxymethane-dextran sulfate sodium (AOM-DSS) induced colitis model increased
the tumor incidence of colorectal carcinomas and further enhanced the outgrow of
metastatic foci in the liver because of impaired IL-18 signaling.*® Knockout of Nirc4
and the effector protein Casp1 in the same model, proposed reduced inflammation-
induced tumorigenesis after injury due to intrinsic effects in the colorectal epithelium.®!
Astonishing findings of the Canakinumab Anti-inflammatory Thrombosis Outcomes
Study (CANTOS), published in the general medicine journal Lancet 2017, revealed
that treatment with the IL-1B antibody canakinumab over the course of 3.7 years
reduced the incidence of lung cancer by 67%.% ® This study, originally designed to
elucidate the effect of IL-1B inhibition in atherosclerosis further uncovered the
promoting role of IL-1B - a major product of inflammasome activation- in tumor growth,
invasiveness of malignant cells and metastatic spread. Taken together, these findings
point out the vast potential of inflammasome targeting in optimizing cancer
immunotherapy and augmenting the understanding of innate induced inflammation in

tumor progression.

Dipeptidyl Peptidases, a diverse protease family involved in

inflammation, metabolism and homeostasis

Dipeptidyl Peptidases (DPPs) are N-terminal exopeptidases, that cleave off a dipeptide
of the N-terminus of their substrates.®"! The prototypic DPP, DPP4, and its family
members have been extensively studied over the past 50 years and revealed important
contribution in pathophysiological and immunological processes.? DPP4 was first
isolated from rat kidney and became a propitious target in diabetes type 2 treatment
due to its capability to cleave the incretin glucagon- like peptide 1 (GLP-1), a major
regulator of glucose homeostasis in vivo.*® ®! Therefore, inhibitors of DPP4 like

vitagliptin, sitagliptin or saxagliptin have become important therapeutic agents against
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type 2 diabetes, by regulating blood glucose levels and gluconeogenesis.[®® ©°

Research on DPP4 and other peptidyl peptidases of this family exposed their broad
contribution in tumorigenesis, metabolism and inflammatory diseases, thereby
exaggerating the broad interest in further studying these proteins as important

modulators in disease and health.®% %77

DPP4 family members: DPP8, DPP9 and FAP

Members of the DPP4 family are serine proteases with a preference for proline (Pro)
or alanine (Ala) at the penultimate position of the N- terminus. In strict terms, the
peptidyl peptidases DPP4, DPP4 like protein-1 and 2 (DPP6 and DPP10, respectively),
fibroblast activating protein alpha (FAP), DPP8 and DPP9 are the only family
members.®? %8 These peptidases belong to the serine protease clan SC subfamily 9b,
holding a catalytic tirade ordered serine (Ser) aspartic acid (Asp) and histidine (His).
In broader terms, considering sequence similarity and substrate specificity, the prolyl
oligopeptidase PREP, and the prolyl carboxypeptidase PRCP can be further classified
as DPP4 family members.[®%

FAP exists like DPP4 as transmembrane protein or secreted soluble form (sFAP). In
addition to its exopeptidase activity, FAP also displays gelatinase function which allows
for degradation of the ECM. Highly expressed in the tumor associated fibroblasts of
most solid tumors and in 90 % of human epithelial cancers, FAP is involved in tissue
remodeling and has shown to support tumor growth and metastasis.!®” "

The family members DPP8 and DPP9 are cytosolic with few reports of DPP9 being
detected also in the nucleus. DPP8 and 9 display 77% sequence similarity and despite
their close relation and overlapping substrate specificity with DPP4, they are potentially
involved in distinct physiological pathways due to their separate localization. Several
studies aimed to unravel potential targets and substrates of these serine proteases to
elucidate their function.!®® "2 I\While these studies provided excessive lists of possible
substrates, pathways inheriting cleavage by DPP8 or 9 as crucial factors for signal
transduction, remain to be elucidated. DPP8 and 9 work as dimers and are sensitive
to changes of redox potential.l’* ™! Oxidation of sulfhydryl groups of cysteines
surrounding the catalytic center of these serine proteases leads to strong inhibition of
DPP8/9 activity but not in DPP4. Redox-responsiveness in these studies was assayed
in vitro through the addition of reactive oxygen species (ROS) like H,O- or the bacterial

coenzyme pyrroloquinoline quinone (PQQ). PQQ is a coenzyme of several bacterial
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dehydrogenases and oxidizes neighboring cysteinyl residues to disulfide bonds.!”
These experiments showed a potential role of DPP8/9 in sensing the redox status of
the cell. Stress conditions resulting in mitochondrial or endoplasmatic reticulum
mediated stress can increase cytosolic ROS. These perturbations in ROS abundance
could be a result of infection or metabolic stress. In addition, sterile stimuli like UV-
radiation can further enhance ROS levels.

DPP9 is considered to be the rate limiting endopeptidase in the degradation of proline-
containing peptides.[® Moreover, mice homozygous for a catalytic inactive mutation
of DPP9 die within 8-24 hours after birth, probably attributable to metabolic
impairment.[’””! Others report that the knock-in of the same catalytic mutant lead to a
defect in tongue development. Lack of catalytically active DPP9 results in increased
cell death of migratory muscle progenitor cells. As a consequence, mice expressing
this DPP9 mutant succumb to neonatal lethality due to a suckling defect.!®!

Although the DPP4 family member display a very specific substrate specificity, FAP,
DPP4/8/9 contribute to various distinct processes within cells and organisms, pointing
out the great potential for further investigation in the context of metabolic diseases,

cancer development and stress responses.

Inhibitors of Dipeptidyl Peptidases

Inhibitors of dipeptidyl peptidases already expose a wide range of applications as
metabolic and immunological modulators. DPP4 inhibitors are approved and widely
approached as diabetes type 2 treatments. Moreover, inhibition of DPP4 has recently
been shown to enhance lymphocyte trafficking by increasing levels of biologically
active CXCL10."") CXCL10, a chemokine, mediates lymphocyte trafficking into tumor
tissue through signaling of its receptor CXCR3, enhancing an anti-tumor response in
melanoma models. N-terminal truncation of CXCL10 through Dpp4 leads to a dominant
negative form of this cytokine which negatively affects T cell trafficking to tumor
sites.” Treatment with anti-FAP antibodies revealed positive effects in melanoma,
breast and pancreatic cancer, all together demonstrating the potential for DPP family

members as target for future immunotherapies.[®® 67 71 79I
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Valboro-Pro

Valboro-Pro (VBP, Figure 2), also referred to as Talabostat or PT-100, is a nonspecific
serine protease inhibitor that has generated considerable interest based on its ability
to enhance T cell mediated tumor clearance.’® The amino-boronic dipeptide
competitively inhibits the dipeptidyl peptidase activity of a wide variety of serine
proteases, including DPP4, DPP7, DPP8, DPP9, FAP, PREP, SCPEP1, through high
affinity binding to the active site, mediated by complex formation between the serine

of the catalytic triade of its target with the intrinsic boronic acid.[®"

Figure 2 Structure of Valboro-pro. Source: PubChem; URL: https://pubchem.ncbi.nim.nih.gov

Multiple lines of evidence indicate that VBP kills cancer cells indirectly by enhancing
an anti-tumor immune response.®® 8 VBP administration reduces tumor growth of
multiple syngeneic models in vivo but does not influence tumor cell growth in vitro. In
addition to growth restriction, administration of VBP leads to complete tumor clearance
in several conducted syngeneic tumor experiments.®® 8 Moreover, female C57BL/6
mice further acquire an adaptive immune response against MB49, protecting mice of
further tumor growth upon re-challenge after 56 days after initial tumor induction.!®”!
The in vivo effect of the chemical component depends on dendritic cells and T cells
and is believed to occur by enhancing early dendritic cell migration to tumor infiltrating
lymph nodes and an acceleration of T cell priming.!®® 82!

In addition with other cytokine levels, Adams et al. assayed the effect of DPP4 (also
named CD26) on tumor regression. Although they report no major contribution of DPP4
in the observed phenotype and claim an CD26 independent mechanism of VBP tumor
growth restriction, their reported data leave room for alternative interpretation. Herein,

other studies revealed that DPP4 knockout in mice enhances reduction of tumor
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incidences!, indicating that VBP might functions by inhibiting other DPP family
members or DPP inhibition can exacerbate its effect. Exploiting the high-throughput,
superfamily-wide multiplexed profiling method EnPlex, DPP4, 8 and 9 have been
defined as strongest targets for VBP mediated inhibition.['” This study demonstrated
that VBP induces pyroptosis, a lytic form of cell death, in a panel of immortalized
myeloid cell lines, proposing new possibilities to explain the anti-tumor effects of VBP

that remain to be determined.['”

Serine Proteases as Inflammasome modulators

Recent studies of Okondo et al., demonstrated that VBP induces pyroptosis in
hematopoietic cells."™ The pyroptotic effects of VBP are dependent on caspase-1, but
not caspase 4 and 5, mediators of a non-canonical pyroptotic pathway which responds
to lipopolysaccharide (LPS). In addition, DPP8 and 9 were identified as the VBP
inhibition target responsible for activating caspase-1. In the proposed model, DPP8/9
inhibition by VBP leads to the activation of pro-caspase-1 through an unknown
mechanism. Knockout of DPP9 and DPP8/9 double knockout, but not DPP4, leads to
increased LDH release in THP1 cells without further stimulation with VBP.I"”

To determine if DPP8 and 9 and if other DPP members are expressed in mouse
derived primary macrophages, the Flavell Lab performed RNA- sequencing on mouse
bone marrow derived macrophages of C57BL/6 mice. RNA-sequencing results
preliminarily generated by the Flavell-Lab revealed expression of DPP8 and DPP9 in

primary mouse derived macrophages (Figure 3).
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Figure 3 Mouse derived primary macrophages express DPP8 and DPP9. RNA Sequencing of mBMDMSs;
unpublished data generated and provided by the Flavell Lab.

Caspase-1 is an effector molecule downstream of inflammasome signaling. Screening
for responsiveness to VBP in several mouse and human derived myeloid cell lines by
Okondo et al. displayed high responsiveness of RAW264.7 cells to VBP.'" RAW264.7
cells do not express ASC, the adaptor protein mediating the assembly of an
inflammasome-caspase complex.®® Knockout of ASC in mBMDMs revealed the partial
independence of ASC in VBP induced pyroptosis in mBMDMs (Okondo et al. 2017 and
Figure 5). Only the inflammasome sensors Nirp1 and NlIrc4 can directly interact with
caspase 1 through their internal CARD domain, leading to the hypothesis of
contribution of one or both to VBP induced cell death. Further experimental data
generated by the Post Doc. James Richard Brewer demonstrated that Nirc4 does not

mediate cell death upon VBP treatment in mBMDMs (Figure 4).
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Figure 4 VBP leads to LDH release in WT and Nirc4™, but not Casp1” mBMDMs. mBMDMs were treated with
25uM VBP for 24 hours. Statistical significance was assayed with Student’s t-test. **p<0.005

Activation of caspase-1 and induction of pyroptosis are characteristics of
inflammasome activation. Therefore, it remains to be elucidated if VBP induces
pyroptosis in dependence of the activation of an inflammasome sensor. It is of interest
to determine which inflammasome sensor can mediate pyroptosis upon DPP8/9
inhibition caused by VBP treatment. Investigating the mechanistic way of action of VBP
may give further insights into the biological activity in cancer models. Knowledge
gained could be important for unraveling the contribution of innate immune signaling

to tumor clearance upon VBP.
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Materials and Methods

Mouse Models

All mice used were on the C57BL/6 background. Nirp1”~ mice were generated on a
129 background by targeting exon 1-3 to disrupt gene function.®¥ 129 mice encode
non-functional Nirp1a and Nirp1c gene variants; therefore, inactivation of the functional
NIrp1 gene results in a complete Nirp1 knockout. Nirp1” mice were backcrossed to
C57BL/6J, maintaining complete NIrp1 loss in this colony on a C57BL/6J
background.®¥ Casp1” mice were generated by Case et al. 2011, by flanking exon 6
and 7 that encode the catalytic center with loxP sites.®® Floxed mice were crossed to
C57BL/6N mice encoding Cre under the promotor E2A, purchased from Jax, leading
to the deletion of the floxed region.®® ASC-/- mice were generated as described in
Sutterwala et al. 2006®® and backcrossed to C57BL/6N. All mice were bred and
maintained under specific pathogen-free conditions at the animal facility of Yale

University School of Medicine.

Cell Lines

THP1 cells were purchased from ATCC and handled according to provider’'s
instructions. In brief, THP1 cells were cultivated Eppendorf tissue culture flasks, in
RPMI  supplemented with 10% fetal bovine serum (FBS), 100 pug/mL
penicillin/streptomycin (P/S) plus L-Glutamine (full RPMI media). For differentiation
into monocytes and macrophages, THP1 cells were cultured 3 days in full RPMI media
with 80 nm phorbol- 12-myristate- 13-acetate (PMA, Sigma P1585). HEK293FS* cells
were kindly provided by the Joshi Laboratory of the Yale University School of Medicine.
Irradiated Yale university mouse melanoma cells 1.7 (YUMMER1.7) and YUMMER1.7
cells expressing GFP (YUMMER1.7-GFP) were provided by the Bosenberg
Laboratory!®”! (Dermatology Department, Yale School of Medicine). MC38 cells were
kindly provided by the Bosenberg Laboratory and EL4 cells were purchased from
ATCC, both cultivated in DMEM supplemented with 10% FBS and 100 pg/ml P/S.

Reagents

Valboro-Pro (VBP; Talabostat mesylate) was purchased from MedKoo Biosciences.

For tissue culture, VBP was reconstituted in DMSO and stored at -20°C. For the tumor
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experiments, 200ug Valboro-Pro (VBP) were dissolved in 0.1N HCI and diluted to a
final concentration of 20ug/150ul with 0.9% NaCl. Single dose administration for
cytokine detection in serum was performed with 100ug VBP in 150yl vehicle p.o.

The chromogenic substrate Gly-Pro p-nitroanilide was purchased from Sigma-Aldrich
(# G0513) and used as indicated. LPS (Enzo, ALX-581-012-L002) and nigericine

(Invivogen, tlrl-nig) were used as indicated.

Tumor Models

6-9 weeks old mice were shaved at injection side prior to injection. 5 x 10° cells (EL4,
MC38, YUMMER1.7-GFP, YUMMERA1.7) suspended in 100 ul Dulbecco’s PBS
(DPBS) were injected subcutaneously. Mice of different genotypes and treatments
were cohoused as indicated to control for effects caused by diverging microbiota. 20ug
VBP, were administered p.o. twice daily at an interval of approximately 8 hours. Tumor
sizes were determined by measuring the greatest length of tumors (length) and the

perpendicular longitude (width) with a caliper. Tumor volume was estimated according

length

to the formula: width?x . Mice were euthanized at a humane endpoint of 2cm

tumor length in any direction or when tumors became ulcerated.

Generation of Mouse Bone Marrow Derived Macrophages

Bone marrow was collected of mice at an age of 5-12 weeks. Mice were sacrificed and
femur and tibia isolated by removing skin and muscle. The bones were kept in ice cold
phosphate buffered saline (PBS) till further processing. To isolate bone marrow, the
tips of the bones were cut and flushed with DMEM substituted with 10% FBS, 100
pg/ml P/S, 2mM L-glutamine and 50ng/ml macrophage colony stimulating factor (M-
CSF, BioLegend 576404 ). At day 4-5 after isolation, fresh MCSF full DMEM media was
added to sustain growth factor required for macrophage differentiation. BMDMs were

utilized between day 8-12 after isolation for experiments.

Cytokine detection with ELISA

To assay serum cytokine levels, blood of mice was collected via terminal cardiac
puncture. Samples were incubated on ice for one hour and centrifuged at 21000 g at
4°C for 10 minutes. Serum was transferred into new tubes and stored at -80°C for

further use. Supernatants collected from tissue culture were collected and filtered
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(0.2um) prior to cytokine assessment. To assay cytokine levels at tumor sites, we
isolated tumors post mortem and reduced them to small pieces of 1mm?>. Minced tumor
was then incubated in PBS (volume dependent on tumor weight, 1mg tumor
corresponds to 2ul PBS) at 37°C for 1h. Suspension was centrifuged 21000 g at RT
and interstitial fluid was harvested and stored at -80°C until further use.

Elisa kits for cytokine level evaluation were purchased from different manufactures as

indicated in Table 1 and performed accordingly to the manufacturer’s protocol.

Table 1 ELISA kits for cytokine detection

Reagent or Resource Source Identifier
Mouse IL-1B R&D SYSTEMS DY401-05
Mouse IL-18 Thermo Fisher BMS618-3TEN
Mouse CXCL1 R&D SYSTEMS DY453

Mouse CXCL10 R&D SYSTEMS DY466-05
Mouse IFN-y R&D SYSTEMS DY008

Mouse IL-1Ra R&D SYSTEMS DY480

Generation of THP1 KO cell lines for DPPs and inflammasome

components

CRISPR/Cas-9 technology utilizing lentiviral CRISPRv2 system developed by Zhang et
al 2014 (Addgene, plasmid #52961)1®® was used to knock out serine proteases and
inflammasome components of interest in THP1 cells. To control for efficient
transduction, a lentiGFP construct (pLenti CMV GFP Puro 658-5), a gift from Eric
Campeau & Paul Kaufman (Addgene plasmid # 17448)%°! was utilized. The serine
protease DPP9 and the pyrin-domain adaptor protein ASC was knocked-out using a
single guide strategy; knockouts were confirmed via western blot, or a combination of
functional readout and sequencing. In the absence of specific antibodies for human
caspase-1 and human NLRP1, a two guide Cas-9 strategy was attempted, targeting
either the full locus or exons leading to a predicted frameshift and therefore truncated
proteins through the introduction of premature stop codons.

Cells were cloned after selection (100 ng/ml puromycin, InvivoGen ant-pr-1; 100 ng/ml
neomycin, InvivoGen ant-gn-1) to derive cell populations from single clones.
Constructs for CRISPR/Cas9 targeting as well as all primers used in this project are

listed below.
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lentiCRISPRVv2 single guide targeting

The lentiCRISPRv2 one vector system encodes an expression cassette for the
humanized S. pyogenes Cas9 and a separate cassette for the expression of the guide
RNAs."®® Plasmid was cut with BsmB1 restriction enzyme and dephosphorylated to
reduce probability of religation. Oligonucleotides were designed against targeting
sequences flanked by complement sequences of BsmB1 digested plasmid overhangs,
20-mer of target specific guide RNAs are listed in Table 2. CAS-Designer of CRISPR
RGEN Tools [Biology Software] (2017/2018, retrieved from http://www.rgenome.net)
and Benchling [Biology Software] (2017/2018, retrieved from
https://www.benchling.com) CRISPR design tool was utilized to determine suited guide
RNA sequences. Annealed and phosphorylated oligonucleotides were ligated into the
purified BsmB1 digested vector and transformed into Stbl3 (Invitrogen, # C737303),

recombinant-deficient E. coli.
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Table 2 guideRNA sequences for 1-guided CRISPR/Cas9 targeting in THP1 cells

Target Oligo name @ 5°-3" Sequence Source/
designing tool

hNLRP1sg1la GTCGCATAGTCATACTGCAGG @ Rgenome
hNLRP1sg1b = CCTGCAGTATGACTATGCGA Rgenome
hNLRP1sg2a GCTCGCATAGTCATACTGCAG @ Rgenome
hNLRP1sg2b CTGCAGTATGACTATGCGAG Rgenome
hNLRP1sg3b = GCTGGATCCATGAATTGCCGG A Rgenome
hNLRP1sg3a CCGGCAATTCATGGATCCAG Rgenome
hASCsg2a GCCCTCGCGATAAGCGCAGCC | Okondo et al. 2017
hASCsg2b GGCTGCGCTTATCGCGAGGG | Okondo et al. 2017
hCASP1sglia GCTAAACAGACAAGGTCCTGA Okondo et al. 2017
hCASP1sg1b | TCAGGACCTTGTCTGTTTAG Okondo et al. 2017
mCASP1sg1a GTTAAACAGACAAGATCCTGA | Okondo et al. 2017
MCASP1sg1b TCAGGATCTTGTCTGTTTAA Okondo et al. 2017
hCASP1sg2a GAAAGCTGTTTATCCGTTCCA  Okondo et al. 2017
hCASP1sg2b H TGGAACGGATAAACAGCTTT Okondo et al. 2017
hDPP9sg1a CGGACTCGTATCGGTACCCC Okondo et al. 2017
hDPP9sg1b | GGGGTACCGATACGAGTCCG | Okondo et al. 2017
hDPP9sg2a GGCCAACATCGAGACAGGCG | Okondo et al. 2017
hDPP9sg2b | CGCCTGTCTCGATGTTGGCC | Okondo et al. 2017

Exon  Exon | Exon Exon Exon | Exon | Exon | Exon | Exon
2

lentiCRISPRVv2 two guide strategy

In order to target a specific locus, two guides were cloned into the lentiCRISPRv2
backbone under individual U6 promotors, separated by polymerase blockers. PCR
template was obtained from other constructs generated by the Flavell Lab.

Guide RNAs designed for the two-guide strategy are listed in Table 3.
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Table 3 guideRNA sequences for 2-quided CRISPR/Cas9 targeting of human Nirp1

Target  Oligo name 5°-3"Sequence Source/
designing tool
hNLRP15UTR 2 | TACAGATAGACGCCGATAGA | benchling

5 2 (NLRP13UTR1 | TCCACCGGATTGTCGTAGAG  benchiing
c o hNLRP15UTR1  TGCTGCAGCGTCAGCTGGTC | benchling
u% X hNLRP1 Intron1-2  CATCAATACTCGTGCCTGAA | benchling
c o hNLRP1Intron3-4 GGACAACAGAGCAAGGAGAG | benchling
u% < hNLRP1Intron 4-5 ACCTGCCAGTAAGATTCCCA | benchling

Virus generation for CRISPR/Cas9 targeting and transduction in

THP1 cells

Virus generation in HEK293 FS* cells
To generate virus for CRISPR/Cas9 targeting of desired genes in THP1 cells, HEK293

FS* cells were cultured in 15 cm tissue culture dishes to 80-90% confluence in
DMEM,10% FBS, 100 pg/mL P/S. These cells were transfected with lentiviCRISPRv2
plasmid construct together with pMD2.G (Addgene, #12259) for VSV-G envelope
expression and psPAX2 packaging vector encoding HIV-1 gag and HIV-1 pol
(Addgene, #12260) using LipoD293™ transfection agent (SignaGen Laboratories, #
SL100668) following manufacturer’s instructions. In brief, 20 uyg DNA (10 pg
LentiCRISPRv2 PURO, 2.5 pg pMD2.G VSVG, 7.5 ug psPAX2 GAG Pol) were
combined in 1 ml DMEM only (without FBS or P/S). 50 pl LipoD293™ DNA In Vitro
Transfection Reagent in 1 ml DMEM only was quickly combined with 1 ml plasmid mix,
vortexed and incubated at RT for 10 minutes. Cells were transfected with reagent
mixture in 25 ml fresh DMEM, 10% FBS, 100 ug/mL P/S. Virus was harvested 24-72
hours after transfection by collecting media and filtering through 0.22um sterile filter

(Millipore).

Lentiviral transduction in THP1 cells

To control for successful viral transduction a lentivirus construct containing GFP was

transfected in HEK293 FS* in parallel to desired guide constructs. 2.25 x 10°
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undifferentiated THP1 cells were seeded in 2 ml RPMI containing 25 mM 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) with 10 pg/ml polybrene and
combined with equal volume of harvested virus. Cells were transduced by
centrifugation at 2500 rpm (Eppendorf, Germany) at 37°C for 90 minutes. Subsequent
to transduction, cells were washed twice with PBS and resuspended in 2 ml RPMI-
HEPES and incubated 48 before selection. Transfection efficiency was assayed by
determining GFP expression in control assay. To establish THP1 cell lines deriving
from single clones, cell suspensions were diluted to contain cell number ranging from

0.01-10 cells per well and plated in a 96 well set up.

DNA isolation

Plasmids were isolated using QIAprep Spin Miniprep Kit (QIAGEN) or QIAGEN
Plasmid Maxi Kit (25) (QIAGEN) following manufacturer’s instructions. To extract DNA
from cell lines, 1 x 10° cells were washed in PBS twice before lysing in 1ml Quick Tail
Lysis Buffer (0.1% (w/v) SDS; 10 mM Tris-Cl pH 8.0; 1 mM EDTA pH 8.0; 5 mg/ml
DNase-free RNaseA; 5 M Potassium acetate; 20 ug/ml Proteinase K) at 55°C for 3
hours. Proteinase K was subsequently inhibited by keeping the lysate at 99°C for 20
minutes. Samples were amplified by PCR, analyzed on an agarose gel and subjected

to sanger sequencing

LDH release assay

5 x10° THP1 cells were seeded in 96 well tissue culture treated plates in 100ul RPMI
10% FBS pg/ml P/S 80nm PMA 72 hours prior to treatment. Media was exchanged to
RPMI 10% FBS pg/ml P/S substituted with VBP or DMSO control as indicated, in
triplicate. To assay drug cytotoxicity in myeloid mouse cell lines or BMDMs, 1 x 10°
cells were seeded in 100 yl DMEM 10% FBS 100 pg/ml P/S + 200 nM Glutamate 2 h
before treatment. LDH release was assayed with Pierce LDH Cytotoxicity Assay Kit
(Thermo Scientific), according to manufacturer’s instructions. LDH release was

calculated with the following formula

o Compound-treated LDH activity — Spontaneous LDH activity
% Cytotoxicity = - — — x100
Maximum LDH activity — Spontaneous LDH activity
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whereby cells treated with lysis buffer were taken as reference for 100% toxicity and

samples were normalized to vehicle control (DMSO).

Protein Isolation

Whole cell protein was isolated by lysing the cells in NP-40 Lysis buffer (2 mM EDTA,
1% Nonident P-40, 20 mM Tris/HCI pH8, 10% Glycerol, 137mM NaCl; protease
inhibitor (cOmplete Tablets, Roche), 1 mM PMSF, 1mM Sodium Orthovanadate), and
subsequent incubation (rotating) at 4°C for 30 minutes. Cell debris was pelleted by
centrifugation at 21000 g for 10 minutes at 4°C and protein concentration of the
supernatant quantified with DC™ Protein Assay (BIO-RAD).

SDS Polyacrylamide Gel electrophoresis and Western blot analysis

Protein Samples were separated on a 4-12% Bis-Tris Polyacrylamide Gel (Invitrogen,
# NP0322BOX) in 1x NuPAGE MOPS SDS Running buffer (Invitrogen, #NP0001)
running buffer at 130V. 4 pl Precision Plus Protein Standard (BIO-RAD, # 1610374)
were loaded as reference. Protein was transferred onto methanol activated
polyvinylidene fluoride (PVDF) membrane, equilibrated in 1x NUPAGE Transfer Buffer
(Invitrogen) with 10% methanol. The transfer was conducted as wet transfer for 2 h at
120 V at 4°C. Subsequently, the PVDF membrane was blocked in 5% milk solution in
TBS-T (25 mM Tris, 0.15M NaCl, 0.05% Tween-20, pH 7.5) for a minimum of 15
minutes prior to incubation with the primary detection antibody. Antibodies were
dissolved in TBS-T (concentration indicated in Table 4) and incubated 1 hour on a
tilting shaker (RT).
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Table 4 Antibodies for Western blot detection

Reagent or Source Identifier Workin
Resource g
Dilutio
n
rabbit a- DPP9 Abcam Anti-DPP9 antibody - Catalytic domain 1:5000
(ab42080)
rabbit a- ASC AdipoGen anti-Asc, pAb (AL177) (ATTO 647N) 1:1000
sheep a- NLRP1 R&D Human NLRP1/NALP1 Antibody (AF6788- 1:80
Systems sp)
rabbit a-CASP-1 Cell Human CASP1 (#2225) 1:1000
signaling
goat a- Actin Santa- Cruz | Actin (I-19) sc-1616 1:300
a- mCasp1 adpiogen Casper-1 1:1000
a-11-1B Cell IL-13 (D4T2D) Rabbit mAB #12426 1:1000
signaling
a- B-Tubulin DSHB E7 1:5000
Streptavidin- R&D Part No. 893975 1:1000
HRP Systems

The PVDF membrane was washed additional 3 times with TBS-T and incubated with
appropriate secondary antibody conjugated to horseradish peroxidase (HRP) in TBS-
T for 1 hour on a tilting shaker. West Pico PLUS Chemiluminescent Substrate (Super

Signal ™, Thermo Fisher Scientific) was detected on X-ray film.

DPP activity assay

Cells were washed twice in ice cold PBS and once in DPP activity assay buffer (20
mM Tris/HCI pH 7.5, 500 mM sodium chloride, TmM DTT). Cells were homogenized
with polytron PT 2100 homogenizer (KINEMATICA; Lucern, Schweiz) and protein was
quantified with DC™ Protein Assay (BIO-RAD). Lysates were incubated with inhibitors
as indicated in the result section. Gly-Pro p-nitroanilide hydrochloride (H-Gly-Pro-pNA,;
SIGMA, #G0513) to a final concentration of 1TmM was added and accumulation of the
chromogenic substrate p-nitroanilide was assayed every 10 minutes by measuring
absorbance at 405 nm while incubating at 37°C utilizing SYNERGY HTX multi-mode

reader (BioTek Instuments; Winooski, USA).
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Speck formation Microscopy

To assay Speck formation in mBMDMSs, cells were seeded in glass bottom plates and
fixed by adding equal volume of ice cold MetOH directly to culture media and
incubating for 30 min at 20°C. Fixed cells were washed twice with PBS and blocked in
PBS containing 2% BSA and 0.3% Triton for 30 min at room temperature. Primary
antibodies were diluted in PBS with PBS containing 1% BSA and 0.1% Triton overnight
at 4 degrees C. Wells were washed twice in PBS and incubated 1 hour covered from
light with secondary antibody cocktail, containing according secondary antibody
together with DAPI (1:1000; Sigma-Aldrich, D9542) and Phalloidin CruzFluor™ 647
Conjugate (1:500; Santa Cruz Biotechnology sc-363797). Images were acquired with
Leica DMI6GO0OOB inverted microscope and data was analyzed using the LAS-AF

software.

Statistical analysis

Statistical Analysis was conducted with GraphPad Prism version 7.0a for Mac
(GraphPad Software, La Jolla California USA, www.graphpad.com). Statistical
significance was assessed by Student’s t test or two-way ANOVA as indicated,

whereby a p value < 0.05 was considered as statistically significant.
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Results and Discussion

Nirp1 is the responsive sensor for Valboro-Pro induced pyroptosis in
mBMDMs

Valboro-Pro, an immunomodulatory drug, induces pyroptosis in RAW264.7 cells via
activation of pro-caspase-1 and cleavage of its substrate GSDMD.!'% Classic caspase-
1 activation requires CARD mediated association with the adaptor protein ASC in order
to form large multimeric complexes that allow autoproteolytic cleavage for the
activation of caspase-1.% 4"l ASC proteins assemble to specks that form in response
to inflammasome sensor activation. Multi-protein association of inflammasome
sensors provides oligomerization platforms for ASC via PYD domains.*®! RAW264.7
cells, a murine-leukemic monocyte-macrophage cell line, do not express the adaptor
protein ASC!®¥l. In addition, THP1 cells lacking ASC maintain their responsiveness to
VBP!"Y.  Therefore, caspase-1 activation following VBP treatment occurs
independently of ASC. To test this hypothesis, we generated mouse bone marrow
derived macrophages (mBMDMs) of ASC knockout (Asc”") mice and determined their
responsiveness to VBP (Figure 5A). The cells were treated with 25uM VBP for 24
hours. The pyroptotic effects of VBP on mBMDMs were assayed by quantifying the
release of LDH into the medium, indicating disruption of the plasma membrane.!** ?"!
Asc”” mBMDMs displayed an intermediate responsiveness to VBP compared to WT or
Casp1”- mBMDMs (Figure 5A).

Caspase-1 activation happens downstream of inflammasome sensor
oligomerization.®® The only known inflammasome sensors that are able to interact
directly with caspase-1 are Nirp1 and Nirc4.P® *3 These sensors possess an
endogenous CARD domain, allowing for direct CARD-CARD interaction.®® °°
Preliminary data of the Flavell Lab showed that mBMDMs derived from Nirc4™ mice
displayed the same responsiveness to VBP as WT (Figure 4). To determine whether
Nirp1 senses VBP induced DPP8/9 inhibition and therefore mediates pyroptosis,
mBMDMs of Nirp1” mice were generated and treated with 25uM VBP for 24 hours.
NIrp1” mice were generated on a 129 background, targeting exon 1-3 of the Nirp1b
gene.® The genome of 129 mice encodes for functional Nirp1b while Nirp1a and
Nirp1c are non-functional, resulting in complete loss of Nirp1 function in this strain.[®*
NIrp1” mice were subsequently backcrossed to C57BL/6J, to generate a line congenic

for the Nirp1 locus.®¥ Sensitiveness to VBP was assayed by detecting the leakage of
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LDH into the supernatant. Our experiments showed that Nirp1” mBMDMs are resistant
to VBP treatment, indicating NIrp1 and not Nirc4 is the inflammasome sensor
mediating VBP induced pyroptosis (Figure 5).
*kk*k
40~ *%
*k B WT

30 Nirp1-F

20~ ASC'/'

- -

I ]
DMSO 25 uM VBP

10+

ey

-10

LDH Release
(% Cytotoxicity)
@)
Q
wn
°

Figure 5 Nirp1 is the responsive sensor for VBP induced pyroptosis in mBMDMs. mBMDMs were generated
from mice of indicated genotypes and treated with 25uM VBP for 24h. LDH leakage was assayed to estimate
lytic cell death. ****p<0.0005, **p<0.005

Upon activation, Nirp1 oligomerizes and recruits ASC to form a multiprotein complex,
able to interact with caspase-1, leading to its processing and activation.*® To
complement our findings, we performed immunofluorescence on Nirp1” mBMDMs to
determine ASC speck formation. Cells were seeded in a glass bottom 24 well and
treated with 25uM VBP for 24 hours or 5 hours with 100ng/ml LPS plus 15 min 10uM
Nigericin prior to fixation and staining. ASC and Casp-1 were fluorescently labelled,
Asc™ and Casp-1"-mBMDMs were used as control. The strong yellow signals detected
in WT cells treated with VBP or LPS/Nigericin indicate highly concentrated
colocalization of ASC and Casp-1 specks, demonstrating that WT cells form ASC/
caspase-1 specks upon VBP treatment (24h, Figure 6A). No ASC-caspase-1 specks
were detectable in Asc” treated with either VBP or the positive control LPS/Nigericin,
thereby validating the specificity of the antibody. Formation of ASC specks in response
to VBP treatment was not impaired by the lack of Casp-1, as this protease is recruited
post ASC assembly. Nirp1”- mBMDMs did not form ASC specks upon VBP stimulation
(Figure 6A, B). To the best of our knowledge, no knockout-validated NIrp1 specific
antibodies exist that could be used to directly detect Nirp1 association to the observed
ASC specks. However, combining cell death assay and immunofluorescence, these

data show that NiIrp1 mediates VBP induced lytic cell death.
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Figure 6 Immunofluorescent staining of ASC and Caspase Speck formation. Cells were seeded in a glass bottom
24 well and treated with 25uM VBP for 24 hours or 5 hours with 100ng/ml LPS plus 15 min 10uM Nigericin,
respectively. A) VBP induces ASC and caspase-1 speck formation in WT cells. Yellow fluorescence indicates
colocalisation. B) VBP induced ASC speck formation in WT and caspase-1 knockouts but not Nlrp1'/'. Images

were taken and kindly provided by James Richard Brewer.
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Cleavage of caspase-1 upon inflammasome activation can be detected via western
blot analysis of its autoproteolytic cleavage products p20 and p10 that form
heterodimers to process their substrates such as IL-18 and IL-18.1% 48 41 Stimulation
with VBP did not lead to the expected autoproteolytic cleavage of caspase-1 (Figure
7A) as no p20 product was detected. However, stimulation with LPS and Nigericin lead
to cleavage of caspase-1. Complementing our findings, Okondo et al 2017 were
likewise not able to detect p20 cleavage products. Despite the lack of detectable p20
elements upon VBP treatment, caspase-1 might still be able to cleave its substrates.
In addition to our data and Okondo’s et al. 2017, that identify caspase-1 as effector
molecule responsible for VBP's induction of pyroptosis, others report that caspase-1
mutants deficient for auto-cleavage are still able to induce cell death. 8 %% %% |n the
same studies, ASC knockout mice are shown to be sensitive to the anthrax lethal toxin.
Van Opdenbosh et al. provide evidence for NIrp1 and caspase-1 activation
independent of ASC, further supporting our hypothesis that ASC is dispensable for

VBP mediated inflammasome activation and induction of pyroptosis.?®”
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Figure 7 Western blot detection of Casp-1 and pro- IL-18. mBMDMs were stimulated for 24h with 25uM VBP or
100ng/ml LPS and 10uM Nigericin, respectively. A) Detection of pro-caspase-1 and p20 cleavage product. B)

detection of IL-1( (pro-IL-18 and mature IL-1( are distinguishable via their size).

To detect whether VBP also changes the abundance of pro-IL-13 in the cytosol of
sensitive cells, we performed western blot analysis of mBMDMs after stimulation for
24h with 25uM VBP. Stimulation with 100ng/ml LPS and 10uM Nigericin lead to the
accumulation of pro-IL-13, whereas VBP did not (Figure 7B). Release of mature IL-13

requires two distinct steps. First, the cell has to receive a stimulus (signal 1) in order
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to transcribe and produce pro-IL-13. Upon a second signal (signal 2), mature IL-18 is
generated through cleavage of pro-IL-1B by caspases.®? These results indicate, that
VBP might not activate signal 1 which induces the transcription of IL-13 and leads to
the accumulation of pro-IL-13, but rather signal 2, inducing cleavage and maturation
of IL-1B, IL-18 and the death effector protein GSDMD.*"!

Valboro-Pro does not alter tumor growth in EL4 cancer models

VBP is an immunomodulatory drug, restricting tumor growth in a T-cell dependent
manner.’% 82 To test whether the anti-tumor properties of VBP depend on activation
of the inflammasome, we decided to exploit the syngeneic EL4 tumor model described
by Adams et al. 2004.1%2 Therefore, we injected 500 thousand (k) cells subcutaneously
into age matched female C57BL/6 mice (Figure 8A; experimental setup). Starting on
day 2, mice were treated twice daily p. o. with 20ug VBP, at 8 hour intervals, over the
course of eleven days. Despite the significant findings of Adams et al., o no differences
of EL4 tumor growth in C57BL/6J mice were detected (Figure 8).
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Figure 8 VBP does not attenuate tumor growth in EL4 syngeneic tumor model. Mice were treated twice daily with
20pg VBP, tumor volumes were assayed with a caliper, measuring 2 dimensions, serum was collected for further
analysis. A) average tumor growth curves (bars indicate SEM). B) Tumor growth curves of individual mice;

statistical significance of differences in growth curves was assayed with 2-way-ANOVA.

As an internal control, blood was collected to assay for changes in serum cytokine

levels. IL-1B and IL-18 are the main cytokine substrates of caspase-1;*® 4’ therefore,
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we decided to test for changes in serum circulating IL-13 and IL-18 by ELISA. Other
studies reported elevation of CXCL1 in the blood of mice after VBP treatment.®?
Consequently, we additionally investigated CXCL1 serum levels, a chemokine and
attractant for neutrophils.®®! Administration of VBP gave a 4-fold increase in, but did
not significantly alter IL-13 or Cxcl1 serum levels (Figure 9A). Although others reported
Cxcl1 elevation in serum after treatment with VBP'®!, we were not able to detect

significant differences.

Different doses of VBP administration might result in differences in Cxcl1 serum levels.
Adams et al. 2004 reportedly administered 5ug VBP twice daily to the cohort of mice
assayed for cytokine levels. In contrast, we administered 20ug VBP twice a day.
Adams et al stated administration of 20pg VBP twice daily as their optimal dosing for
their tumor growth studies.® Given the rational that higher drug doses should increase
the observed effects on cytokine concentrations, it is counterintuitive that no
differences in Cxcl1 levels were observed. Collecting blood samples at earlier
timepoints might display differences in cytokine levels. Notably, the failure of VBP to
induce Cxcl1 increase in serum might be the reason why no differences in tumor
growth where observed.

Neutrophils are considered to be the first immune cells that are recruited to inflamed
tissue!**. In addition, neutrophils display anti-tumorigenic properties in early phases of
tumor growth by releasing pro-inflammatory cytokines like TNF-a and IL-6.1% %4
Moreover, lack of neutrophils has been shown to be indispensable for effective tumor
immunotherapy in bladder cancer.”® If neutrophil recruitment is essential for VBP
mediated tumor growth reduction, neutrophil trafficking and abundance in tumor
tissues could be assayed via flow cytometry. Additionally, alterations of other
neutrophil chemoattractants upon VBP treatment could be investigated.

Adams et al 2004 did not assay IL-18 or IL-1B8 serum levels. IL-1B is a potent pro-
inflammatory cytokine, known to activate macrophages and trigger local and systemic
inflammatory responses of the immune system."®* %! Strong elevation of IL-18 in serum
over a period of multiple days would have severe effects on the whole organism,
possibly resulting in metabolic syndromes, chronic inflammation and tissue damage.®
For example, overexpression of IL-1( in the articular of rabbit jointts induces systemic
inflammation manifested in fever and diarrhea.’”! These systemic effects were

observed in addition to local inflammation resulting in erosion of articular cartilage and
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bone. This emphasizes that IL-1B functions strongly in paracrine fashion. In addition,
IL-1 secretion and high serum levels are found in patients with septic shock or treated
with LPS.?® Considering its potency, it is not surprising that we were not able to detect
differences in IL-13 serum levels as we would expect to see more severe inflammatory
phenotypes in our mice. Accordingly, others, studying the phenotype of a gain of
function mutation in the Nirp1a allele of mice were not able to even detect IL-183,
despite a clear inflammatory phenotype (pneumonitis, meningitis and hepatitis),
assuming its concentration below the detection limit.[*®! Nevertheless, IL-1B could be
elevated locally, at specific sites of inflammation induced by VBP. This hypothesis was
further tested by assaying cytokine levels in specific tissue of interest and is discussed
in the following chapters. In comparison to IL-1[3, IL-18 is not only reported as pro
inflammatory cytokine but has also been reported to have immunoregulatory effects
that actively dampen a pro-inflammatory response. ?* “®! Masters et al. 2012
demonstrated, that gain of function Nirp1a mice lacking IL-18, displayed higher
numbers of neutrophils in the blood and the onset of the inflammation observed was

strongly accelerated.!*®!
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Figure 9 VBP effects on cytokine levels in serum. Serum was collected of mice treated with vehicle control or
VBP for 11 days. Cytokine levels of A) IL-18, B) IL-18 and C) Cxcl1 were assayed with ELISA. Statistical
significance was assayed with unpaired t-test. **** p< 0.0005.

It is important to point out that we performed our experiments in C57BL/6J mice. EL4
cells are syngeneic to C57BL/6N. Different backgrounds can lead to unpredictable
differences in immunological studies.’® ' Adams et al. 2004 executed their
experiments in C57LB/6 mice, but does not indicate whether the WT strains used are
of the subtype N or J. Testing different C57BL/6 population alone could be the reason
for not replicating Adams” et al. 2004 results. Therefore, we carefully controlled for

background effects in all subsequent conducted tumor studies.
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Given that we were not able to see differences in tumor growth between VBP and
vehicle treated cohorts with the EL4 cell line, we decided to exploit additional cancer
models to establish a solid system to address the question whether VBP's published

anti-tumor effects depend on Nirp1 and caspase-1.

VBP mediates tumor growth suppression in syngeneic MC38 and

YUMMER1.7 cancer models

Immunotherapy as cancer treatment was poorly investigated by the time VBP was first
tested for its tumoricidal properties.'®" "% Considering the immunomodulatory
potential of VBP, we decided to assay its anti-tumor effects with a cell line that has
been shown previously to respond to immunotherapy-drugs like Nivolumab (anti-PD-
1) and Ipilimumab (anti-CTLA4).””! The murine colorectal cancer cell line MC38 is
responsive to immunotherapy, blocking the PD-1/PD-L1 pathway.”! Utilizing this
cancer cell line, we are able to show that administration of VBP leads to significant

tumor growth restriction in WT mice compared to vehicle control (Figure 10).
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Figure 10 VBP attenuates tumor growth in MC38 model. 500k MC38 cells were injected subcutaneously. Mice
were treated with 20pg VBP or vehicle control twice daily p.o. starting on day 2 A) average of tumor growth
curves of WT mice treated with VBP or vehicle control (error bars indicate SEM; significance was assayed with
2-way-ANOVA). B) plot of individual growth curves. **p<0.005

Due to their susceptibility to immune checkpoint inhibitors, we additionally utilized the
C57BL/6 syngeneic YUMMER1.7 and YUMMER1.7-GFP line.!®"- 1%
In the YUMMER1.7-GFP model, VBP administration lead to tumor growth suppression

in all treated mice (Figure 11). Tumors of two of the mice treated with the vehicle control
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regressed spontaneously, leading to a final tumor incidence of 60% compared to 0%

in the VBP cohort at the end of the experiment, respectively (Figure 11B).
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Figure 11 VBP attenuates tumor growth in YUMMER1.7-GFP model. 500k cells were injected subcutaneously.
Mice were treated with 20ug VBP or vehicle control twice daily p.o. starting on day2. A) average of tumor growth
curves of WT mice treated with VBP or vehicle control (error bars indicate SEM; significance was assayed with

2-way-ANOVA). B) Kaplan-Meier-Graph displaying tumor prevalence (right). *p <0.05

If injected with 100k YUMMERH1.7 cells, spontaneous T cell dependent rejection of
melanomas was previously reported in C57BL/6J, while injection of higher cell
numbers (~250k-1000k) overcomes this regression.®”! According to the authors,
Injection with 500k cells should result in exponentially growing tumors.®”! Given the
occurrence of spontaneous rejection in WT mice treated with the vehicle control with
initial injection number of 500k cells, we hypothezised that the transgene GFP might
act as neoantigen, despite previous published observations.’®” ! To circumvent this
possible disadvantage, we performed our next study utilizing YUMMER1.7 that do not
express GFP.

Oral administration of VBP lead to a clear decrease in tumor volume in WT mice
compared to the vehicle treated control group (Figure 12A). 78% of tumors in WT VBP
treated mice regressed completely over the course of the experiment (Figure 12B). All
vehicle treated WT mice still bared tumors on day 34 (Figure 12B).
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Figure 12 VBP causes tumor regression in YUMMER1.7 cancer model. 500k cells were injected subcutaneously.
Mice were treated with 20ug VBP or vehicle control twice daily p.o. starting on day2. A) average of tumor growth
curves of WT mice treated with VBP or vehicle control (error bars indicate SEM; *p <0.05, significance was
assayed with 2-way-ANOVA). B) Kaplan-Meier-Graph displaying tumor prevalence (right, tumors that never
exceeded a total volume of 15mm° are excluded of the Kaplan-Meier-Plot).

In addition, we excluded direct cytotoxicity of VBP on YUMMER?1.7 cells by assaying

LDH release upon VBP treatment in vitro. YUMMER?1.7 cells were not responsive to
VBP.

Figure 13 VBP does not directly induce pyroptosis in YUMMER1.7 cells. A) LDH release assay of VBP
responsive GFP-THP1 cells in comparison to YUMMER1.7; cells were treated with 100uM VBP for 24h.

Statistical significance was assayed with Student’s t-test. ****p<0.0005
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Valboro-Pro induced pyroptosis in THP1 cells is dependent on

Caspase1t

To determine, whether VBP inducec inflammasome activation and pyroptosis in human
cells, we aimed to generate THP1 knockout cell lines of DPP9, Nirp1, ASC and
caspase-1. Therefore, the lentiCRISPRv2 system constructed by Feng Zhang was
exploited.®® Genes of interest were targeted with a single guide, resulting in a directed
cleavage event mediated by the nuclease Cas9.''®! The resulting double strand break
is subsequently repaired by the non-homologous end joining (NHEJ) repair pathway,
either reconstituting the WT allele or resulting in indels. These insertions or deletions
regularly lead to frameshift mutations inserting a premature stop codon in the open
reading frame. Hence, loss of protein can be detected via western blot. Utilizing this

method, we successfully generated DPP9 and ASC knockouts (Figure 14).
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Figure 14 THP1 ASC and DPP9 knockouts. A) western blot of heterogeneous ASC and DPP9 knockouts after
lentivirus transduction. B) western blot of ASC and DPP9 knockout cell lines after monoclonal expansion. sgRNA

indicates guide RNA sequence used to knock out GOI.

Western blot detection of the heterogeneous THP1 populations after virus transfection
showed reduction of DPP9 and complete loss of ASC protein compared to THP1
control cells (THP1-GFP, Figure 14A). THP1-GFP cells were transduced at the same
time with a lentiGFP construct and are therefore stably expressing GFP. ASC™ and
DPP9” THP1 cell lines were subsequently derived from a single clone. After expansion
of those single-cell derived clonal cell lines, knockout was reconfirmed by western blot
(Figure 14B).

We were not able to determine Nirp1 and caspase-1 knockout via western blot. In our
hands, various antibodies previously published did not show sufficient specificity

(representative blot shown in Figure 15A). The antibodies tested were not validated by
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knockouts in previous studies, and detected multiple unspecific bands in our
experiments. Hence, the results were inconclusive. To complement the outcome of the
western blot analysis, we chose LDH release as our functional readout. Leakage of
LDH into the supernatant upon VBP treatment indicates pyroptosis of THP1 cells.l"®
%1 Monoclonal cell lines derived from Casp1™ population displayed resistance to VBP
mediated LDH release compared to WT THP1 (Figure 15B). These results indicate
that despite uninterpretable western blot results, these clones do not possess
functional caspase-1. Consequently, we topo-cloned the locus of interest to separate
the two alleles and sequenced Casp1” clone B. Sanger sequencing and alignment
with WT reference sequence confirmed the deletion of 16 base pairs leading to the
incorporation of a premature stop codon (Figure 15C). The sequencing results together
with the functional readout confirm the knockout of caspase-1 in the CASP1™" B clone
line (targeted by sgRNA 2).
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Figure 15 Validation of THP1 knockouts of inflammasome components. A) representative images of failed

knockout confirmation of NLRP1 and CASP1. B) LDH release assay of THP1 inflammasome knockout clones
compared to WT THP1. C) sequence alignment of human WT caspase-1 gene (NHI RefSeq CM000673.2) and

sgRNA 2 targeted CASP™" clone B. D) LDH release assay of NLRP1” clones.
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LDH release performed with multiple Nirp1”~ clones gave ambiguous results. No clear
loss of VBP sensitivity can be concluded (Figure 15D). Together with the inconclusive
western blot data, this does not reveal whether pyroptosis as response to VBP
treatment happens independently of Nirp1 in THP1 cells or if the knockout strategy
was unsuccessful. It is likely, that we were not able to successfully knockout Nirp1. To
be able to determine a knockout on the DNA or transcriptional level, we aimed to exploit
a two-guide strategy of the lentiCRISPRv2 system. This would introduce 2 guides
simultaneously into the cell. We targeted exon one and four; loss of those would result
in a frameshift. Therefore, these knockouts could be validated by gPCR. However, in
the course of our studies, others published Nirp1 independent pyroptosis in THP1 cells
upon VBP treatment.['®! Johnson et al. 2018 showed that VBP induced pyroptosis in
THP-1 and MV4;11 NIrp1"‘, demonstrating that Nirp1 is not the responsible sensor for
mediating VBP induced cell death in those cell lines.!"%! These results affirm our results
of the LDH release, under the assumption that we did generate knockouts, albeit
unsuccessful in validating Nirp1™-.

Given our positive results in the tumor experiments we therefore decided to further
investigate VBP’s dependence on NIrp1 in our tumor models and put the generation
of Nirp1” THP1 on hold and resume when needed. However, we successfully
generated DPP9”, ASC” and Casp-1". Casp-1"" were resistant to VBP induced
pyroptosis while ASC™ displayed a minor reduction compared to WT-THP1 cells
(Figure 15B).

Valboro-Pro and changes in redox potential inhibit DPP activity in

vitro

Dipeptidyl peptidases of the DPP4 family have a specificity for cleaving their substrates
after a proline at the penultimate position of the N-terminus, releasing the N-terminal
dipeptide./”® The intracellular serine proteases DPP8 and DPP9 are involved in protein
degradation and cleave molecules with known immunological functions such as IL1-
RA or Cxcl10.1® Prior publications determined DPP8 and DPP9 as main targets to the
inhibition of the boronic acid VBP.I'? In addition to inhibitory drugs, PAMPs, DAMPs
or endogenous signals have the potential to inactivate DPP8 and 9 and initiate
inflammasome activation. To be able to measure the activity of DPPs, we utilized the
accumulation of the chromogenic product p-nitroanilide (pNA) as a proxy for overall

DPP activity. The substrate H-Gly-Pro-p-nitroanilide (H-Gly-Pro-pNA) displays a
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proline at the N-terminal penultimate position. DPP4 family members cleave off the N-
terminal dipeptide and therefore release the chromogenic part p-nitroanilide. The
accumulation of pNA is determined via absorbance measurement at 405nm.
Differences absorbance can be used to compare DPP activity between different
genotypes (knockouts or mutations of DPP family members) or conditions (inhibitors,
treated vs. non-treated).

THP1 cells were differentiated with 80nM PMA for 72 hours. For in vitro DPP activity
assay, cells were harvested in DPP activity assay buffer and lysed with a homogenizer.
Cell lysates were incubated 5 min with 25uM VBP or vehicle control prior to H-Gly-Pro-
pNA addition. Accumulation of pNA was assayed by measuring the absorbance at
405nm at 37°C for 2 hours.

The addition of VBP to the cell lysates inhibits the accumulation of pNA as depicted in
Figure 16. Lysates of THP1 cells lacking DPP9 displayed less and slower pNA
accumulation and compared to WT cells in the vehicle control treated groups (Figure
16A and B, repectively). As expected, this intermediate phenotype indicates that DPP9
is not the only dipeptidyl peptidase capable of cleaving the substrate H-Gly-Pro-pNA.
THP1 cells do not express DPP4 or FAP!"". Hence, DPP8, the DPP with the greatest

similarity to DPP9 and DPP?7 are obvious candidates.!"?®!
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Figure 16 DPP activity assay. THP1 cell lysates were incubated for 2h at 37°C with vehicle control (DMSO) or
VBP. A) Monitoring of pNA accumulation over the course of 2 hours. B) Representation of AABS/min as a proxy

for DPP activity. Significance was assayed with Student’s t-test. **p<0.005.

Considering the broader range of inhibition of VBP!'?, redundancy of different DPPs
explains the further reduction in pNA accumulation upon the addition of VBP. In order
to test these hypotheses, double or triple knockouts of named serine proteases or more
specific inhibitors of DPP8/9, like 1G244!"! can be investigated to evaluate which are

the main enzymes cleaving the chromogenic substrate. However, this is not the main
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focus of these studies. Another approach to investigate changes in activity of DPPs is
to utilize a biotinylated fluorophosphonate probe (FP-biotin) that specifically detects
serine hydrolases in an activity-dependent manner.''” "°ISerine hydrolases interacting
with the FP-biotin probe can be purified and classified via western blot.!'*”!

Previous studies showed that that the activity of DPP8 and DPP9, but not DPP4 is
reduced if cysteine residues close to the catalytic center are oxidized.["® These studies
exploited the bacterial co-enzyme pyrroloquinoline quinone (PQQ) and H»O, and
demonstrated their inhibitory effect on DPP8/9 in vitro. We incubated cell lysates with
different concentrations of H,O, (2x dilutions; 100-1.5625umol/l, respectively) while
assaying pNA accumulation. Correspondingly, we were able to show that DPP activity
is sensitive to H,O, concentration in a dose dependent manner (Figure 17). Delta
absorbance per minute decreases with increased H,O, concentration (Figure 17B).

This effect was less severe in DPP9™ cells.
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Figure 17 DPPs are sensitive to H20, concentrations. THP1 cell lysates were treated with increasing doses of
H202 to assay their sensitivity to alterations in redox status. A) Monitoring of pNA accumulation over the course

of 2 hours. B) DPP activity shown as AABS/min in dependence of H,O» concentration.

H-Gly-Pro-pNA alone was not sensitive to increased H,O, concentrations, supporting
that differences observed in the cell lysates occurred due to DPP inhibition rather than
spontaneous decay of the substrate. This assay could likewise be revised by utilizing
FP-biotin probes to detect changes in activity by western blot rather than accumulation
of a chromogenic substrate. Being able to detect changes in the activity of DPPs allows
us to investigate how DPPs react to PAMPs, DAMPs or homeostatic alterations in cell
lysates. H,O; is released as reactive oxygen species (ROS) into the cytosol as a result

of damage or infection."'®® This could provide important insights in unraveling if and
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how DPPs act as sensors to HAMPs and further understand if these mechanisms are

likewise linked to the activation of the Nlrp1 inflammasome.
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Summary

Cancer immunotherapy revolutionized the treatment of thousands of patients and is
stated as the major breakthrough of the last two decades of cancer research.® & 1 2.
%1 Some of the most promising recent developments are stimulating the immune
system with cytokines (IL-2) and blocking T-cell deactivation by the use of anti-
checkpoint inhibitors like Nivolumab (anti-PD-1) and Ipilimumab (anti-CTLA4).1> 81528,
"I However, not all patients respond to these novel approaches and further research
is necessary to unravel new mechanistic targets and improve the efficiency of current
treatments. Targeting the innate immune system could enhance current
immunotherapies that focus on T cells or reveal novel, independent treatment
approaches. Inflammasomes, innate sensors for PAMPs and DAMPs are potent
inducers of inflammation and influence tumor growth and metastasis.?% 3 110 1111 |
our study, we demonstrated the boronic acid VBP leads to pyroptosis by activating the
inflammasome sensor NIrp1 through a yet unknown mechanism. Furthermore, we
provided first evidence, that VBP attenuates tumor growth in syngeneic MC38,
YUMMER1.7GFP and YUMMER1.7 cancer models. Investigation of cytokine levels in
serum revealed that administration of VBP increases the concentration of IL-18 in
circulation

To unravel the mechanistic action of VBP in humans we successfully generated THP1
knockouts of DPP9, ASC and caspase-1. LDH release assay demonstrated that VBP
induced pyroptosis is dependent on caspase-1 in THP1 cells. We were not able to
validate NLRP17 THP1 cells. However, given the published data of Johnson et al.
2018!"%! hot NLRP1, but CARD8 mediates pyroptotic cell death in THP1 cells upon
VBP treatment. In addition, we showed DPPs in the lysate of THP1 cells have reduced
activity if treated with increasing concentrations of reactive oxygen species. These
results indicate DPPs as possible sensors for homeostasis-altering molecular
pathways (HAMPs).
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Outlook and future prospective

As evidenced by this study, VBP mediates pyroptosis of myeloid cells through the
activation of the inflammasome sensor Nirp1. In addition, we demonstrated that VBP
suppresses tumor growth in syngeneic tumor models utilizing cancer cell lines that are
responsive to other immunotherapeutics.l” 8 1% |t remains to be elucidated if and
which inflammasome effector functions are responsible for anti-tumor effects mediated
by VBP. Caspase-1 cleaves and activates the proinflammatory cytokines IL-13 and IL-
18.1%) To determine if either IL-1B or IL-18 are required for the anti-tumor immune
response induced by VBP, knockouts of these cytokines can be included into the tumor
model we established in this study. Additionally, mice lacking the IL-18 binding protein
(IL-18BP) can be utilized to see if elevated IL-18 serum levels in those mice alter tumor
growth in our models. Caspase-1 further activates the pyroptotic death inducing protein
GSDMD.P® #¥1 |t is possible that the anti-tumor effects of VBP depend on the induction
of death in responding cells. Having evidence that VBP induces pyroptotic death in

myeloid cells (this study and others)!'% 19> 112

, it will be intriguing to investigate whether
death of myeloid cells which promote tumor growth or suppress an immune response
is required for VBP’s function. Using cell line specific GSDMD knockouts will help to
address if this inflammasome effector molecule is required or contributes to the anti-

tumor effects.

The second question to expand on our findings will be to define the cellular response
activated by VBP. The cellular response to VBP can be divided into two cell
populations: 1.) The cells that express caspase-1 and pyroptose as direct response to
VBP. 2.) Cells that respond to caspase-1 dependent signals to enhance anti-tumor
immunity. To determine the first group, we would conditionally ablate caspase-1 in
candidate cell types. Knowing that myeloid cells pyroptose upon VBP treatment (we
and others)!'® 1% 112 floxed caspase-1 mice can be crossed to mice expressing Cre
recombinase under a Lysm promotor, specifically depleting caspase-1 in the myeloid
compartment. Including those knockout mice into the established tumor models will
reveal if VBP induced pyroptosis of myeloid cells is required for its anti-tumor
properties. An unbiased approach to determine the first cell population can be to exploit
ASC-CFP reporter mice. These mice express a fluorescent ASC adaptor fusion protein
(ASC-citrine) that retains the function of endogenous ASC.['"*! By forming fluorescent

specks upon exposure to inflammasome activators, both in vitro and in vivo, we will be
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able to detect responding cells in the TME or other tissues by flow cytometry and
immunofluorescence. In order to determine the second cell group of interest, we could
perform a candidate-approach based on the effectors IL-13 and IL-18. IL-1[3 is a potent
chemo attractant of neutrophils®® *4. Therefore, we can investigate differential
infiltration of neutrophils into VBP treated tumors or if VBP alters the activation status
of neutrophils. IL-18 is known to modulate the adaptive immune response!*, amongst
others by inducing IFN-y. IFN-y is known to be important in the YUMMER spontaneous
rejection model®’. Hence, we could evaluate T-cell infiltration, activation and
polarization using flow cytometry in determining whether VBP modulates T-cells.
Finally, to determine if VBP functions by depleting different myeloid populations we
could further monitor other cell types such as macrophages, monocytes and dendritic
cells within the TME. This would likewise be done by monitoring their abundance and

activation status using flow cytometry.

Targeting inflammasomes to adjuvant immunotherapies is a promising prospect of
future cancer treatment approaches. Given our promising results with the MC38, a
thoroughly studied cancer cell line, together with the melanoma cell lines YUMMER1.7-
GFP and YUMMER1.7, we are confident that VBP can be applicable to a various set
of cancer models. The next step here will be to demonstrate whether the anti-tumor
effects on MC38, YUMMER1.7-GFP and YUMMERA1.7 tumors depend on Nirp1 and
caspase-1. Therefore, NIrp1 and caspase-1 knockout mice should be included in future
experiments to determine the importance of this inflammasome sensor and the effector
molecule in our models. Further attempts should be initiated to broaden the spectrum
to investigate other inflammasome sensors in their ability to enhance a tumoridical
immune response. Hereby, we would determine whether Nirp1 is required or unique in
its capability to mediate an anti-tumor response or if targeting other inflammasome
sensors will phenocopy the effects we describe in our experiments. Two alternative
are NIrp3 and Nlirc4. For investigating the role of Nirp3, we would exploit an NIrp3 gain
of function (GOF) allele combined with a tamoxifen inducible Cre recombinase. By
specific administration of tamoxifen to the tumor we would be able to determine
whether local activated NIrp3 phenocopies the effects of VBP administration. Ways of
regional administration of tamoxifen can be either directed by application on the skin
covering the tumor or injection into the tumor. NIrp3 is of interest because it is

considered to be activated by homeostatic alterations of the cell, rather than PAMPs.1*®
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2l This might implicate Nirp3 as uniquely suitable to pharmacological activation relative
to other inflammasome sensors. In parallel it could be assayed whether Nirc4 is
sufficient to enhance an anti-tumor response. Here we could take advantage of a
synthetic agonist of Nirc4, FlaTox. FlaTox is a fusion protein designed by linking the
flagelin of Legionella pneumophila (FlaA) to the N-terminal domain of B. anthracis
lethal factor (LF). Through LF mediated direct delivery into the cytosol by the protective
antigen (PA) channel, FlaTox directly activates NAIP5/NIrp4 without infection.!''* 1!
To test whether local activation of Nlrc4 phenocopies VBP administration, FlaTox can
be likewise plied by administration to the skin or injection into the tumors. Using these
approaches will help to address the question whether activating inflammasome

sensors can be utilized to enhance an anti-tumor response.
These approaches presented, will provide important information to further decipher

VBP’s anti-tumor properties and significantly broaden the scope of this project to

increase the interest of a wider public.
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